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 A B S T R A C T

An experimental campaign investigated the supersonic expansion of linear siloxane MM (hexamethyldisiloxane, 
C6H18OSi2) in asymmetric curved planar nozzles. Two benchmark nozzle geometries were tested, both designed 
to discharge a parallel uniform flow of MM at Mach 1.6 under reservoir conditions characterized by a 
compressibility factor 𝑍 t = 0.40. The nozzles feature gently-curved mean lines from inlet to outlet, discharging 
flow at geometric deviations of 6◦ and 17◦ from the horizontal. They differ in the shape of the channel near 
the minimum-area section (throat), with the first nozzle exhibiting upper and lower contours of opposite 
curvature, while the second nozzle has contours of concordant curvature. Shock-free expansions were observed 
under all tested conditions, ranging from highly nonideal (𝑍 t = 0.41) to ideal-like (𝑍 t = 0.95). Total 
pressure, temperature, static pressures from the inlet to the outlet, and schlieren images were recorded for 
each condition. A novel optical method, recently developed for asymmetric flows, enabled Mach number 
measurements without prior knowledge of the flow direction. The tested geometries mimic converging–
diverging blade passages with a curved mean line. This study provides the first experimental validation of 
these asymmetric designs, previously introduced and verified only through CFD. The resulting dataset offers 
a valuable benchmark for validating numerical design and analysis tools in nonideal compressible flows, with 
direct relevance to the design of supersonic ORC turbine stages.
1. Introduction

Nonideal compressible fluid dynamics (NICFD) is a branch of gasdy-
namics that studies flows in thermodynamic and chemical equilibrium, 
specifically under nonideal conditions where the compressibility factor 
𝑍 = 𝑃𝑣

𝑅𝑇 ≠ 1. In contrast, ideal gases satisfy 𝑃𝑣 = 𝑅𝑇 , and thus 
𝑍 = 1. Here, nonideal refers strictly to deviations from ideal-gas 
thermodynamics—not to dissipative effects such as internal friction, 
heat conduction, or chemical reactions. Rather, it indicates the oc-
currence of peculiar flow behavior because of departure from dilute, 
ideal-gas thermodynamics. Nonideal gasdynamic effects in single-phase 
flows are notable near the liquid–vapor saturation curve, at the critical 
point, or under supercritical conditions [1]. These flows display unique 
behaviors and are significant in applications like rocket propulsion [2], 
oil and gas applications, heat pumps, refrigeration, and pharmaceuti-
cal production [3]. In power generation, nonideal compressible fluid 
dynamics effects occur in supercritical carbon dioxide (sCO2) power 
cycles [4] and organic Rankine cycles (ORCs) [5].

ORC power systems, suitable for power production between 10 kW 
and 100 MW, excel in efficiency, cost, and simplicity compared to 
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traditional steam Rankine cycles, particularly at low (320 K to 420 K) 
and medium (420 K to 680 K) source temperatures. These conditions 
are frequently found in renewable energy sources like geothermal 
reservoirs, biomass combustion, and waste heat recovery from indus-
trial processes such as power plants, cement, and glass production 
factories. Specifically, ORCs involve compressible flows of molecularly 
complex organic compounds near the liquid–vapor saturation curve and 
the critical point. Turbine expansion is often characterized by highly 
supersonic outflow and significant nonideal flow effects. Accurate de-
sign tools are essential for achieving high turbine efficiency, which 
significantly impacts overall cycle efficiency [6].

Experimental data on nonideal flows for Organic Rankine Cycle 
(ORC) applications is scarce in the open literature due to the chal-
lenges of operating specialized experimental facilities. ORC working 
fluids, which are typically liquid at standard room temperature and 
pressure, are utilized in turbine flows at saturated, superheated, or 
supercritical conditions, with temperatures and pressures ranging from 
373 to 673 K and 1 to 5 MPa [5]. Working with organic fluids 
in typical operating conditions presents measurement challenges due 
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Nomenclature

𝜇 Mach angle [rad]
𝜗 Flow angle [rad]
t Total conditions
𝑐 Critical point
𝑒 Nozzle exhaust section
𝑡 Nozzle throat section
𝐴 Area [mm2]
𝑑 Channel depth of planar nozzles [mm]
𝐻 Semi-height of nozzle throat section [mm]
𝑀 Mach number [–]
𝑃 Pressure [Pa]
𝑅 Gas constant [J/kgK]
𝑅𝑖 Radii of circular-arc portions of nozzle contours [mm]
𝑇 Temperature [K]
𝑈 Measurement uncertainty, Gaussian 2𝜎
𝑣 Mass-specific volume [m3/kg]
𝑥 Spacial coordinate along the test section axis [mm]
𝑍 Compressibility factor [–]

to high fluid temperatures and condensation issues, especially when 
replicating turbine flows near saturation. Unlike conventional cycles 
and turbomachinery such as gas and steam turbines, blade cascade 
testing for ORC applications is infrequent due to the complexities in 
measuring pressure levels, mass flow rates, velocity magnitudes, and 
their directions. Available cascade testing experiments for ORC turbine 
flows have included annular turbine cascade flows [7] and linear 
cascade flows [8]. To accurately replicate ORC operating conditions 
in a wind tunnel, it is necessary to employ a closed gas cycle or a 
phase transition thermodynamic cycle [9]. Test-rigs for ORC turbine 
are more complex and costly than those using incondensable gases like 
air, which can be managed through compressed air storage tanks or 
continuous loops. Furthermore, the influence of nonideal flow fields 
on total conditions necessitates more experimental runs for thorough 
characterization because process conditions significantly affect flow 
dynamics. In contrast, polytropic ideal gas flows in fixed geometries 
reveal trends in Mach number, pressure, and temperature ratios, which 
are fluid-dependent solely through the specific heat ratio. Over the past 
decade, several facilities have been commissioned to address the lack 
of experimental data. These include continuously operated [10–12] and 
intermittent [7,13–16] facilities. Refs. [1,9] provide a list of facilities 
used for nonideal compressible fluid dynamics experiments.

The present experimental campaign was conducted in the TROVA 
at Politecnico di Milano [17]. The TROVA is a blow-down wind tun-
nel designed to reproduce supersonic flows of organic vapors under 
conditions representative of ORC turbine expansions. The facility can 
be equipped with planar nozzles and can accommodate linear blade 
cascades. In this study, experiments were performed on de Laval-type 
nozzles, which are representative of both supersonic turbine blade 
passages and propulsive nozzles.

In typical supersonic ORC turbine stator channels, the desired outlet 
flow angle is achieved by combining a converging section with a curved 
mean line and a divergent section with a straight axis [18,19]. In con-
trast, the present study investigates planar nozzles with a continuously 
curved mean line from inlet to outlet. Similar geometries were explored 
in early air-based studies by Allen [20] and Syvertson & Savin [21], and 
more recently extended to nonideal flows in Ref. [22]. In Ref. [22], the 
authors introduced two benchmark geometries of planar asymmetric 
curved nozzles that differ in the shape of the channel near the throat: 
one type features upper and lower contours of opposite curvature (Type 
I), while the other has contours of concordant curvature (Type II).
2 
As extensively emphasized in Ref. [23], a fundamental step in model 
validation is the assessment of its accuracy. Given that existing NICFD 
software tools represent some of the most powerful resources available 
to researchers and engineers for investigating non-ideal compressible-
fluid flows and designing machinery operating in the NICFD regime, 
the availability of experimental data is crucial, particularly in the non-
ideal thermodynamic region. This study presents the first experimental 
characterization of these two asymmetric benchmark geometries in 
the nonideal regime, which had previously only been verified through 
CFD. Using siloxane fluid MM (hexamethyldisiloxane, C6H18OSi2), the 
nozzles were tested at conditions targeting an exit Mach number of 1.6, 
typical of ORC turbine vanes. Measurements included total temperature 
and pressure, static pressure distributions, and schlieren imaging. The 
tests covered a wide range of inlet conditions, with compressibility 
factors from 0.40 to 0.99, spanning from highly nonideal to nearly ideal 
thermodynamic states.

To enable flow field characterization in asymmetric geometries, 
where the flow direction is not known a priori, a recently developed 
schlieren-based method was employed [24]. This technique allows for 
direct extraction of Mach number and flow direction from optical 
images without relying on thermodynamic assumptions.

The campaign extensively explored off-design conditions to assess 
the flow behavior and the persistence of shock-free expansions under 
varying operating conditions. These insights are essential for evaluating 
nozzle performance and reliability in practical applications. Overall, the 
dataset contributes to the broader field of nonideal compressible fluid 
dynamics by offering experimental validation for geometries of direct 
relevance to turbomachinery design.

The paper is organized as follows. Section 2 details the design 
of the asymmetric curved nozzles, focusing on the geometry and the 
anticipated flow configuration. The experimental setup and instrumen-
tation utilized in the experiments are outlined in Section 3. Results 
are presented and discussed in Section 4. Section 5 offers concluding 
remarks.

2. Planar asymmetric nozzles

Both asymmetric curved planar nozzles considered in the present 
study have a throat semi-height of 𝐻 = 8.4 mm and a channel depth 
of 𝑑 = 18.7 mm, giving a throat area of 𝐴𝑡 = 314.16 mm2. Fig.  1 
shows a schematic of the nozzle geometries NMMC01 (Fig.  1(a)) and 
NMMC02 (Fig.  1(b)). The convergent section of both nozzles consists 
of a 5th-degree polynomial, matched with circular arcs of radius 𝑅1
(lower profile) and 𝑅2 (upper profile) at the geometrical throat. The 
divergent sections are designed using the Method Of Characteristics 
(MOC), with the code in Ref. [22]. Inputs include total pressure and 
temperature (𝑃 t = 23.05 ⋅ 105 Pa, 𝑇 t = 537.15 K), the working fluid 
(MM, hexamethyldisiloxane, C6H18OSi2), the thermodynamic model 
(Span-Wagner Equation of State in the CoolProp library [25,26]), throat 
geometry (two radii of curvature 𝑅1 = 10𝐻 and 𝑅2 = 20𝐻 , see Fig.  1), 
and exhaust Mach number (𝑀𝑒 = 1.6).

Immediately downstream of the geometrical throat, the lower por-
tion of the divergent forms a circular arc with a radius 𝑅1. The 
expansion to the desired 𝑀𝑒 occurs upstream of curve CD. Downstream 
of curve CD, the upper profile of the nozzle continues with a straight 
line at an angle equal to the flow angle 𝜗 at point D. In contrast, the 
lower profile of the nozzle undergoes an isentropic turning of the flow 
from the flow angle at point C, 𝜗𝐶 , to the flow angle at point D, 𝜗𝐷. 
At point E on the lower profile, 𝜗𝐸 = 𝜗𝐷. Under design conditions, 
the flow at the exhaust section of the nozzle is uniform throughout 
the cross section. In nozzle NMMC01, the circular portions of the 
divergent profiles with radii 𝑅1 and 𝑅2 have curvatures of opposite 
sign (Type-I asymmetric nozzle). In contrast, in nozzle NMMC02 they 
have curvatures of the same sign (Type-II asymmetric nozzle). Full 
dimensional details of nozzles NMMC01 and NMMC02 are reported in 
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Fig. 1. Design of the tested asymmetric nozzles: (a) NMMC01, Type I, (b) NMMC02, 
Type II.

Fig.  4. The reader is referred to Ref. [22] for a detailed description of 
the divergent design procedure.

The static pressure and Mach number fields predicted by CFD 
simulations in both geometries are reported as contour bands in Fig. 
2, confirming that a uniform parallel flow at the design exhaust Mach 
number is achieved at both outlet sections. Note that pressure values 
in Fig.  2 are reported in units of 105 Pa (equivalent to 1 bar), in line 
with customary practice in ORC-related literature and for consistency 
with previous experimental campaigns conducted at the TROVA facility 
(e.g., Ref. [17]). The same convention is followed consistently through-
out the paper in all reported results. Inviscid simulations are conducted 
using ANSYS Fluent 21.2 over a structured computational mesh of 
10k elements. The thermodynamic properties of the working fluid 
are modeled through Fluent interface to the RefProp library [27,28], 
which employs a Span-Wagner (SW) type Equation of State (EoS). The 
total conditions (𝑃 t, 𝑇 t) at the inlet and a supersonic outlet are set 
as boundary conditions. Accuracy assessment and grid independence 
results for similar geometries and operating conditions are presented 
in Refs. [23,24]. The verification of the nozzle design code using CFD 
simulations is detailed in Ref. [22]. The reader is directed to these 
earlier works for a more comprehensive account of design routines 
and numerical simulation methods. While the present study focuses 
on inviscid flow modeling, the influence of viscous effects under the 
tested conditions has been addressed in previous works. As discussed 
in Ref. [23] and references therein, the development of a thin boundary 
layer along the nozzle walls has a negligible impact on the inviscid 
core of the flow, particularly along the horizontal axis of the test 
section where most measurements are taken. This observation is further 
supported by Ref. [24], which includes comparisons between inviscid 
and viscous simulations using updated tools, showing minimal differ-
ences in core flow properties for similar geometries and working fluids. 
These findings support the validity of the inviscid assumption adopted 
in the present analysis. In addition to the contour bands in Fig.  2, 
equally spaced black dots denote the locations where static pressures 
are measured in the experimental setup, as discussed in Section 3.
3 
3. Experimental setup

The Test Rig for Organic VApors (TROVA) is a blow-down wind 
tunnel designed to study the flow of organic fluids under conditions 
relevant to Organic Rankine Cycle (ORC) applications [16]. It repro-
duces nonideal flows of organic vapors similar to those in ORC turbine 
expansions. The experiments presented in this work utilize siloxane 
MM (hexamethyldisiloxane, C6H18OSi2), a fluid commonly used in 
medium to high-temperature ORCs. Siloxane MM was selected for its 
relatively low critical pressure, high thermal stability, and ease of 
supercritical operation, making it particularly suitable for highlighting 
nonideal compressible effects. MM replaced MDM in the TROVA facility 
in 2017, offering comparable nonideality with improved operational 
manageability. Compared to halocarbons commonly used in ORC ap-
plications, such as R245fa and R1233zd, MM exhibits significantly 
lower critical pressure. Fig.  3 illustrates the layout of the TROVA (top), 
highlighting the components relevant to the subsequent discussion. In 
the bottom-right corner of Fig.  3, the corresponding thermodynamic 
cycle for siloxane MM under exemplary operating conditions is shown. 
The TROVA operates with a batch Rankine cycle, where the expansion 
occurs through the nozzle, meaning no work is extracted. A controlled 
volume of working fluid is isochorically heated in a High Pressure Ves-
sel (HPV) to the desired temperature and pressure. It is then discharged 
through a Main Control Valve (MCV) into a Low Pressure Vessel (LPV) 
via a converging–diverging nozzle (supersonic test section). The vapor 
is subsequently condensed in the LPV and pumped back to the HPV to 
initiate a new test. To minimize the presence of incondensable gases 
in the system, each section of the test rig is brought to the saturation 
pressure of MM at room temperature (∼5 kPa) before each critical phase 
of the experiment, namely before heating the HPV and the pipelines 
upstream of the test section, as well as before the actual blowdown.

Each test commences when the MCV opens, lasting approximately 
100 s, excluding a 2-s valve opening transient. As the HPV empties, 
pressure and temperature decrease, covering a range of thermodynamic 
states from nonideal to ideal gas conditions within a single experiment. 
Tests end when the nozzle reaches over-expanded conditions with 
shock waves in the divergent section. Under these testing conditions, 
both the assumptions of thermodynamic equilibrium and steady flow 
are considered valid. The discussion presented in Ref. [29] supports 
the assumption of thermodynamic equilibrium, which is justified by the 
very short vibrational relaxation times of the working fluid molecules 
due to high collision frequencies, further enhanced by the large fluid 
density. As a result, the thermodynamic state at each sampled moment, 
defined by simultaneous measurements of two independent properties, 
can be used to compute derived thermodynamic variables using a 
suitable equation of state. The assumption of steady flow is supported 
by the fact that, during the approximately 1.5 ms flow time, the 
variation in total pressure and temperature due to the emptying of 
the HPV is minimal, on the order of 0.15% and 0.01%, respectively. 
These variations fall well within the measurement uncertainty of the 
sensors, which is approximately 0.65% for total pressure and 0.5% for 
total temperature. Given the 1 kHz sampling frequency, the sensors are 
capable of resolving changes at the millisecond scale, and no significant 
unsteadiness is detected within the resolution limits of the instrumen-
tation. In other words, any faster fluctuations, if present, would be 
beyond the detection capability of the calibrated sensors used in this 
study. Furthermore, the characteristic timescales for thermodynamic 
relaxation are orders of magnitude shorter than the flow passage time, 
reinforcing the validity of the equilibrium assumption.

The test section of TROVA features nozzle profiles (top and bottom) 
mounted on a mirror-polished steel back plate, along with a quartz 
window on the opposite side for optical access (Fig.  3, bottom-left). This 
planar test section has a rectangular cross-section and is equipped with 
static pressure taps of 0.3 mm diameter machined onto the back plate. 
The static pressure is measured using flush-mounted piezo-resistive 
pressure transducers at these wall taps. Total pressure is measured in 
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Fig. 2. Inviscid, SW EoS simulation of the flow in nozzles NMMC01 (a) and NMMC02 (b) under design conditions (𝑃 t = 23.05 ⋅ 105 Pa, 𝑇 t = 537.15 K, 𝑀𝑒 = 1.6). Contour bands 
represent the pressure field (upper row) and the Mach number field (lower row). The black dots on top of the contours are the locations where static pressure is measured. On 
top of contours, streamlines are reported (white curves).
Fig. 3. Layout of the TROVA plant (top). On the bottom row, from left to right, the test section, one of the asymmetric curved nozzles installed in the test section (flow from right 
to left), and thermodynamic cycle implemented by the TROVA. The numbers on the thermodynamic cycle correspond to the ones reported on the plant scheme. The expansion in 
the nozzle is 6–7.
the settling chamber using a wall pressure tap, as the kinetic head 
is negligible due to the low flow velocity (approximately 1 m/s). 
The total temperature is monitored by two thermocouples located at 
the symmetry axis of the plenum. Pressure sensors are calibrated for 
both pressure and temperature (0.35–4 MPa, 298–573 K) and have 
an expanded uncertainty of 0.07% of full scale. Thermocouples are 
calibrated for 473–533 K and have an uncertainty of about 1 K. Under 
the operating conditions of these tests, the expected uncertainty for 
4 
pressure measurements is a maximum of approximately 0.04 ⋅ 105 Pa 
for total pressure and about 0.015 ⋅ 105 Pa for static pressures. More 
information regarding the pressure and temperature measurement sys-
tem of the TROVA and the definition of the corresponding measurement 
uncertainties can be found in Ref. [17].

Fig.  4 illustrates the geometries of the tested nozzles. The blue line 
marks the horizontal symmetry axis of the test section, where 16 wall 
pressure taps are located, referred to as the pressure taps line. Due to 
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Fig. 4. Profiles of the nozzles tested in the test section. The figures highlight the pressure taps along the horizontal axis of the test section, the geometric mean lines of the 
nozzles, and the full scale of the pressure transducers.
Fig. 5. N2 tests – (Upper row) Time histories of the measured pressure ratios 𝑃∕𝑃 t, where the numbers on the graphs identify the pressure taps (cf. Fig.  4). (Lower row) Time 
histories of 𝑃 t and 𝑇 t, measured in the plenum, and of 𝑍 t(𝑃 t , 𝑇 t), computed using the SW EoS.
the nozzle mean line curvature, this line is not a line of symmetry, and 
the velocity angle is expected to be non-zero along it. The orange line 
indicates the geometrical mean line of the nozzles, highlighting their 
curvature from inlet to outlet. During experiments, static pressure is 
measured at locations indicated by filled black circles, labeled as active 
pressure taps in Fig.  4. The identification numbers of the pressure taps 
and the full scale (FS) of the pressure transducers are provided in the 
upper part of the graphs and will be used to correlate the pressure 
signals in this paper. The 𝑥-axis ticks in this and all subsequent figures 
reporting pressure measurements along the pressure taps line are set to 
reflect the exact axial positions of the pressure taps. Schlieren visual-
izations, using the double-passage parallel-light setup from Ref. [30], 
complement pressure and temperature measurements. In this study, a 
CMOS camera captures schlieren images at a resolution of 1936 × 1216 
pixels, 20 fps, and 0.9 ms exposure. The schlieren knife is oriented to 
display density gradients in the axial direction. The schlieren technique 
is suitable for characterizing nonideal supersonic flows due to its non-
invasive nature and simplicity, unlike Laser Doppler Velocimetry (LDV) 
and Particle Image Velocimetry (PIV), which require particle seeding 
5 
in high-pressure, high-temperature flows. The technique presented in 
Ref. [24] is applied to schlieren images to measure the Mach number 
in the diverging nozzle section (see Fig.  9). The process for measuring 
flow Mach number from schlieren images is outlined in Section 4.2 and 
supported by experimental results.

4. Results

The nozzles NMMC01 and NMMC02 are initially tested by oper-
ating the wind tunnel with nitrogen. These preparatory tests aim to 
evaluate the pressure and temperature measurement chain, assess test 
repeatability, and verify that the measured flow aligns with the ideal 
gas model. The nozzles are subsequently tested with siloxane MM, 
complementing pressure and temperature measurements with optical 
techniques for flow visualization. The objectives of the tests with 
MM are to evaluate the performance of the nozzles with the design 
working fluid and to characterize the flow under nonideal conditions. 
Section 4.1 discusses the nitrogen tests, Section 4.2 covers the MM tests, 
while Table  1 lists the properties of both fluids.
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Table 1
Properties of the working fluids used in the experiments.
 Fluid name Formula 𝑀𝑤 [kg/kmol] 𝑇𝑐 [K] 𝑃𝑐 [105 Pa] 𝜌𝑐 [kg/m3] 𝛾0 [–]  
 Nitrogen N2 28.01348 126.19 33.95800 313.30 1.3999 
 MM C6H18OSi2 162.37752 518.75 19.39000 258.15 1.0255 
Fig. 6. N2 tests — Repeatability assessment and comparison with inviscid CFD (perfect gas). The graphs display the pressure ratios 𝑃∕𝑃 t measured at one fixed time instant per 
test, for two repetitions of the experiment.
4.1. Experiments with nitrogen

Several preparatory nitrogen tests were conducted at room temper-
ature by establishing a pressure difference between HPV and LPV to 
achieve adapted flow conditions within the nozzles for a few seconds 
of data acquisition. For two such tests, one for each nozzle, Fig.  5 shows 
the time histories of the measured temperatures and pressures. All 
pressure measurements reported in this work, including those shown 
in pressure ratios, refer to absolute pressure values. The plots in the 
lower row of Fig.  5 present the time histories of the total pressure 
𝑃 t and total temperature 𝑇 t measured in the plenum, along with 
their expanded uncertainties. The third axis on the right shows the 
compressibility factor under total conditions 𝑍 t, calculated as a func-
tion of (𝑃 t, 𝑇 t) using the SW EoS. Both Figs.  5(a) and 5(b) illustrate 
a decrease in 𝑃 t and 𝑇 t over testing time, indicating the emptying 
of the HPV (see Section 3) during the test. In contrast, 𝑍 t remains 
approximately constant throughout the test at around ∼1, confirming 
that the perfect-gas law effectively models the fluid’s thermodynamics. 
Since the absolute values of (𝑃 t, 𝑇 t) do not affect the flow pattern in 
the nozzle within the observed range of (𝑃 t, 𝑇 t) in these experiments, 
where the perfect-gas model applies, both the pressurization/depressur-
ization of the reservoirs and the data acquisition are adjusted manually, 
without precisely controlling the setpoints in terms of pressure and 
temperature. Therefore, the differences in the ranges of 𝑃 t and the 
durations of the tests seen in Figs.  5(a) and 5(b) can be attributed to this 
testing procedure. The graphs in the upper row of Fig.  5 show static-
to-total pressure ratios along the horizontal axis. Static pressures are 
recorded at the pressure taps in Fig.  4, while total pressure is measured 
in the plenum. The numbered labels on the graphs correspond to the 
pressure taps. Uncertainty bars in the 𝑃∕𝑃 t plots of Fig.  5 are calculated 
from measurement uncertainties of 𝑃  and 𝑃 t. According to the perfect-
gas model, the pressure ratios 𝑃∕𝑃 t remain consistent during the test 
duration. Since the TROVA is a blow-down facility, the measured 𝑃∕𝑃 t

remains constant across varying (𝑃 t, 𝑇 t). The repeatability of the mea-
surements is assessed by extracting the pressure ratio profiles 𝑃∕𝑃 t(𝑥)
at a fixed time point for two repetitions of the experiment. Repeatability 
results are shown in Fig.  6, where experimental data are compared 
with inviscid CFD simulations. For both nozzles, the uncertainty bars of 
repeated measurements of 𝑃∕𝑃 t overlap nearly perfectly at all positions 
along the axis of the test section, demonstrating the repeatability of 
6 
Fig. 7. MM tests – 𝑃 -𝑇  diagram of MM. The axes represent total conditions (𝑃 t , 𝑇 t)
and the symbols identify the measured (𝑃 t , 𝑇 t) over testing time. The colored contour 
bands show the distribution of 𝑍 t(𝑃 t , 𝑇 t) computed using the SW EoS.

the measurements. The agreement with inviscid CFD simulations run 
using the perfect-gas model is satisfactory and comparable to previous 
experimental campaigns executed in the same facility, cf. Ref. [23]. 
Additionally, the measured 𝑃∕𝑃 t profiles indicate that the flow within 
both nozzles is free of shock waves, even for nozzle NMMC02 (Type 
II, cf. Section 3), which would intuitively be more susceptible to shock 
formation under off-design conditions due to the concordant curvature 
of its upper and lower contours.

4.2. Experiments with siloxane MM

Tests with MM were conducted under the operating conditions 
summarized in the 𝑃 -𝑇  diagram in Fig.  7. The axes represent the 
total conditions (𝑃 t, 𝑇 t), and the symbols in the graph indicate the 
(𝑃 t, 𝑇 t) measured throughout the test duration. The colored contour 
bands illustrate the distribution of 𝑍 t(𝑃 t, 𝑇 t), computed using the 
SW EoS. 𝑍 t indicates the deviation of the volumetric behavior of a 
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Fig. 8. MM tests – (a, b) Schlieren visualizations in operating conditions characterized by 𝑍 t = 0.41 (see Table  2). (c) Repeatability assessment: the measured 𝑃∕𝑃 t and 𝑀 are 
reported for two repetitions of the experiment and compared to inviscid CFD. The theoretical values of 𝑀 computed from the 𝑃 profile measured in Test NMMC01-MM-002 are 
also reported.
flow from that of an ideal gas, thereby quantifying the level of flow 
nonideality. For nozzle NMMC01, tests are conducted both near the 
nozzle’s design point in the supercritical region and in off-design, fully 
subcritical states. For nozzle NMMC02, tests are carried out in sub-
critical conditions only. Despite extensive experience with wind tunnel 
operations, several challenges hinder the repeatability of measurements 
in tests starting from supercritical states and near saturation conditions. 
These challenges include the lengthy preparation time required for 
each test (up to several days), stress on wind tunnel components and 
instrumentation (such as gaskets and flush-mounted pressure transduc-
ers) due to high operating pressures and temperatures, and difficulties 
in controlling the overall conditions in the plenum (see Ref. [31]). 
Therefore, most tests presented in this article are carried out under 
subcritical conditions, making it easier to achieve satisfactory mea-
surement repeatability and resulting in fewer uncertainties compared 
to supercritical conditions. The conditions in Table  2 are selected for 
further analysis in the remainder of the article. The repeatability of 
measurements is evaluated by comparing results from different test 
repetitions at the same 𝑍 t value, adhering to the procedure outlined 
by [17,32]. 𝑍 t constitutes indeed a suitable similarity parameter for 
complex fluids under moderately high nonideal conditions.
7 
Experiments with nozzle NMMC01 at 𝑍 t = 0.41, close to the nozzle’s 
design point, are examined first, as shown in Fig.  8. The total conditions 
are supercritical in both pressure and temperature. Schlieren images for 
𝑍 t = 0.41 are displayed for two repeated tests in Figs.  8(a) and 8(b). All 
schlieren visualizations presented in this work, including these, focus 
on the optically accessible portion of the nozzle, with flow direction 
consistently from left to right. In these grayscale images, darker gray 
levels represent positive density gradients (compressions), while lighter 
gray levels indicate negative density gradients (expansions). Mach 
waves, arising from machining imperfections of the contoured profiles, 
are visible in both images. The nozzle profiles are intentionally left 
unpolished to highlight the Mach waves in the schlieren visualizations. 
Specifically, the internal surface finish of the wetted nozzle walls is 
specified as Ra = 1.6 μm, corresponding to a standard machined finish.

In both Figs.  8(a) and 8(b), a large portion of the image appears 
fully dark, limiting the measurement area. This well-documented effect, 
extensively studied by [30], arises from the high flow compressibility 
that leads to measurement range issues. Furthermore, Fig.  8(a), and 
to a lesser extent Fig.  8(b), exhibit a few spurious traces. These traces 
result from minor dirt transported from upstream pipes and valves at 
the beginning of the test, which becomes trapped in the boundary 
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Fig. 9. MM tests — Schlieren visualizations in operating conditions characterized by 𝑍 t = 0.65, 𝑍 t = 0.75, and 𝑍 t = 0.90, see Table  2.
.

Table 2
MM tests — List of the operating conditions studied in this work. The measured 𝑃 t

and 𝑇 t are reported with their expanded uncertainties 𝑈𝑃 t  and 𝑈𝑇 t , respectively. The 
total compressibility factor 𝑍 t is computed using the SW EoS from the nominal (𝑃 t , 𝑇 t)

 (a) Nozzle: NMMC01
 Test 𝑍 t [–] 𝑃 t ± 𝑈𝑃 t  [105 Pa] 𝑇 t ± 𝑈𝑇 t  [K]  
 NMMC01-MM-001 0.41 20.896 ± 0.049 527.19 ± 1.18 
 NMMC01-MM-002 0.41 20.970 ± 0.078 527.49 ± 1.18 
 NMMC01-MM-003 0.65 13.372 ± 0.035 508.37 ± 1.15 
 0.75 10.015 ± 0.035 503.04 ± 1.14 
 0.90 4.253 ± 0.033 495.01 ± 1.13 
 NMMC01-MM-004 0.65 13.761 ± 0.038 511.78 ± 1.15 
 0.75 10.144 ± 0.035 504.68 ± 1.14 
 0.90 4.309 ± 0.033 496.68 ± 1.13 
 (b) Nozzle: NMMC02
 Test 𝑍 t [–] 𝑃 t ± 𝑈𝑃 t  [105 Pa] 𝑇 t ± 𝑈𝑇 t  [K]  
 NMMC02-MM-001 0.65 13.507 ± 0.036 509.60 ± 1.15 
 0.75 10.066 ± 0.034 503.75 ± 1.14 
 0.90 4.283 ± 0.032 495.86 ± 1.13 
 NMMC02-MM-002 0.65 13.844 ± 0.036 512.48 ± 1.15 
 0.75 10.185 ± 0.033 505.19 ± 1.14 
 0.90 4.320 ± 0.032 496.96 ± 1.13 

layer throughout the test and is notably highlighted by the schlieren 
visualization. These small impurities do not impact the measurements 
and are not physically significant.

A line detection algorithm is employed to extract the slopes of Mach 
waves from schlieren images, enabling the determination of local flow 
angles and Mach numbers at their intersections. These waves appear 
in the supersonic, diverging section of the nozzle and exhibit slopes of 
the form 𝜗±𝜇, where 𝜗 is the local flow direction and 𝜇 = arcsin(1∕𝑀)
8 
is the Mach angle, with 𝑀 being the local Mach number. The bisector 
of the intersecting Mach lines indicates the local flow direction. Only 
intersections within 0.4 mm of the pressure tap line are considered, en-
suring both a sufficient number of data points and consistency with the 
reference pressure measurements. The pressure taps have a diameter 
of 0.3 mm. This technique, independent of the thermodynamic model 
adopted for the fluid, is applicable to both dilute gas and nonideal 
compressible flows. It is described in detail in Ref. [24]. In this work, it 
is used to extract local Mach numbers along the horizontal axis of the 
test section, where the pressure taps are located. It is important to note 
that this axis is not a symmetry line of the nozzle due to its asymmetric, 
curved geometry, and the local flow direction 𝜗 along it is not known a 
priori. The slopes of the intersecting Mach waves are determined by the 
detection algorithm and are subject to uncertainty, which depends on 
the schlieren image resolution and the apparent line thickness. While a 
full description is provided in Ref. [24], the key result relevant to the 
uncertainty analysis in this work is the expression for the expanded 
uncertainty of the Mach number: 𝑈𝑀 = 𝑀

√

𝑀2 − 1𝑈𝜇 , where 𝑈𝜇 is 
the expanded uncertainty (at 95% confidence level) of the Mach angle 
𝜇. As expected, 𝑈𝑀  increases with Mach number due to the nonlinear 
dependence of 𝑀 on 𝜇 through the inverse sine function. Specifically, 
the uncertainty grows proportionally to 𝑀2, leading to larger errors at 
higher Mach numbers.

The pressure ratios 𝑃∕𝑃 t and the local Mach number 𝑀 measured 
at 𝑍 t = 0.41 are reported for both repeated tests NMMC01-MM-
001 and NMMC01-MM-002 in Fig.  8(c). These values are compared 
to inviscid CFD results using the SW EoS (CFD), as well as to values 
(Theory) computed under the assumption of steady, isentropic, one-
dimensional flow (constant ℎ t(𝑃 t, 𝑇 t) and 𝑠(𝑃 t, 𝑇 t)), based on static 
pressures measured along the axis. The thermodynamic properties in 
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Fig. 10. MM tests – (Upper row) Time histories of the measured pressure ratios 𝑃∕𝑃 t (top), where the numbers on the graphs identify the pressure taps (cf. Fig.  4). (Lower row) 
Time histories of 𝑃 t and 𝑇 t, measured in the plenum, and of 𝑍 t(𝑃 t , 𝑇 t), computed using the SW EoS.
Fig. 11. MM tests — Repeatability assessment and comparison with inviscid CFD (𝑍 t = 0.90). The graphs display the ratios 𝑃∕𝑃 t measured at selected 𝑍 t, for two repetitions of 
the experiment. Test conditions are reported in Table  2.
the theoretical model are calculated using the SW EoS. Mach num-
ber measurements are based on the schlieren frames in Figs.  8(a)
and 8(b), which demonstrate acceptable quality for detecting Mach 
lines. The zoomed area in Fig.  8(c) reveals noticeable variability in 
repeated 𝑀 measurements, particularly near the exit section, where 
higher Mach numbers are reached and measurement uncertainties are 
most significant. Nonetheless, the uncertainty bars for 𝑀 at matching 
locations show satisfactory overlap and a consistent overall trend. From 
Fig.  8(c), the uncertainty bars for 𝑃∕𝑃 t nearly perfectly overlap until 
pressure tap 10 (𝑥 = 103.4 mm from the inlet). Beyond this point, 
only 𝑃∕𝑃 t measurements from test NMMC01-MM-002 are reported, 
as multiple outliers in test NMMC01-MM-001 were excluded due to 
measurement issues. Although the repeatability of 𝑃∕𝑃 t measurements 
for 𝑥 > 103.4 mm is not thoroughly assessed by comparing both 
tests, the validity of 𝑃∕𝑃 t measurements from test NMMC01-MM-
002 is indirectly supported through Mach number comparisons. The 
Mach number computed from one-dimensional theory based on the 
pressures measured in test NMMC01-MM-002 agrees satisfactorily with 
9 
the measured Mach numbers in both tests, thus validating the 𝑃∕𝑃 t

values from test NMMC01-MM-002. The agreement with inviscid CFD 
simulations at this level of nonideality (𝑍 t = 0.41) is comparable to 
previous experimental campaigns carried out in the same facility (cf. 
Ref. [31]).

In tests conducted under fully subcritical conditions, both nozzles 
exhibit a shock-free flow pattern in the divergent section, as illustrated 
in Fig.  9, which presents the schlieren images captured for 𝑍 t =
0.65, 0.75, 0.90. The Mach lines are apparent in all frames, though they 
become less distinct as 𝑍 t increases due to decreased compressibility. 
For this reason, the entire optically accessible area is visible, unlike the 
frames shown in Figs.  8(a) and 8(b). Although the Mach wave trains 
appear prominently in the schlieren images, they are, by definition, 
shocks of infinitesimal strength and do not significantly alter the flow 
field. This observation is consistent with previous numerical and exper-
imental studies (e.g., Refs. [17,23]), which confirm that the flow retains 
the isentropic expansion characteristics predicted by inviscid modeling, 
with negligible influence from viscous dissipation or surface roughness 
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Fig. 12. MM tests — Mach number measured along the taps line at selected 𝑍 t, compared to inviscid CFD (𝑍 t = 0.90) and to the theoretical values of 𝑀 computed from the 𝑃
profiles measured at all 𝑍 t. Test conditions are reported in Table  2.
Fig. 13. Parity plots for 𝑃∕𝑃 t (a, b) and 𝑀 (c, d) in nozzle NMMC01 (a, c) and NMMC02 (b, d). Measurements are compared to inviscid CFD results. Simulations with MM are 
run using the SW EoS, while simulations with N2 are run using the ideal-gas model.
effects. Notably, this conclusion is supported not only by simulations 
but also directly by the experimental measurements presented in this 
work. The absence of shocks in the divergent section throughout the 
test duration is confirmed for both nozzles by the results in Fig.  10. 
Similarly to the Nitrogen tests (cf. Fig.  5), Fig.  10 shows the time 
histories of 𝑃∕𝑃 t, 𝑃 t, 𝑇 t, and 𝑍 t for two representative MM tests 
with nozzles NMMC01 (Fig.  10(a)) and NMMC02 (Fig.  10(b)). The 
compressibility factor 𝑍 t(𝑃 t, 𝑇 t) increases during the tests due to the 
HPV emptying process, but remains below 1. The decreasing trend 
10 
of 𝑃∕𝑃 t indicates nonideal effects in the expansion of MM in the 
nozzles. In contrast to the constant 𝑃∕𝑃 t observed in Nitrogen tests, the 
pressure ratios 𝑃∕𝑃 t vary with (𝑃 t, 𝑇 t) at all points along the pressure 
taps line.

The repeatability of measurements is evaluated by the pressure 
ratios 𝑃∕𝑃 t at the same 𝑍 t for two repetitions of the experiment. 
Fig.  11 shows that uncertainty bars from repeated measurements of 
𝑃∕𝑃 t overlap nearly perfectly at all pressure tap locations and for 
all 𝑍 t, illustrating measurement repeatability. Experimental data are 
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compared with inviscid CFD simulations at 𝑍 t = 0.90. The flow layout 
under the conditions in Fig.  11 is shown in the schlieren frames of Fig. 
9. Results indicate that lower 𝑍 t, or greater nonideality leads to higher 
pressure ratios 𝑃∕𝑃 t at all 𝑥 locations, aligning with NICFD theory and 
previous observations of supersonic expansions in planar symmetric 
nozzles [16].

Mach number measurements are taken along the pressure taps line 
in the divergent sections of both nozzles for these conditions. Fig. 
12 compares the experimental data with the theoretical values of the 
Mach number computed from the measured pressure profiles at all 𝑍 t

and with inviscid CFD at 𝑍 t = 0.90. Parity plots are reported in Fig. 
13. The measured values of 𝑀 increase with higher 𝑍 t, consistent 
with one-dimensional theory. Despite some overlap in the measurement 
uncertainties, this trend is observable in the experimental results.

5. Conclusions

An experimental campaign investigated the supersonic expansion of 
linear siloxane MM (hexamethyldisiloxane, C6H18OSi2) in asymmetric 
curved planar nozzles. The tests were performed in a supersonic blow-
down wind tunnel, the Test Rig for Organic Vapours (TROVA) at 
Politecnico di Milano. Two different asymmetric curved planar nozzles 
were tested using nitrogen and siloxane MM in subcritical and super-
critical conditions. The nozzles feature gently-curved mean lines from 
the inlet to the outlet sections, discharging flow at geometric deviations 
of 6◦ and 17◦ from the horizontal.

Shock-free expansions were observed under all tested conditions, 
ranging from highly nonideal (𝑍 t = 0.41) to ideal-like (𝑍 t = 0.95), 
thus confirming the initial design. Total pressure, temperature, static 
pressures from the inlet to the outlet, and schlieren images were 
recorded for each condition to measure the Mach number.

Experimental results compare fairly well with numerical simulations 
of the flow field, in terms of the Mach number and the pressure ratio 
measured at selected locations. Nonideal effects have been observed. In 
particular, the measured values of the Mach number increase and the 
static-to-total pressure ratios decrease with higher 𝑍 t, consistent with 
one-dimensional theory.

The experimental data presented in this study serve as a reference 
for benchmark asymmetric nozzle geometries operating in the nonideal 
regime, which until now had only been validated through numerical 
simulations. These results can be directly used to validate CFD models 
or design tools employed in the development of ORC turbine stators. 
By offering both detailed geometrical definitions and experimental data 
points, this work supports the broader research community in improv-
ing the accuracy and reliability of simulation-based design approaches. 
The full dataset is made available in the Supplemental Material to 
facilitate reproducibility and further application.
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