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Abstract: The rising number of applications of the organic Rankine cycle (ORC) or supercritical CO2
(sCO2) power systems have shaped a new branch of fluid mechanics called non-ideal compressible
fluid dynamics (NICFD). This field of fluid mechanics is concerned with flows of vapors or gases,
which are characterized by substantial deviations from the perfect gas model. In extreme cases, even
non-classical gas dynamic phenomena could occur. Although these non-ideal compressible flows
are the subject of sophisticated numerical simulation studies today, there is also a growing need for
experimental data for validating purposes. In the last couple of years, new experimental test rigs
designed for investigating non-ideal compressible fluid dynamics have been developed and com-
missioned. Classical practical measurement techniques are currently being re-developed and ap-
plied to non-ideal compressible flows. Despite its substantial relevance, information about these
measurement techniques and their differences from conventional methods in the open literature is
scarce. The present review article is an attempt to reduce that gap. After briefly discussing the ther-
modynamics and fluid dynamics of non-ideal compressible flows, the currently available test rigs
and their utilized measurement techniques are reviewed. This review discusses schlieren optical
investigations, pneumatic and laser-optical methods, and hot-wire anemometry for non-ideal com-
pressible flows.

Keywords: compressible flow; non-ideal gas; ORC; flow measurement; test rigs; pitot probes;
schlieren systems; LDV; PIV; hot-wire anemometry

1. Introduction

Organic Rankine cycle (ORC)-based power systems are being extensively investi-
gated for heat-to-electric power conversion from solar and geothermal heat sources and
waste heat recovery. The ORC technology offers a high potential [1] for meeting environ-
mental requirements and reducing climate issues. The rising number of applications of
organic Rankine cycle (ORC) power systems [1,2] has increased the relevance of a new
branch of fluid mechanics called non-ideal compressible fluid dynamics (NICFD). In re-
cent years, the interest in supercritical CO2 (sCOz) power systems has led to a further need
to better understand the gas dynamics of fluids that are far away from the usual perfect
gas behavior [3]. NICFD are concerned with flows of vapors or gases that are character-
ized by substantial deviations from the perfect gas model. In extreme cases, theoretical
analyses [4-6] even predict the occurrence of non-classical gas dynamical phenomena,
including the formation and propagation of expansion or rarefactive shocks, sonic shocks,
double sonic shocks, and shock splitting.

In thermodynamics, a perfect gas is a unique gas model that differs from real gases
in specific ways that make calculations easier to handle. In all perfect gas models, inter-
molecular forces are neglected. All perfect gas models are ideal gas models in the sense
that they all follow the ideal gas equation of state

Int. ]. Turbomach. Propuls. Power 2023, 8, 11. https://doi.org/10.3390/ijtpp8020011

www.mdpi.com/journal/ijtpp



Int. |. Turbomach. Propuls. Power 2023, 8, 11 2 of 41

p = pRT, 1)

with p signifying pressure, p signifying density, T signifying temperature, and R signify-
ing the specific gas constant. However, the term perfect gas model is often invoked as a
combination of the ideal gas equation of state (1) with specific additional assumptions
regarding the variation in the heat capacity with temperature [7]. The branch of fluid me-
chanics that deals with the compressible flow of fluids violating the ideal gas equation of
state (1) are called non-ideal compressible fluid dynamics (NICFD); see, for instance, [8].
This review paper is primarily concerned with experimental techniques applied in this
field.
In principle, it is always possible to formulate an equation of state

p = pZRT )

for arbitrary fluids by introducing an additional compressibility factor Z, which is gener-
ally a function of two independent thermodynamic variables: pressure p, and temperature
T, or specific entropy s. For a perfect gas, the identity Z = 1 holds. However, Z # 1 is a
necessary condition, but not a sufficient one, for fluids to exhibit non-ideal compressible
flow behavior. Section 2 will explain the different kinds of gas dynamics in more detail.
For the present purpose, it is sufficient to notice that non-ideal compressible flow phe-
nomena outside the well-known perfect gas aerodynamics frequently characterize real
gases or vapors.

The interest in studying non-ideal compressible fluid dynamics (NICFD) can be
traced back to early theoretical works by Duhem [9], Becker [10], Bethe [11], and Zel'do-
vich [12]. Later, Thompson provided a foundational article in 1971 [13] about the gas dy-
namics of fluids whose properties do not comply with the ideal gas law (1). This research
was driven by the fundamental academic question regarding the possibility of fluids for
which non-classical or inverted gas dynamics might occur. This exciting question is still
open, and a final answer cannot be given so far. Independently and with a different goal,
aerodynamicists began in the 1990s to re-consider non-ideal compressible flow effects in
wind tunnel testing [14-16]. Their objective was to achieve a higher Reynolds numbers in
wind tunnel testing using heavy gases consisting of complex molecules. It was shown that
the transonic similarity theory only partially successfully transformed the heavy gas re-
sults into equivalent nitrogen or air results. Aircraft designers demanded the latter. Due
to the non-ideal gas dynamics, it was impossible to obtain reliable correction schemes for
predicting shockwave boundary layer interactions for similar perfect gas flows based on
the non-ideal compressible flow measurements. Consequently, the interest of aircraft de-
signers in the aerodynamics of non-ideal gases diminished. Anders et al. [16] explained
the failure of the transonic similarity theory regarding the shock/boundary layer interac-
tion by the fact that the transonic similarity theory one bases on small disturbance poten-
tial flow theory. Thus, an inviscid transformation will not account for the difference in
boundary layers for two different gases.

NICFD are essential for understanding phenomena occurring in industrial processes
working with organic vapors or heavy gases [17] at higher speed levels. Turbomachinery
operating partly in the NICFD regime is expected in the oil and gas industry [18]. NICFD
effects occur in the organic Rankine cycle (ORC) [2] and in supercritical carbon dioxide
(sCO2) [19] power systems. The number of numerical studies dealing with NICFD effects
is numerous, but dedicated descriptions of corresponding test facilities and experimental
works are relatively scarce [20]. However, there is a solid need to validate sophisticated
computational fluid dynamics (CFD) models and schemes. During the last few years, pro-
gress has been made regarding experimental techniques and their applications to NICFD
research. The technical challenges associated with designing and operating test facilities
for NICFD research are arguably higher than conventional wind tunnels or test rigs for
air. Due to the elevated pressure and temperature levels usually required for studying
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NICED effects, standard flow measurement techniques require substantial design and
data reduction modifications.

This paper reviews the available experimental investigation techniques for non-ideal
compressible fluid dynamics. Since the author of this paper is working in the field of ORC
power systems, this review focuses on experimental methods that have been used and
considered in the ORC research community. This contribution focuses on measurement
techniques for testing organic vapor flows in ORC power system turbomachinery.

2. Non-Ideal Compressible Fluid Dynamics

Before starting with a review of experimental test facilities and measurement tech-
niques, it is necessary to review some fundamentals of non-ideal compressible fluid dy-
namics. The need to investigate non-ideal compressible fluid dynamics and their differ-
ences with reference to conventional testing for steam and gas turbines requires sound
knowledge of the fundamental thermodynamic and fluid mechanics relations. In this con-
text, it is helpful to distinguish between thermodynamically non-ideal gas behavior and
non-ideal fluid mechanical phenomena that are relevant to turbomachinery applications.

2.1. Thermodynamical Classification of Gas Dynamics

In 1942, Landau introduced a non-dimensional parameter

v3 [(9%p
a? \ dv?
S

for the evaluation of the curvature of isentropes in the p,v diagram [21]. The curvature of
the isentropes is of considerable interest, because a negative curvature is required for rar-
efaction shocks [4]. In classical gas dynamics, only compression shocks can exist due to
the second law of thermodynamics. The possibility that only compression shocks can be
observed is directly related to a positive curvature of the isentropes of the involved gases.
Later, Hayes [22] denoted Landau’s parameter with the symbol I" and introduced a mul-
tiplier %2. Following Thompson [13], it is common to call

1v3 (0%p p (0a
=@ (67) = a(%)s @)
the “fundamental derivative of gas dynamics.” In Equation (3), 2 denotes the speed of
sound, and v is the specific volume (v = 1/p). Using general thermodynamic relations, fur-
ther different expressions for the fundamental derivative of gas dynamics I" can be ob-

tained [13]. In the case of a perfect gas, by obeying Equation (1), the fundamental deriva-
tive I" reduces to the simple relation

1
F:E(y+1) 4)

with y = ¢p/co signifying the isentropic exponent of the perfect gas. Since ¢y > ¢ holds for a
perfect gas, the fundamental derivative I' is larger than the one for a perfect gas. This is
valid in classical compressible fluid dynamics with an increasing speed of sound and with
pressure at a constant entropy. Classical non-ideal compressible fluid dynamics occur for
0 <T < 1. Then, the speed of sound decreases with increasing pressure at a constant en-
tropy. A fluid with that property is called a “dense gas” or “dense vapor.” In the particu-
lar, yet academic case where I' = 1, the speed of sound is a constant. Dense gases exist in
nature, and Figure 1 illustrates an isentropic expansion process starting in the dense vapor
regime for MDM. Below the contour line I' = 1, MDM behaves like an ideal gas. This is
referred to as a dilute gas regime. However, the region with ' <1 is not tiny in the T,s
diagram of MDM, and non-ideal compressible fluid dynamics must be considered for typ-
ical turbine expansion processes [23].

The question of whether fluids with T < 0 exist is still open [24]. It is likely that the
study of the fluid dynamics of fluids obeying I' < 0 will be more of an academic issue than
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a practical engineering task. Thermodynamics laws permit such a dense vapor in princi-
ple, but so far, no actual working fluid has been found that fulfills the condition I" < 0. For
ORC applications, the range 0 < I" <1 is relevant. Still, in a substance with I" < 0, non-
classical non-ideal compressible fluids dynamics, such as rarefaction shocks or compres-
sion fans, would occur. Non-classical gas dynamics can be interpreted as an inversion of
classical gas dynamics. Such non-classical fluids are also called BZT fluids in honor of the
contributions from Bethe, Zel'dovich, and Thompson after a suggestion by Cramer (see
[4], especially pages 91-145). The condition I < 0 corresponds to a speed of sound decreas-
ing with pressure at a constant entropy.

Table 1 lists the classification of gas dynamics from the thermodynamic point of view.
In supersonic turbines working with a BZT fluid, more lower shock losses could occur
than for those working with classical fluids. This interesting prediction was first made in
a numerical study [25] considering the aerodynamic testing of airfoils in heavy gases.
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0.90 roccsmeniurenny

T/T,

Vapour phase

0.80 | | | I

60 70 80 90
T:

Py

S
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Figure 1. Normalized T,s diagram for MDM (from [23]), computed from the reference equation of
state [26]. The red lines correspond to states with a constant I'. The black dotted lines illustrate the
behavior of the isobars. A potential isentropic expansion process is shown as a blue line (see typical
expansion processes in some test rigs described in Section 3).

Table 1. Classification of gas dynamics from a thermodynamic point of view (following a scheme
proposed by Thompson [13]).

r Fluid Sound Speed Variation Classification of Gas Dynamics
r>1 Perfect gas (@a/dp)s >0 classical
r=1 (@a/dp)s =0 classical non-ideal
r<i Dense gas (@a/dp)s <0 classical non-ideal
r=o0 (@a/dp)s <0 non-classical non-ideal

r<o BZT fluids (0a/dp)s <0 non-classical non-ideal
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2.2. Classification for Turbomachinery Flows

An alternative classification of compressible flows results from the viewpoint of tur-
bomachinery and their aerodynamical testing. Here, a hierarchy of fluids can be derived
based on a formal analysis of the governing equations of compressible flows as introduced
by Traupel [27,28]. Since these essential works are, somewhat surprisingly, not available
in English, a more detailed discussion might be valuable for several readers.

The bases of turbomachinery flows are the continuity equation, the Navier-Stokes
equation, and the energy equation:

dp _
ow Vw = f 1v S
E+(w Jw = —;( p+S) (6)
<i+ (w-V)) (h +1w2) =(w-f) +1((w-S) + u® + V(AVT)) )
at 2 p H

Here, w is the velocity vector, f is the body force vector, S is the stress tensor (a func-
tion of velocity and viscosity), and ® represents the viscous dissipation. The thermody-
namic variables are the density p, the pressure p, the temperature T, and the specific en-
thalpy h. The transport coefficients are the dynamic viscosity y and the thermal conduc-
tivity A.

Within a certain temperature range, the specific enthalpy & of a perfect gas obeys a
simple relation using the specific heat at constant pressure c,. By inserting

p= 2 and h=c,T 8)

T RT

into the general governing Equations (5)—(7), the perfect gas flow governing equations

become
d p p
E(?)-l‘V(?W):O )
ow . _¢ RT S 10
EJ’(W Vw = —7(\719+ ) (10)
d 1\ RT
(E + (w-V)) <cpT +ow ) =(w-f) +?((w-s) + u® + V(AVT)) (11)

This set of equations governs turbomachinery working with perfect gases. A rela-
tively similar formal structure as the set of Equations (9)—(10) can be derived for a gas
obeying the equation of state

Yy p Y
h=———=——ZRT 12
y—1lp y-1 (12

This equation of state is more general than the ideal gas model described by Equation

(8). Inserting Equation (12) into the set of Equations (5)—(7) yields

d

~ (&) +7(Ew) =0 (13)
ow Pw = ]/—1hl7
e W= f =P+ S) (14)

9 1 —1h
<E+ w - |7)> (h +Ew2> —(w )+ YTE((w-S) +u@ +VAVT))  (15)
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The above set of Equations (13)—(15) has the same formal structure as the set (9)—-(11)
if the temperature T in the perfect gas Equations (9)—(11) is replaced with the expression
((y = D/Y)W/R and if ¢p is replaced with yR/(y — 1). The only exception is the last heat con-
duction term (V(AVT)) in Equation (15). This means that heat conduction phenomena are
formally excluded from that similarity. However, heat conduction effects are typically
only of minor importance for several turbomachinery applications.

The main conclusion of the above analysis is that gases defined by Equation (8) or
Equation (12) are essentially equivalent for turbomachinery flow analysis purposes. Equa-
tion (12) ensures that a fluid behaves like a quasi-perfect gas. For such a fluid, conven-
tional testing applies, and no significant non-ideal gas dynamics would be expected in
turbomachinery flows. Traupel [27] showed that Equation (12) could only be fulfilled for
gases for which (i) the compressibility factor Z is a unique function of the entropy s as a
single variable (i.e., Z = f(s)), and for which (ii) a constant isentropic exponent exists for
pressure—-volume relations (i.e., pv» = constant). For non-perfect gases, the nomenclature
Yre is also in use for the isentropic exponent for pressure—volume relations to distinguish
it from the ratio of the specific heats y = cy/co [29]. A fluid obeying Equation (12) is called a
“perfect vapor” [28]. Steam is an example of a perfect vapor for a broad range of thermo-
dynamic conditions. This thermodynamic fact explains why steam turbine designers can
use data from conventional wind tunnels working with air.

For non-perfect gases violating Equation (12), a different formal structure of the gov-
erning equations follows. Hence, from the viewpoint of turbomachinery flows and corre-
sponding testing, the classification listed in Table 2 is relevant. The category of Table 2 is
also essential for dimensional analysis [30]. Whereas gas turbines, and, to a large extent,
steam turbine flows, can be aerodynamically tested using conventional wind tunnels and
measurement equipment, organic vapor testing requires, in general, special efforts. Fur-
thermore, correction schemes might not apply for relating results obtained for a perfect
gas to the dense gas regime of an organic vapor. It should be noted that an organic vapor
might behave like a perfect gas if the processes take place in the range where the com-
pressibility factor Z = 1 (see Figure 1). However, in the thermodynamic range where Z
differs significantly from unity, non-ideal compressible flow phenomena are likely to oc-
cur. From a rigorous theoretical point of view, the derivatives of Z,

oz oz
), and (5), -
and not the absolute values of Z are relevant, because non-vanishing derivates of Z for s
= constant reflect the condition Z # f(s). This fundamental fact is somewhat obscured, be-
cause many authors only look to the absolute value of the compressibility factor Z. They
do not consider the impact of thermodynamic variables on Z in detail. However, most

fluids are characterized by the fact that thermodynamic regions where Z <1 hold are also
regions where Z # f{s).

N

Table 2. Classification of fluid mechanics (following Traupel [27,28]).

V4 Fluid Example Aerodynamic Testing
z=1 Perfect gas Air conventional wind tunnel testing
Z= 1) Perfect vapor Steam mainly conventiona.l (correction
schemes applicable)
Z # f(s) Non-ideal gas ~ Organic vapors correction schemes might not apply

2.3. Similitude and Experiments with Model Configurations

The dimensional analysis and the concept of similitude are highly relevant for plan-
ning experiments [31]. In the case of steam and gas turbines, Dejc and Trojanovskij [32]
summarized, in the outcome of dimensional analysis, that five fundamental similarity
numbers (or similarity criteria) must be considered for turbomachinery testing: the
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isotropic exponent y, the Prandtl number Pr, the Reynolds number Re, the Mach number
Ma, and the flow coefficient ¢. These five fundamental similarity numbers are a direct
consequence of the validity of the fundamental Equations (9)-(11) or (13)—(15) as dis-
cussed in [30]. Furthermore, in experiments, the same roughness and turbulence level as
that which occurs in the original turbomachine should be provided.

In the case of a working fluid violating the equation of state (1) or (12), as in the case
of organic vapor, the above five similarity numbers no longer establish a complete set
from the viewpoint of dimensional analysis. At least one other similarity number describ-
ing the non-ideality of the fluid must be considered [30]. In actual testing, it is often nec-
essary to use the same working fluid in laboratory experiments as what is used in the
original engine, because it is practically impossible to find other testing fluids exhibiting
the same thermodynamic behavior as the working fluid under original conditions. Hence,
conducting experiments dealing with NICFD requires test rigs that precisely use the same
working fluids as those used in the original turbomachines or power systems. That repre-
sents a significant difference from the single-phase-flow aerodynamical testing of steam
and gas turbines, which can be performed in conventional wind tunnels with air as a
working fluid.

3. Test Facilities

Only aerodynamic testing related to turbomachinery applications will be considered
in the following. Test rigs for entire ORC power systems (see, for instance, [33-35]) are
hence excluded from this review. Also excluded are conventional test rigs for heat ex-
changers working with vapors. A brief overview of currently used test rigs for non-ideal
compressible flow investigations was recently published [36]. A good review, also includ-
ing the history of test facilities, is provided in [20].

3.1. Classification

The facilities for aerodynamic testing of non-ideal compressible flow dynamics can
be classified into intermittently and continuously working systems (see Figure 2). The use
of a “wind tunnel” for test facilities working with organic vapors might be somewhat mis-
leading (the expression “vapor tunnel” would be clearer), but it is the usual terminology
in aerodynamics [14-16].

The advantage of intermittently working fluids is their relatively low power con-
sumption (but at the cost of a substantial charging time for each test run). Significant
power is required to drive a continuously working wind tunnel for non-ideal fluids, be-
cause their density is high. Although their speed of sound is relatively low (of the order a
=100 m/s), even a moderate volume flow rate leads to high mass flow rates and, hence, to
high power consumptions. On the other hand, a continuously running wind tunnel has
the advantage that long-time measurements or even steady-state operation are possible,
whereas intermittently working test facilities require fast measurement techniques.

NICFD Test Facilities

_ T~

Intermittently working Continuously working
Shock tube or Thermally driven blow- Compressor-driven Rankine-cycle wind
Ludwieg tube down wind tunnel wind tunnel tunnel

Figure 2. Classification of test rigs for non-ideal compressible fluid dynamics.
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3.2. Shock Tubes or Ludwieg Tubes

A shock tube is a device for investigating high Mach number flows. It consists of a
tube with a rectangular or circular cross-section, in which a gas at low pressure and a gas
at high pressure are separated using some form of a diaphragm. Details can be found in
the classical texts [37-39]. The diaphragm bursts under predetermined conditions to pro-
duce a wave that propagates through the low-pressure section. Observations can be made
in the flow behind the incident front or the reflected wave.

A Ludwieg tube is a cheap and efficient device for producing supersonic flow. It is a
simple blow-down facility that operates somewhat like a shock tube. A large, evacuated
dump tank is separated from the downstream end of a convergent-divergent nozzle by a
diaphragm. The upstream end of the nozzle is connected to a long tube whose cross-sec-
tional area is larger than the throat area of the nozzle. The initial pressure in the tube is
high. When the diaphragm ruptures, a shock wave propagates into the low-pressure re-
gion, i.e., the dump tank. An expansion wave propagates into the high-pressure region,
i.e., the tube with the nozzle. As the unsteady expansion propagates through the long
tube, it sets up a steady subsonic flow toward the nozzle, which is accelerated by the con-
vergent-divergent nozzle to a supersonic flow condition. The flow is constant until the
expansion arrives at the nozzle again after reflection.

Figure 3 shows the schematics of a Ludwieg tube used for NICFD investigations, and
the test section is shown in more detail for testing the flow through an annual turbine
cascade [40]. This test facility was also employed for trailing edge flow investigations for
an organic vapor with a high Mach number [41].

a Control b

Panel
annular cascade

7 b

D@ @
Le d o) Diaphragm . .
geometrically fixed

Fast-acting Valve ‘

‘-
l MM& e tube uﬂ_gﬂ

;'_J
Gas Cylinder Test Section
Recovery |
'[ank ™ B

rotating

rotating seals <
casing

Figure 3. Ludwieg tube test facility for non-ideal compressible fluid dynamics investigations: (a)
schematics of the tube; (b) details of the test section devoted to annular cascade testing. Pictures
were taken from the web page of the Whittle Lab, Cambridge: https://whittle.eng.cam.ac.uk/lab/fa-
cilities/orc-ludwieg-tube/ (accessed date 15 December 2022).

Historically, the first use of a shock tube for investigating non-ideal compressible
flow phenomena can be traced back to Fergason and Argrow [42]. In 2001, they attempted
to demonstrate the existence of rarefaction shockwaves in PP10. The experiments were
unsuccessful due to the thermal decomposition of the working fluid. Further technical
problems finally led to the decommissioning of their shock tube facility. Some years later,
in 2008, the group of P. Colonna completed the test facility FAST (Flexible Asymmetric
Shock Tube) at the TU Delft [43]. The working fluid for this long tube (about 10 m) was
Dé6. Expansion waves were measured, but non-classical gas dynamics were not observed.
The challenges for performing such experiments were substantial, and, after the relocation
of FAST to another building, further experiments were conducted [44]. A new attempt to
prove non-classical gas dynamics has been recently published in [45].
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In this context, the experiments [46,47] dealing with liquefaction shocks should be
mentioned as well. The term liquefaction shock was introduced to distinguish it from the
condensation of vapor in an expanding flow, i.e., the condensation shock. In a liquefaction
shock, condensation takes place due to compression. Whereas such a phenomenon has
not been observed for simple vapors such as steam or carbon dioxide, in organic vapors
consisting of complex molecules, such a NICFD phenomenon can occur.

3.3. Blow-Down Wind Tunnels

In the 1960s, Duff [48] was probably the first to conduct CO2 expansion experiments
using a de Laval nozzle setup at the Gas Turbine Laboratory of M. L. T. that utilized a
blow-down wind tunnel. The nozzle was fed by a bundle of nine 50 Ib cylinders, thus
enabling a testing time of about one minute. The work’s objective was to better understand
the condensation of various organic vapor flows in transonic and supersonic conditions
to provide essential information for optimal turbine and power cycle space applications.
A blow-down test rig for the investigation of supercritical CO2 flow phenomena in a noz-
zle test section was employed at the same institution several years later [49].

A new blow-down wind tunnel, called TROVA (Test Rig for Organic Vapors), was
designed in 2010 and erected at the CREA laboratory of the Politecnico di Milano to study
the flows of dense organic vapors expanding from temperatures and pressures of up to
400 °C and 50 bar [50,51]. The first experimental results were presented in 2015 at the 3rd
International Seminar on ORC Power Systems [52] and in 2016 at the 1st International
Seminar on Non-Ideal Compressible-Fluid Dynamics for Propulsion and Power [53]. Fig-
ure 4 shows the schematics of TROVA. A power input of approximately 30 kW is suffi-
cient to evaporate the organic vapor in the high-pressure vessel (see left side in Figure 4).
The flow experiment is then carried out by opening a control valve. Measurement times
of about 100 s can be achieved in the test section [54]. Typical test section throat areas are
of the order 50 cm?. The expanded vapor enters a condenser as a low-pressure vessel (see
the right side in Figure 4). After condensation, the working fluid can be pumped back into
the high-pressure vessel, and the blow-down testing can be repeated. The preparation
time for an experiment is about a few hours. TROVA is equipped with instrumentation to
record pressure and temperatures at relevant stations throughout the facility, and schlie-
ren optical investigations or laser-optical measurement techniques can be applied (see
Section 5).

During the same period, a blow-down configuration with a relatively small test sec-
tion size was designed and commissioned by the group of Ricardo F. Martinez-Botas at
Imperial College [55]. A 3.785 L cylinder was selected as the main blow-down vessel. Reg-
ulating valves were placed on either side of the test section, thus allowing a pressure ratio
to be fixed across the measurement section. The selected working fluid was R1233zd
(trans-1-Chloro-3,3,3-trifluoropropene), and the facility was designed for nozzle stagna-
tion testing conditions of up to 20 bar and 138 °C, with a mass flow rate of 0.3 kg/s. The
test section was a converging-diverging nozzle producing an expansion of Mach 2 at the
exit plane. The purpose of the setup was to facilitate the validation of CFD software for
the simulation of highly non-ideal flows. Thus, the relatively small size of the test section
(the throat height of the nozzle was about 2 mm) was not too critical. The first results were
reported in [56].
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Figure 4. Schematics of the blow-down wind tunnel test facility TROVA [52].

3.4. Compressor-Driven Wind Tunnels

According to Dixon and Hall [57], “the design and performance prediction of axial
flow compressors and turbines has been based, in the main, upon measurements of the
flow-through two-dimensional cascades” using compressor-driven wind tunnels. The ref-
erences [58,59] have been mentioned among the several available reviews of such conven-
tional cascade wind tunnels. For testing the organic vapor aerodynamics of blades, a
closed-loop wind tunnel driven by a compressor can be considered a natural test rig ap-
proach. However, such a concept’s substantial power consumption for achieving high-
speed flows is a disadvantage. Furthermore, compressor sealing must be carefully han-
dled to avoid serious leakage flows. The entire device must be constructed as a pressure
vessel to enable testing at elevated pressure and temperature levels. However, the great
advantage of such a continuously running wind tunnel is the long measurement time.

The first generation of closed-loop wind tunnels working with non-ideal gases under
highspeed flow conditions began in 1991. In a computational study [14], Anderson con-
sidered transonic airfoils in sulfur hexafluoride (SF6) and found that transonic similarity
scaling could be used to relate results in SF6 to equivalent air results for primarily inviscid
flows. NASA then began a program to convert a transonic wind tunnel into an SF6 oper-
ation to provide some experimental confirmation of Anderson’s results. The schematics
of this wind tunnel are shown in Figure 5. The test facility used for the current study was
the 0.3-Meter Transonic Cryogenic Tunnel at the Langley Research Center [16]. The wind
tunnel was operated at pressures up to 6 bar and temperatures from 100 K up to 300 K.
Mach numbers from 0.15 up to 1.0 were achieved in the test section. The modifications
required for operation with SF6 included a gas reclamation unit for charging and reclaim-
ing the test gas, a gas analysis unit for real-time gas composition monitoring, a gas warn-
ing system for personnel safety, and a specially designed heat exchanger. The experiments
demonstrated that transonic similarity theory was only partially successful in transform-
ing the heavy gas results to equivalent nitrogen (air) results. After this test campaign, the
test facility was decommissioned.
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Figure 5. Schematics of the NASA transonic SF6 wind tunnel test facility (from [16]).

\
HEAT EXCHANGER

A new attempt to establish a transonic wind tunnel for organic vapors was published
in 2015 by F. Reinker et al. [60]. This ORC vapor tunnel for continuous operation, called
CLOWT (Closed Loop Organic vapor Wind Tunnel), is shown in Figure 6. Details about
its design and operation features can be found in [61-63]. An application dealing with
profile measurements of a linear transonic turbine cascade is described in [64]. For safety
reasons, CLOWT has been operated with the non-toxic organic vapor Novec 649 by 3M.
Due to the limited compressor power of about 65 kW, only high subsonic to transonic
flows can be established in the test section. The minimum value for the fundamental de-

rivative I' is about 0.8.

| Throttle valve

Basic test section region including c
2nd contraction and cascade

Pitot probe traverse system

Cascade test section

2nd contraction

e Filling valve Centrifugal
R compressor

Figure 6. Test facility CLOWT (from [64]): wind tunnel (a), primary test section tube (b), and details

of the cascade (c).
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Also, White and Sayma [65] presented the preliminary design of a closed-loop super-
sonic test facility using a screw compressor. The facility’s purpose was to provide experi-
mental datasets of flows in a small test section under the same conditions as in ORC tur-
bines. Initially, the selected working fluid was R1233zd, which was changed to R245fa.
The facility was designed for testing conditions up to 20 bar and 125 °C, with a mass flow
rate of 1 kg/s. As of the writing of this review paper, no experimental results have been
published for this compressor-driven supersonic wind tunnel, although the rig has been
fully pressure tested.

3.5. Rankine Cycle Wind Tunnels

A further approach to enable a continuous flow of vapor through a test section at
elevated pressure and temperature levels is given by Rankine cycle wind tunnels. Here,
the working fluid follows a Rankine cycle with the evaporator, test section (as a pressure-
reducing or expansion component), condenser, and pump. This closed operational prin-
cipal can be interpreted as a degenerated Rankine cycle, and the use of the expression
“vapor tunnel” for this kind of test facility might be recommended. Replacing the test
section with a turbine or another expansion engine turns such a facility into a test rig for
power systems. To reduce the amount of heating power, an additional heat exchanger as
a regenerator might be included. However, even then, the specific thermal power input
required to operate the facility is substantial. The great advantage of such an approach is
that high Mach number levels can be achieved with the benefits of a steady-state operation
mode.

A Rankine cycle vapor tunnel was used in the early nozzle flow study [66] conducted
by Bier et al. to investigate real-gas effects for R22 and other fluids. This experiment used
a small Laval nozzle with a central static pressure probe as the test section. The throat
dimensions were of the order of a few mm. Although the test section was small, relevant
data could be obtained and compared with numerical predictions for the flow of non-ideal
gases through a nozzle.

A hybrid high-temperature ORC vapor tunnel and expander test-bed was recently
commissioned at the Aerospace Propulsion and Power laboratory of the Delft University
of Technology [20,67]. The ORCHID (Organic Rankine Cycle Hybrid Integrated Device)
test facility is shown in Figure 7. It was conceived for fundamental studies on NICFD
flows and for testing ORC components, e.g., ORC turbines and heat exchangers. The OR-
CHID makes it possible, with its thermal power input of 400 kW, to attain a maximum
temperature and pressure of up to 400 °C and 25 bar at the inlet of the test sections. It was
designed to consider the possibility of using many different working fluids. MM (hexa-
methyldisiloxane) was selected for the first experimental campaigns, and corresponding
results were published in 2021 [68].
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Figure 7. The Rankine cycle vapor tunnel test facility ORCHID [20].

3.6. Current Status of NICFD Test Facilities

Currently, all types of test facilities shown in Figure 2 are employed, and their com-
plementary use enables valuable insights into non-ideal compressible fluid dynamics for
a broad range of thermodynamic conditions. As of the writing of this review paper, sev-
eral different NICFD test facilities, which were described above, are in operation [36,69].
To summarize, a list of their main parameters is provided in Table 3.
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Table 3. Currently available NICFD test facilities (data obtained from a workshop organized by M.

White, City University London [69]).

Meas-
Type and ure-
Test Facility Institution Operation ment Working Fluids Pressure Temperature Mach Number Minimum Z/T'  Test Section
mode .
Times
Blow-down 10 up to Siloxanes, refrig-
TROVA Milano, IT ", up erants, hydro-  Up to 50 bar Upto400°C  UptoMa=3 Z=03/l'<1 50 mm x 100 mm
wind tunnel 100 s
carbons
Rankine . . .
TU Delft. wind tunnel Lon Siloxanes, refrig- Limited by ther-
ORCHID ’ . ong erants, hydro- Upto25bar  Upto380°C  UptoMa=3 Z=03/I<1 mal power (400
NL (continu-  time
carbons kW)
ously)
.. Closed wind 50 mm x 100 mm
FH Miin- ong . .
CLOWT ster. DE tunnel (con- Hime Novec 649, air ~ Up to 10 bar Upto150°C UptoMa=13 Z=0.7/T=0.8 or42diameter
! tinuously) (jet)
Cambridge
Real-Gas  Whittle, 10-100 R134a, SF6, CO2, o B B 50 mm tube di-
Wind Tun- UK ms  Air, N2, Argon Up to 45 bar 15-150 °C UptoMa=25 Z=0.6/I<09 ameter
nel
L Imperial, Blow-d Short 2 mm throat
TRANSL- POl DOWCOWR S0t pofrigerants  Upto30bar 70 °C (nominal) UptoMa=22 Z=05[=105 = o 104
ENT UK time height

4. Pneumatic Measurement Techniques

Experimental investigation techniques for non-ideal fluid dynamics have been de-
rived from the available methods of experimental fluid mechanics. The reader can find a
general overview of these well-established techniques in [70-75]. A brief description of
measurements in compressible flows of perfect gases is also included in [76,77]. This sec-
tion and the following sections focus on the special modifications needed to apply some
of these techniques to the aerodynamical investigations of organic vapors at elevated pres-
sure and temperature levels. This review paper mainly considers techniques that are al-
ready in use or at a stage where valuable results have been reported in the literature. In
Section 4, the pneumatic measurement techniques (i.e., pressure measurements) are dis-
cussed. Optical measurement techniques (i.e., schlieren pictures and laser optical meth-
ods, including PIV and LDV) are topics in Section 5. The hot-wire anemometry is the sub-
ject of Section 6.

4.1. Condensation Issues in Organic Vapors

The measurement of static and total pressures is fundamental for quantifying com-
pressible flow phenomena. Pneumatic measurements are, furthermore, the key to loss de-
terminations in turbine cascades [32,57].

The usual method for obtaining the static pressure of a flow along a wall is to drill a
small hole that is normal to the surface of the wall and to connect this hole to a pressure
transducer or manometer. Round nose or conical nose static pressure probes are also
standard in subsonic and supersonic flows [77]. Total or stagnation pressures are meas-
ured through a Pitot tube invented by Henri Pitot in 1732 [78]. In a Pitot tube, the flow is
isentropically brought to rest at the instrument’s tip, where a small hole is placed. The
hole is connected with a pressure transducer or manometer through a line. In addition to
these two primary probes, combinations such as the Pitot static tube (also known as
Prandtl probe) or multi-hole probes such as the five-hole probe are in use.

In the case of non-condensing air, pressure measurements are straightforward, but,
in the case of organic vapors, where condensation can occur in the probes or the connect-
ing lines, special care is required. The condensation of vapor within the pressure lines,
tubes, or even in the probe can lead to the formation of an incompressible plug that effec-
tively separates the transducer from the measurement location. This problem is referred



Int. |. Turbomach. Propuls. Power 2023, 8, 11 15 of 41

(i)
(ii)

(iii)

to as plugging or clogging, and it is common in multi-phase flow (e.g., droplet-laden air
flows) or (wet) steam measurements [79].

In principle, three different approaches could be used to measure the pressures in a
flow of an organic vapor at elevated temperature:

The use of fully heated probes, lines, and pressure measurement devices to avoid any
condensation;

The use of pressure transducers, in combination with lines added by liquid traps and
purging devices, to remove condensate or liquid between the probes and the (cooled)
measurement devices;

The use of probes and lines placed in the hot environment of the test rig while con-
sidering the condensation as a systematic error.

The first approach requires the use of measurement devices that are operable at
higher temperatures. Although such a (mechanical) manometer solution might be availa-
ble, its accuracy or resolution is typically too poor for accurate aerodynamic measure-
ments. In the following discussion, it will be shown that only the second and third con-
cepts have been employed so far for organic vapor flows.

The conventional approach is to purge the lines where condensation might occur (i.e.,
method (ii)). Murthy et al. [80] proposed a purge mechanism, in addition to the drain, to
keep the probes and their ports dry for flow measurements in droplet-laden air flows. A
purging approach for compressor cascades subjected to high fogging conditions was re-
cently published in [81], which includes a discussion of the impact of the steadily applied
purging pressure on the calibration curve and the pressure data interpretation. Purging
with nitrogen (N2) is common in droplet-laden air flows but is also used in vapor flows.
Figure 8 details the pressure measurement method, which includes purging realized at
the ORCHID test facility. Figure 8a shows the instrumentation of a nozzle test section with
static pressure taps and their lines. The lines are related to the pressure transducers via a
Scanivalve device, which includes liquid traps (see Figure 8b) and an additional tank filled
with the purging gas (N2). The condensate can be observed in the liquid traps equipped
with optical access (see Figure 8c), and the purging process can be initiated. The impact
of purging on the measurement signals is shown in Figure 9. Significant peaks can be
observed in Figure 9a that indicate the purging blow. Figure 9b is a schlieren picture of
the nozzle test section during a purging event.

A pneumatic system for pressure measurements in the transient flows of non-ideal
vapors that are subject to line condensation for the TROVA blow-down wind tunnel was
presented in 2021 by Conti et al. [82] (see Figure 10). The rectangular boxes in Figure 10
represent pressure transducers. The purging fluid is N2. Further details about the pressure
measurement system, including Pitot probes, can be found in [83,84]. The central concept
is essentially based on two lines: one exiting the plenum for the total pressure determina-
tion of the wind tunnel, and one connected to the probe tap measuring the total pressure
at the test section location. Both lines are directly connected to a nitrogen storage tank.
Electrical actuator valves were employed to open, as the test was triggered to flush lines
with nitrogen at a pressure slightly higher than the expected maximum level during the
test and close right after the pressure peak was reached in the test section during the ex-
periment.
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To
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Figure 8. Pressure measurement system including liquid traps and purging realized at ORCHID
(from [20]): (a) cross-section of the nozzle housing (SC: settling chamber; CC: contraction channel;
CD: converging-diverging nozzle: MSC: model support compartment; PT: pressure taps; LT: liquid
traps; RC: receiver); (b) assembly of the liquid traps (valve VNT#a isolates the process from the
Scanivalve, valve VNT#b allows the liquid to drain during operation); (c) observation of condensate
in a liquid trap indicating the need to purge.
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Figure 9. Impact of purging on nozzle flow measurements: (a) two spikes in the pressure signal due
to purging of the liquid traps by means of nitrogen injection in the lines; (b) schlieren image showing
a stream of N2 being convected through the nozzle (from [20]).
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Figure 10. Flushed pneumatic lines scheme for Pitot tube testing in subsonic flows of Siloxane MM
in the TROVA blow-down wind tunnel (from [82]).

This procedure ensures that each line contains only nitrogen during a test and that
no MM vapor enters a line. Hence, no condensation in the nitrogen-filled lines can occur.
As the test proceeds, nitrogen exits the line through the static tap into the test section, as
the line pressure is in equilibrium with the decreasing test section one. Figure 10 also
shows the differential pressure transducers used to obtain static and total pressures at
different locations in the wind tunnel.

Whereas adding nitrogen to the working fluid is not a severe issue in test rigs em-
ploying evaporators and condensers (because the non-condensable gas N2 can be sepa-
rated from the vapor condensate), a different strategy should be chosen in the case of con-
tinuously running closed-loop organic vapor wind tunnels to avoid significant contami-
nation of the working fluid. Hence, an alternative approach was chosen for the compres-
sor-driven closed-loop organic vapor wind tunnel CLOWT to handle the condensation
issue. The method employed by Reinker et al. [85] in 2020 and used in other studies, e.g.,
[64,86], was to place the valves and pressure lines in the heated area of the wind tunnel
where no condensation could occur (see Figure 11). By using a valve system operated by
a rotative mechanism (shifter), twenty pressure taps or probes could be connected to an
external transducer at room temperature (Figure 11a). This transducer was thermally de-
coupled from the hot lines by utilizing a curved metal tube. The ambient room tempera-
ture of the laboratory hall cooled down the external tube up to room temperature at the
end where the transducer was connected. Hence, the organic vapor resting in the pressure
line condensates and fills the liquid trap up to the level where the liquid can flow back
due to gravity. The position of the liquid can be seen as a cold area in the thermography
(Figure 11b). The surface tension of the working fluid Novec 649 is relatively low, and no
severe plugging can occur in sufficiently large tubes. Since the saturation pressure of
Novec 649 at room temperature is low (Tsat = 49 °C at p = 1 bar), the pressure in the test
section presses the liquid to the transducer. As a systematic measurement error, the hy-
drostatic pressure in the liquid trap occurs if the exact position of the liquid level is not
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known. This systematic pressure can be minimized by designing traps with small heights.
External temperature measurements along the trap enable a further estimation of the lig-
uid column height in the device (see Figure 11b).

xternal trans

Shifter for valves
with display board

Figure 11. The pressure measurement system realized at the CLOWT closed-loop wind tunnel: (a)
valve and lines placed in the hot domain of the primary test tube and (b) thermography of the ther-
mally decoupled transducer indicating the region of liquid trapped in the line.

It should be remarked that an approach without purging requires a long preparation
time to achieve a thermal equilibrium in the entire system. Furthermore, very low test
section pressure levels, below the saturation pressure at transducer temperature, might
not be measured accurately by such an approach. In the case of very short measurement
times in shock tube experiments [41], fast pressure sensors can be used directly without
purging devices. Details about such an application can be found in [87].

4.2. Pitot and Stagnation Pressure Probes

Shortly after the commissioning of wind tunnels for organic vapor flows, research
efforts started to move towards using pressure probes for non-ideal compressible flows.
The first use of a stagnation probe for investigating non-ideal compressible flows was re-
ported in 2015 [41,87]. To capture the wake measurements of an idealized trailing edge
configuration, a probe with four “Kulite XCL-62” pressure transducers was placed down-
stream of a trailing edge in the test section of a Ludwieg tube (see Figure 12). The probe
was produced using laser sintering 3D printing. The design was a wedge probe configu-
ration with a wedge angle of 10 deg, which widened slightly at the base to accommodate
the sensors inside. The sensors were mounted within the probe to ensure minimal



Int. ]. Turbomach. Propuls. Power 2023, 8, 11 19 of 41

response times. Furthermore, the setup shown in Figure 12 employed an inlet stagnation
probe.

In 2020, the first detailed performance study [85] of a rotatable cylinder Pitot probe
in high subsonic flows of Novec 649 was published. Due to the choking effect caused by
the cylinder Pitot probe (diameter 5 mm) in the closed test section (50 mm x 100 mm), the
maximum inflow Mach number was about Ma = 0.7 in the study [85]. Later, the same
configuration was used for detailed profile pressure measurements and drag coefficient
determinations of a cylinder subjected to high subsonic streams of Novec 649 [88].

Static pressure transducers

Transoni/‘ nozzle

7

Flat plate Wake probe

Thermocouple
Inlet stagnation
pressure transducer

Figure 12. First use of a stagnation probe (“Wake probe”) for non-ideal compressible flow (from
[87]). The setup might be compared with the one shown in Figure 3.

Applications of a Pitot probe for shock losses at a supersonic flow of MM were pub-
lished by Conti et al. [82,84] and by Manfredi et al. [89,90] in 2021 and 2022. The Pitot
probe design used in these studies is shown in Figure 13. The Pitot probe measurement
concept used the purging system discussed in the previous subsection (see Figure 10). In
these studies, schlieren pictures of the shock caused by the probe in the supersonic flow
were shown as well. It was found that, even at mildly non-ideal conditions with Z = 0.70,
non-ideality was responsible for a significantly stronger shock than the ideal gas at the
same pre-shock Mach number [84].

Figure 13. Pitot probe used in the shock loss experiments by Conti et al. [82,84]. Dimensions in mm.
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4.3. Blockage Effects and Probe Interaction

The problem of probe interaction with the flow to be investigated can be substantial,
especially in supersonic flow. Figure 14 illustrates that issue by comparing two computa-
tional fluid dynamics simulations for a conventional round probe and a wedge probe in
the flow downstream of a supersonic cascade. The traditional design of the probe intro-
duces a significant disturbance. Based on the CFD results, a wedge probe design was man-
ufactured and successfully employed [91]. In general, wedge probes are recommended
for supersonic flow investigations due to their more minor probe interaction effect.

iyl
0.4mm "Ll

Photograph of Probe

CAD Representation of Probe

Figure 14. Illustration of probe interaction problems (a) and design of a wedge probe for total pres-
sure measurements downstream of a turbine cascade (b). The Mach number level is indicated by
the color bar at the top. The pictures were taken from [91].

Blockage and probe interaction effects can be substantial and can noticeably affect
the data reduction process. Although non-ideal compressible flow dynamics would re-
quire a modification of corresponding ideal gas relations, the order of magnitude of block-
age corrections might still be assumed to be valid. Blockage corrections for cylinder probe
calibrations were proposed by Wyler [92] based on an ideal gas analysis and similitude
considerations. He found that the blockage effect in free jets was found to be approxi-
mately the same magnitude as in closed tunnels. Truckenmiiller et al. [93] reported probe
blockage effects for transonic flow through a calibration wind tunnel and a guide vane
row in a three-stage model turbine. It was found that even a probe placed downstream of
a cascade could noticeably influence the blade profile pressure distribution of the cascade.
Related studies on that topic include [94,95]. So far, a detailed experimental investigation
of non-ideal compressible flow dynamics on probe interactions is missing.

4.4. Pressure Data Reduction for NICFD

The static wall pressure is usually obtained through small holes drilled in the wall
and connected to a manometer. Ducruet [96] pointed out the possible impact of the bound-
ary layer, velocity gradient, and wall curvature on this kind of measurement. However,
correction schemes are uncommon in practice.



Int. |. Turbomach. Propuls. Power 2023, 8, 11 21 of 41

The theory of Pitot probes and the corresponding data reduction process for total
pressure are well-treated in textbooks [76,77] for perfect gases. In the case of an ideal gas
with an isentropic exponent y, the famous Rayleigh—Pitot equation

1/(y-1)
p£=y+1 a%( (y + 1)*Ma? ) Y (16)
D1 2 4yMai —2(y — 1)

results in the case of supersonic flow. Here, po2 denotes the measured total pressure at the
probe hole, and p1 and Ma: are the static inflow pressure and Mach number, respectively.
For subsonic flow, the isentropic relation

2 o1\~ DY
at =2 ((22)" - 17
=77\ 17)

can be used to determine the inflow Mach number for a perfect gas. In subsonic flow,
there is shock caused by the probe, and the inflow total pressure po1 can be measured
directly.

In the more general case of non-ideal compressible flow, the data reduction process
must start with the general balance equations

P1C1 = P2Ca, (18)
1 1

h1 + _Cf = hz + _C22 = ho, (19)
2 2

Py + pici = pa +pac (20)

and assumes an isentropic process. Together with an appropriate equation of states, the
inflow Mach number Ma: or other quantities can then be computed based on the meas-
ured probe pressure and the total inflow state. As pointed out by Spinelli et al. [97], in a
non-ideal compressible flow, the expansion process depends on the inflow state, whereas
the perfect gas relations (16) and (17) do not. Furthermore, the shock pattern caused by
the probe can differ. An illustration is shown in Figure 15 where schlieren pictures of the
shock caused by a Pitot probe placed in a supersonic flow of nitrogen (perfect gas) and
MM (non-ideal organic vapor) are compared.

A simple routine for Pitot probe data reduction was published in [98]; alternative
mathematical schemes to handle normal shock under non-ideal compressible flow condi-
tions were discussed by Passmann et al. [99]. The essential parts of the data reduction are
the correct and efficient method to compute the isentropic flow relations and to solve the
non-linear set of governing equations [98,99]. In [84], the data reduction was performed
by numerically solving mass, momentum, and energy conservation equations across the
shock, coupled with the Span-Wagner thermodynamic model through the FluidProp li-
brary [100]. This multiparameter model provides accurate thermodynamic properties,
even close to the critical point. A functional form, in terms of the reduced Helmoltz free
energy as a function of the inverse reduced temperature and reduced density, is provided
for the fundamental relation linking all thermodynamic properties of a simple system in
a stable equilibrium state. For the working fluid in [84], siloxane MM, appropriate model
parameters were reported by Colonna et al. [101,102], and further information can be
found in [103,104].
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Figure 15. Demonstration of shocks caused by a Pitot probe placed in supersonic flow (from [84]):
(a) flow nozzle with pressure taps (a, b, and free stream fs) and Pitot tube with a bow shock sketch;
(b) schlieren image for flow of N2; (c) schlieren image for flow of MM with Z =0.70; the nozzle profile
and pressure taps are highlighted in the schlieren pictures.

The need to employ suitable equations of states and to replace the classical formulas
(16) and (17) for non-ideal compressible fluids is illustrated in Figure 16. Here, the Mach
number obtained by the perfect gas relation and an adequate data reduction scheme for
Novec 649 are compared. As indicated by Figure 16, even for moderate Mach number
levels, the error between the perfect gas routine and the non-ideal data reduction can be
6%. Much larger errors can occur at higher Mach number levels and at the dense gas re-
gime [98,99].

If fast measurements have to be performed, the transient behavior of the entire sys-
tem must be considered. A corresponding analysis was proposed by Gori et al. [105]. In
this work, it was found that the step responses depended on the speed of sound of the
working fluid, thus indicating that molecular complexity plays a significant role in deter-
mining the promptness of the measurement devices.
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Figure 16. Relative error of Mach number calculations based on Pitot probe data and thermody-
namic models for the subsonic flow of Novec 649 (from [85]).

5. Optical Measurement Techniques

Optical flow measurement techniques are widely applied in science and engineering
applications [72-75]. This section briefly reviews the currently available and employed
methods for non-ideal compressible flow dynamics. This includes discussing schlieren
methods and laser-based measurement techniques (particle image velocimetry PIV and
laser Doppler velocimetry LDV). A comprehensive presentation of optical techniques (i.e.,
schlieren and LDV) that were applied within the TROVA facility at the CREA laboratory
of Politecnico di Milano is found in [106]. A feasibility study, limited to low-speed flows
of PIV for NICFD applications, was published by Head et al. [107].

5.1. Schlieren Optical Methods

The classical experimental tool in gas dynamics is, since the pioneering work of Ernst
Mach (see [77]), the schlieren image method. Schlieren images easily provide qualitative
data, and they can also provide quantitative data about the local Mach number and in-
stantaneous slope of shock waves. Settles [108] presented the history of the schlieren in-
strument and a very detailed account of its various technical details. The origin of this
instrument can be traced back to the 17th century, when Robert Hooke used a primitive
device to illustrate the thermal convection from a candle flame. In the 19th century, Toep-
pler brought the instrument to a practical and valuable level. Since his work, the German
expression “schlieren” has been used. It might be remarked that “schlieren” is not a name
of a person (although in the German language, it is written with a capital S); it is the Ger-
man word for “streak.”

Since organic vapors are transparent, applying schlieren systems to NICFD investi-
gations is relatively straightforward. With the schlieren system, density variations and,
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thus, index-of-refraction variations can be visualized within a transparent medium like a
gas or a vapor. Regarding NICFD applications, three schlieren systems, which are sche-
matically shown in Figure 17, have been used so far: (a) the conventional z-type schlieren
systems, (b) the double-pass schlieren system, and (c) the background-oriented schlieren
method. A fourth method (d) is the focusing schlieren system approach. The latter has not
been applied to NICFD investigations so far. For a description of the physics of schlieren
and shadowgraph techniques, the reader can consult [108] or [109].

[ &
_¥

8 - -1 ————————— m I ISR -

Figure 17. Schematics of schlieren systems for NICFD investigations: (a) conventional z-type schlie-
ren system. (b) double-pass schlieren system. (c) background-oriented schlieren system. (d) focus-
ing schlieren system.

The z-type, two-lens configuration was used in schlieren image experiments con-
ducted by Head [20] in the ORCHID test facility. However, the first schlieren results for a
non-ideal compressible nozzle flow were presented by Spinelli et al. [52] in 2015, and they
employed a double-pass system. A double-pass-type parallel light schlieren system with
the emitting and receiving optical components mounted on an optical table was used in
this first study, because this configuration is shorter and easier to align with respect to the
classical z-type system. The schematic of the employed approach is shown in more detail
in Figure 18.

A 100 W Hg arc lamp was used in [52] as the light source, which was focused by an
F/1.5 silica lens into a circular spot of about 3 mm in diameter and then collimated to form
parallel light rays by a schlieren lens head (Lens 1 in Figure 18). The latter had a diameter
of 150 mm and a focal length of 1000 mm. The collimated light beam was deflected by a
circular mirror (Mirror 1 in Figure 18) before traversing the test section. It was then re-
flected by the schlieren head by the metallic mirror “0”, which was the polished nozzle
back wall. Then, the beam was focused on the vertically aligned knife edge. The knife
orientation made it possible to visualize the density gradient along the nozzle axis. A cubic
beam splitter (prism) separated the light beam originating from the light source and the
reflected one. A lens of 160 mm focal length and 50 mm diameter was located behind the
knife (Lens 2 in Figure 3), and created a real image of the test section on the sensor of a
high-speed camera. The camera resolution and frame rate were set to 1024 x 512 pixels
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MIRROR O

TEST SECTION

MIRROR 1

and 100 fps (frames per second), while the exposure time was set to 20 ps. The use of a
mirror-polished rear plate was cost-efficient, and its optical quality was high enough to
ensure no significant disturbances in the schlieren images. However, a polished surface
gets dirty quickly, so it must be cleaned every few tests to achieve good contrast and
sharpness in the schlieren images. Usually, some drops of liquid working fluid or isopro-
pyl alcohol are effective cleaning fluids. The same procedure can be used to clean quartz
windows. The reflectivity of the stainless-steel plate is affected by the siloxane vapor,
which the light source intensity might compensate for. Later, LED light sources became
popular for schlieren systems.

LENS 1
LIGHT SOURCE

i

=, KNIFE
LENS2
i
' ' MIRROR 2
CMOS CAMERA
OPTICAL BENCH

Figure 18. Schematic of the double-pass schlieren system employed by Spinelli et al. [110].

Figure 19 shows the first results obtained in [52] for a nozzle flow of MDM. Conden-
sation of the MDM vapor occurred along the back plate, which was not heated. Conden-
sation prevented the use of the double-passage schlieren techniques, since liquid drops
and film that flowed over the back plate produced reflected rays featuring high optical
distortions (see Figure 19a). That outcome prevented the detection of the density gradients
in the vapor phase. Direct observation of the test section revealed that condensation oc-
curred only along the metal plate. When the vapor flow heated the test section, the liquid
film evaporated. Then, oblique shock waves originated immediately after the recessed
step became visible (with their reflection at the contoured wall), thus confirming the oc-
currence of a supersonic flow of MDM vapor within the nozzle (see Figure 19b).
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Figure 19. Pictures of the test section during the first experimental runs with MDM in 2015 (from
[52]): (a) condensation along the back plate and formation of a liquid film in the convergent section
of the nozzle (b) schlieren visualization of the oblique shock waves at a later experimental run.

In the following studies [97,110], the quality of the schlieren pictures obtained by the
double-pass system was improved. Figure 20 shows a schlieren picture with Mach lines
that enable the determination of the Mach number along the nozzle expansion path. The
actual Mach number Ma can be determined from the observed angle a (enlarged by the
central green lines in the top picture of Figure 20) by the relation

1

@ =— (21)
Sin o

The detection of Mach lines according to Equation (21) permits a direct measurement
of the local Mach number without involving any thermodynamic model in the calculation
if the flow direction is known. A detailed description of the algorithm is reported in [111].
The comparison with the prediction of a computational fluid dynamics (CFD) simulation
of the nozzle flow was in good agreement (see Figure 20).

Steady oblique shock waves were observed for the first time in the non-ideal super-
sonic flows of a single-phase organic vapor in 2019 by Zocca et al. [112]. A diamond-
shaped airfoil with a semi-aperture of 7.5° at the leading edge and 10° at the trailing edge
was placed within a uniform supersonic stream (Mach number Ma = 1.5) of siloxane
MDM. The measurements demonstrated the dependence of the pressure ratio across the
shock on the applied stagnation conditions for a non-ideal compressible flow. Schlieren
pictures for a nozzle-arrangement-based airfoil with vanishing deflection were obtained
by Manfredi et al. [89,90] and presented in 2022.

In addition to the schlieren images obtained by z-type or double-pass systems, the
background-oriented schlieren (BOS) technique permits the visualization of small density
gradients. Since the light rays deflect when passing through fluids with different densities,
the BOS technique can detect the resulting refractive index gradients as integrations along
a line of sight. In [113], a corresponding system was proposed for supersonic flow appli-
cations. Further applications of the BOS technique can be found, for instance, in [114-120].
The schematics of a BOS system are already shown in Figure 17c. The first application of
a BOS system for a non-ideal compressible flow was presented in 2022 by Sundermeier et
al. [121]. In this work, the high subsonic flow (Ma = 0.65) of Novec 649 through a circular
cylinder was investigated. The principle and some results, including the comparison with
the outcome of a Large Eddy Simulation (LES), are shown in Figure 21. As a datum or
reference image, the test section without any flow was considered. Suppose fluid flows
through the test section with density gradients, distortions, or schlieren results. Using the
reference picture, a density or schlieren picture can be computed in a post-processing step.
This is illustrated in Figure 21. Local shocks caused by the trailing edge of the cylinder
and the von Karman vortex street downstream of the cylinder can be observed. Based on
the distances of the vortex cores, the corresponding Strouhal number was computed and
compared with the LES results. It was found that the vortex shedding frequency (i.e., the
Strouhal number) was nearly constant (at about 0.20), and it was independent of the
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Reynolds or Mach numbers. Although locally, the non-ideal gas behavior affected the
shock pattern and the location of the shocks, the vortex shedding was relatively stable and

robust.
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Figure 20. Schlieren image (top) and Mach numbers obtained from Mach lines (bottom) for a nozzle
flow of MDM at Z = 0.65 (taken from [97]).

The disadvantage of the background-oriented schlieren approach is the somewhat
lower resolution. In principle, achieving a higher resolution than the length scale of the
background pattern is impossible. Regular and stochastic patterns can be chosen (in Fig-
ure 21, a stochastic dot pattern on the backplate of a test section was applied). It is not
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helpful to reduce the length scale of the pattern up to the level where vibrations of the test
rig or the optical resolution limit would be reached. In practice, the BOS approach cannot
provide as sharp shock visualizations as the conventional schlieren systems. However,
the advantage of visualizing even small density fluctuations and the relatively simple
setup makes the BOS technique a powerful tool for compressible flow investigations. In
Figure 22, the vortex street caused by the stem of a hot-wire probe downstream of a tur-
bine cascade operated with Novec 649 at an exit Mach number of Ma = 0.6 is shown. The
background pattern was, in this case, the natural roughness of the metal-printed cascade,
and no further preparation was needed. The density gradients due to the vortex street are
the dominating feature in Figure 22. That also indicates that, even in subsonic flow, the
BOS approach can provide valuable insights into flow details.

Finally, the focusing schlieren system (Figure 17d) might be mentioned, because this
approach is precious for local compressible flow phenomena, such as the compressible
flow through a turbine tip gap [122]. The idea of a focusing schlieren approach was first
described by Schardin [123] more than 70 years ago, but due to World War II, he was
unable to pursue his idea further. The most recent developments to the method were
made by Weinstein [124], who devised what has been termed in the literature [108] as “the
modern focusing schlieren system.” The high value of a focusing schlieren system for de-
tailed investigations of three-dimensional turbine flow features was demonstrated by
Passmann et al. [122], who considered the flow of air through an idealized turbine vane
and a transonic cascade with tip gaps. So far, no results have been reported for applying
this exciting schlieren technique to non-ideal compressible flows. Still, in the future, the
use of focusing schlieren systems might also be expected in this area.

Post-
processing
Reference (no flow) by

Image
correlation

Figure 21. Principle and application of the BOS technique when applied to a circular cylinder: (a)
schematics of the BOS working principle; (b) comparison of a BOS image with the instantaneous
density gradient computed by LES (from [121]).
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Photograph of test section Computed BOS image

Figure 22. Background-oriented schlieren image of the flow of Novec 649 through a turbine cascade
operated at an exit number of Ma = 0.6. The dominant feature is the vortex street in the wake of the
probe stem downstream of the cascade. Pictures were taken at a test campaign at CLOWT in 2022.

5.2. Laser Doppler Velocimetry (LDV) Technique

Laser Doppler velocimetry (LDV) is a well-established experimental technique that
investigates a wide range of complex flows and fluid dynamic phenomena. A comprehen-
sive review of the principles, data analysis, and practical implementation of the LDV tech-
nique can be found in [125]. The era of LDV began in the mid-1960s after the introduction
of lasers. The great advantage of LDV (and of PIV) is its non-intrusive nature. Especially
in the case of high-speed flows, where solid Pitot or hot-wire probes can massively disturb
the flow (see Figure 22 or Figures 14 and 15), the laser-based methods only require optical
access to the measurement zone and the introduction of small particles. Conceptually,
LDV enables a direct approach to determine the velocity field w without employing the
equation of states or isentropic flow relations for the data reduction process. Hence, the
experimental uncertainty level due to the uncertainties regarding the employed thermo-
dynamic ties and the impact of error propagation might be avoided in principle.

The fundamental phenomenon behind LDV is the Doppler shift of light scattered
from a small particle moving with the particle velocity w,. Ideally, this particle velocity is
identical to the fluid velocity w. In the case of microscopic particles of orders 0.1 up to 1
pm, this situation can be achieved due to the particle drag. However, suppose the velocity
field is not uniform. In that case, the particle should respond quickly to the changes, and,
hence, the dynamic response time of the particle must be much smaller than the charac-
teristic time scale of the flow. That is sometimes difficult to achieve in high-speed flows
or regions characterized by extraordinary changes in velocity. The application of LDV re-
quires the introduction of small particles to the fluid under investigation. This is known
as seeding. The selection of the seeding particles is vital for the success of the LDV method.
The density of the particles and the fluid should be equal for ideal seeding particles to
minimize dynamic effects or buoyancy issues. That requirement can hardly be realized in
vapors or gases. A further trade-off problem is caused by the need to use small particles
for dynamic reasons to ensure a sufficient signal-to-noise ratio (SNR) for the Doppler sig-
nal of the scattered light. The latter would be improved by increasing the particle size. In
addition, high refractive index materials should be used to increase the scattering in the
ambient fluid with its own refractive index. The added particles must not disturb the flow
to be measured. If the LDV method should be applied to vapors at elevated temperatures
(and pressure), the seeding particles should be stable enough during the measurement. In
Table 4, some potential materials for seeding particles are listed. Since the density of
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vapors or gases is, even at high-pressure levels, much lower than the densities listed in
Table 4, no perfect seeding particle is available.

Table 4. Properties of seeding particle material.

Material Refractive Index Density Melting Temperature
TiO2 2.6upto29 3900-4200 kg/m? 1840 °C
ALOs 1.79 3960 kg/m? 2015 °C
SiO:2 1.45 2200 kg/m? 1710 °C
SiC 2.6 3200 kg/m? 2700 °C

The first application of LDV for direct velocity measurements in non-ideal compress-
ible flows was performed at the CREA laboratory of the Politecnico di Milano. The first
report [106] was published in 2020, and a detailed research article [126] followed one year
later. The design and the commissioning of a laser Doppler velocimetry seeding system
for non-ideal fluid flows were proposed earlier in 2016 by Gallarini et al. [127]. The seed-
ing system is crucial for NICFD applications, and no commercial or standard seeding sys-
tem can be used for organic vapors at elevated temperature and pressure levels. As seed-
ing particles, nanosized TiO2 powder with particle dimensions of orders 150 up to 250 nm
were used. To inject the particles into the vapor flow in the wind tunnel, the seeding sys-
tem shown in Figure 23 was designed and used. The flow conditions for which the seeding
system was designed were a maximum pressure of about 25 bar and a maximum temper-
ature of about 300 °C in the wind tunnel. The principle of the seeding system was to em-
ploy a liquid suspension of the solid seeding particles in the working fluid, which was
injected through an atomizer at high pressure and temperature in the plenum ahead of
the test section of the wind tunnel. The small droplets of the injected liquid with the seed-
ing particle suspension evaporated, thus releasing the solid particle to be entrained in the
flow of the test section of the wind tunnel.
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Figure 23. Seeding system for LDV application in non-ideal compressible flows (from [126]).
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The LDV setup used in the study [126] was a two-component back-scattering system,
which employed two 1 W diode-pumped solid-state lasers. The two laser beams each ex-
hibited a diameter of about 1 mm and a wavelength of 489.5 nm and 513.9 nm, respec-
tively. A 40 MHz frequency shift was applied to each couple of laser beams to avoid di-
rectional ambiguity. The burst spectrum analyzer was a Dantec F 800 component with a
maximum input frequency of 200 MHz. In contrast to the seeding system, which was en-
tirely customized, commercial laser equipment was used for LDV measurements. Details
about the data processing can be found in [126].

During experiments, significant density changes can occur in the vapor. Hence, the
refractive index of the vapor changed as well. This might cause changes in the laser optical
paths. A discussion of the resulting uncertainty in actual LDV measurements is provided
in [126].

As of the writing of this review paper, the nozzle flow experiments [126] represent
the only application of LDV for non-ideal compressible flows reported in the open litera-
ture. Still, the use of this powerful tool can be expected in the future for other configura-
tions.

5.3. Particle Image Velocimetry (P1V) Technique

The particle image velocimetry (PIV) technique was initiated in the 1980s. The fun-
damental principle of PIV is the calculation of the velocity of tracer particles from a se-
quence of photographs of the seeded and illuminated flow field. The velocity calculation
is based on a correlation technique, and details about PIV can be found in [128] or [129],
among other texts about flow measurement. Whereas LDV can be used to determine the
velocity at a small measurement volume (i.e., the local values are obtained at a point), the
PIV technique enables insights into the two- or even three-dimensional velocity field.
However, in the case of high-speed flows, strict requirements on illumination and expo-
sure time result.

The use of PIV for flows of dense gases has not been reported in the open literature
so far. Probably the closest relevant examples are the use of PIV in a gas-liquid two-phase
nozzle flow of CO:z by Ueno et al. [130] and the Rayleigh-Benard convection of a super-
critical fluid [131], as well as a feasibility study [107]. In this feasibility study, low-speed
flows of an organic vapor (D4) were considered. It was found that the D4 vapor was suf-
ficiently transparent to conduct PIV experiments, and evaporating the fluid with TiO2
seeding particles made it possible to obtain a proper tracer distribution. Hence, an external
seeder was not needed. It was inferred in [107] that P1V is feasible in low-speed flows of
hot organic vapors. Further work will be devoted to devising a seeding strategy that
makes it possible to perform PIV in supersonic and transonic flows in the ORCHID test
facility. Such high-speed PIV experiments are in work as of the writing of this paper, but
no results have been published yet.

6. Hot-Wire Anemometry

Hot-wire anemometry (HWA) has been used as the primary tool for turbulence re-
search. Still, it also provides relevant data for validating computational fluid dynamics
(CFD methods) and their turbulence modeling capabilities. The fundamentals of hot-wire
anemometry can be found in [132-136]. In incompressible flows, hot-wire anemometry
has been used for a century. Later, several efforts were made to exploit this technique for
compressible perfect gas flow [137-148] as well. Although three different operation modes
for HWA can be distinguished, the constant temperature anemometry (CTA) approach is
the most popular one.

The use of HWA for dense gases or non-ideal compressible flows is somewhat new,
and the first results of measurements using Novec 649 at high subsonic flow conditions
can be found in [149]. A detailed discussion of an efficient calibration was recently pro-
posed in [150], and an application of HWA in grid-generated turbulence was shown in
[151]. While the application of hot-wire anemometry is relatively straightforward for
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supersonic flow, due to the negligible Mach number dependency of the sensitivity coeffi-
cients, it still poses severe difficulties for obtaining turbulence quantities in high subsonic
and, especially, in transonic flows [145]. In this flow regime, determining the sensitivity
coefficients and their dependence on Mach and Reynolds numbers is relatively challeng-
ing. In addition, wire breakage, vibrations, and strain gaging problems make using hot-
wire probes tricky in high-speed flow regimes. Due to the relatively high density and the
low speed of sound, applying hot-wire anemometry is particularly challenging for organic
vapor flows. The high density of a complex organic vapor at elevated pressure leads to
relatively high wire Reynolds numbers for which, in combination with noticeable Mach
numbers, little is known from experiments with air or other simple gases.

6.1. Calibration and Behavior of Sensitivity Coefficients

To employ the hot-wire technique, the entire system must be calibrated. Since even
small changes can result in noticeable deviations, the calibration should be conducted un-
der conditions identical to the application conditions. As in the case of Pitot probes, which
contrast the perfect gas case, in non-ideal flows, directional probes require a calibration
procedure that is both fluid-specific and thermodynamic condition-specific. An illustra-
tion of a calibration section from the CLOWT test facility is shown in Figure 24.

The static and total pressures were measured directly in the calibration section
through wall taps and a miniaturized Pitot probe that was close to the rotatable mounted
hot-wire probe (CTA). The closed-loop wind tunnel at CLOWT, see Section 3, could effec-
tively be used for calibrating hot-wire probes due to its ability to control the total temper-
ature and pressure level. Furthermore, its background turbulence level is relatively low
(of orders 0.2% up to 0.6%, which were obtained by hot-wire anemometry in the empty
test section). The actual flow rate can be determined independently by a mass flux sensor
in the return of the wind tunnel. Since steady-state operation with negligible temperature
and pressure drifts can be set, a complete calibration, including determination of the angle
sensitivity due to different probe orientations to the flow, is possible. However, in closed
calibration sections, as are shown in Figure 24, only high subsonic flow conditions are
achievable, due to the choking effect and the blockage of the probes. The probes must be
mounted downstream of a nozzle or an open jet configuration within the test facility for
transonic or supersonic flow conditions. The uncertainty analysis for calibration can, in
principle, follow the approach recommended in [152,153].

Figure 24. Closed calibration section for hot-wire probes under non-ideal compressible flow condi-
tions.
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A full calibration of a CTA probe requires several tests, and it is not ensured that the
probes will survive the calibration process. Due to the high dynamic loads, some probes
will break after a few minutes of operation in heavy organic vapors, while others can be
used for more than eight hours. In any case, it is desirable to have the capability to repair
and produce probes in the laboratory.

The starting point for the calibration is the selection of an appropriate heat transfer
correlation. Following de Souza and Tavoularis [147], a modified King correlation

E? = A(Ma,T,) + B(Ma,T,)(pU)" (22)

for a fixed wire overheat ratio Tt and total fluid temperature To has proven its reliability
for organic vapors [150]. The exponent n can often be set to n = %2. In CTA systems, the
electrical output signal (voltage) E? can be identified with the Nusselt number (with an
appropriate proportionality constant as a trivial multiplier). A linearization of the heat
transfer equation and the use of logarithmic derivatives yield the sensitivity coefficients

alng alnk
$u= () %= ()
u omu/pr P dlnp

for relating the voltage signal fluctuation to the velocity, density, and total temperature
fluctuations, which are defined as:

and $; = (525) (23)
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For supersonic flow (Ma > 1.2), Morkovin [139] has shown that the Mach number
influence for the sensitivity coefficients is small and may be ignored. Therefore, the sensi-
tivity coefficients for density and velocity become equal, and, formally, a simplified rela-

tion

(24)
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E =P G0 (25)

results. The equality of the two sensitivity coefficients for density and velocity signifi-
cantly reduces the data reduction and calibration efforts when measuring turbulent fluc-
tuations quantities. Still, their equality must be proven individually for each hot-wire an-
emometer and flow situation. Interestingly, the relatively high wire Reynolds numbers
for organic vapors support this simplification, as has been demonstrated in [150].

6.2. Application and Operational Issues

The application of HWA and its correct data interpretation sometimes require special
attention. In addition to the general considerations for using HWA, the following special
operation issues related to measurements in flows of heavy compressible vapors are dis-
cussed.

The high density of the organic vapor leads to relatively high wire and grid Reynolds
numbers. Due to the resulting small Kolmogorov scale 1, corrections were needed to ac-
count for the systematic attenuation of high-frequency signals by probes with finite wire
lengths I. That issue is absent in the case of a static calibration using a wind tunnel with
low background turbulence, as was described in the previous subsection. However, suit-
able correction schemes should be considered in actual measurements, as has been ex-
plained in [154,155]. This was pointed out in [156], and it was shown that the classical
correction scheme, due to the work of Wyngaard [155] that was initially developed for
isotropic turbulence in incompressible flows, is still applicable for the high subsonic flow
of an organic vapor. Corresponding correction formulas can be established by using hot-
wire probes with different lengths and their extrapolation to a probe with a vanishing
length [154]. In the study [156], two probes with the same electrical resistance but different
wire lengths and diameters (I =4 mm (d = 10 pm) and / = 1 mm (d = 5 um)) were used.
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Although Wyngaard's correction scheme is only theoretically justified for isotropic turbu-
lence, no better alternative seems to be available yet.

Somewhat related to the small turbulent length scales in high-speed flows of organic
vapors is the high cut-off frequency of the employed electrical bridge and amplifier (i.e.,
the anemometer circuit). Cut-off frequencies of more than 100 kHz are not uncommon for
transonic or supersonic organic vapor flows. This fact makes alternative concepts, like the
constant voltage anemometer [157] or the atomic layer thermo-pile ALTP sensor [158],
interesting for future experiments.

In addition to the strong flow disturbances caused by the probes, as are demonstrated
by the vortex street downstream of the stem that is shown in Figure 22, the high dynamic
loads in high-speed flows of dense gases can create severe vibration issues. Observing the
probe in the test section through a high-speed camera makes it possible to determine
whether serious vibration issues exist. For instance, this was done for the arrangement
shown in Figure 22, and indeed two vibrations were observed for the probe subjected to
a stream of Novec 649 at 2 bar and 100 °C at an exit Mach number of Ma = 0.64. The struc-
tural analysis leads to the prediction that the typical natural frequencies of specific HWA
probe devices, including a stem, are of the order of 1 kHz.

The importance of accounting for the different operational issues for a correct data
interpretation can be illustrated by an example. Figure 25 shows the HWA signal (power
spectrum) downstream of the trailing edge of a turbine cascade (corresponding to the
setup already shown in Figure 22). In the spectrum shown in Figure 25, the compressor
running speed and its blade passing frequencies can be detected even after passing the
settling chamber, turbulence screens, and the turbine cascade. This demonstrates that
HWA is a very sensitive flow measurement technique. The two mechanical vibration fre-
quencies of the probe contribute to the spectrum as well. The vortex shedding frequency
due to the probe stem corresponded to a Strouhal number of Ststen = 0.17-0.20, which is in
reasonable agreement with the literature data for a cylinder subjected to a constant stream
[159]. The trailing edge vortex shedding Strouhal number was found to be St =0.24 £ 0.2,
which was in excellent agreement with the values reported in [159,160] for that turbine
cascade. The fact that two vortex shedding responses (denoted by 1x and 2x in Figure 25)
occurred in the CTA spectrum was because the HWA was insensitive to the flow direction
[134].
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Figure 25. Power spectrum of a CTA probe placed downstream of a turbine cascade (see Figure 22),
including a break-down of the frequency content.
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7. Concluding Remarks

Whereas the theoretical study of non-ideal compressible fluid dynamics (NICFD) has
a long tradition, the systematic experimental investigation of it is a relatively young dis-
cipline. Based on established flow measurement techniques, several research groups have
developed pneumatic, optical, and thermal techniques that are well-suited for NICFD.
The application of these experimental methods has allowed exciting insights into the aer-
odynamics and thermodynamics of non-ideal compressible flows.

It can be expected that the development and the utilization of flow measurements
techniques will be continued. For instance, the use of multi-hole probes or high-speed PIV
applications have not been published in the open literature so far. Hence, measurement
techniques for NICFD are a research area which is anything but finished.

Currently, the impact of real gas behavior on the dimensional analysis is not fully
understood. Therefore, more detailed measurements are required to establish the right set
of similarity numbers for the design of components and flow devices that are subjected to
non-ideal compressible flows.

In addition to testing the theory, NICFD flow measurement techniques provide data
sets which are needed for validating computational fluid dynamics (CFD) methods. Since
numerical loss predictions for turbomachinery are notoriously uncertain, there will be a
need for detailed flow and loss measurements for turbine cascades working with organic
vapors. In combination with reliable numerical methods, this research will enable the de-
sign of more efficient turbines for ORC power systems.
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Nomenclature

A heat transfer correlation coefficient, V2
a speed of sound, m/s

B heat transfer correlation coefficient
c velocity, m/s

cp isobaric specific heat, J/(kg K)

Co isochoric specific heat, J/(kg K)

E electrical voltage, V

f function, -

f body force, m/s?

h specific enthalpy, J/kg

l length, m

Ma Mach number, -
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pressure, Pa

Prandt]l number, -
specific gas constant, J/(kg K)
Reynolds number, -
sensitivity coefficient, -
stress tensor, Pa/m
specific entropy, J/(kg K)
Strouhal number, -
temperature, K

time, s

velocity, m/s

specific volume, m¥kg
velocity vector, m/s
compressibility factor, -

NgIg~=_0® mm%%’y‘@

Greek symbols

angle, °

fundamental derivative, -
isentropic exponent, -
density, kg/m3

thermal conductivity, W/(m K)
dynamic viscosity, Pa s
Kolmogorov length scale, m
efficiency, -

viscous dissipation, Pa?
flow coefficient, -

S /=3 E >V R IR

ubscripts
critical point
total or stagnation condition
inflow or upstream of Pitot probe
exit or downstream of Pitot probe shock

N — 0 9 Un

Superscript
‘ fluctuating part
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