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Abstract
A circular cylinder was tested in the cross-flow of an organic vapor (Novec™ 649) and of air over the subsonic (M < 0.4) 
and high subsonic (0.4 < M < 0.8) speed range in a continuously running pressurized closed-loop wind tunnel test facility. 
Time-averaged pressure measurements gave information on surface pressure distributions, and the corresponding drag and 
base pressure drag coefficients were obtained. Due to the charging of the wind tunnel, different values of the compressibility 
factor (0.876 < Z < 0.999) could be achieved for the organic vapor flow. This enabled in combination with the results for air 
an assessment of the impact of non-ideal gas dynamics on the form drag of a cylinder in the considered highly subsonic flow 
regime. The new experimental data were compared with available literature results. Changes in surface pressure distribution 
at higher subsonic velocities were identified and discussed. It was found that non-ideal gas effects did not strongly affect the 
overall drag. The variation of drag coefficient over the Mach number range was comparable with literature data for ideal-gas 
compressible flow, including shock-less and intermittent shock wave, and permanent shock wave flows regimes. At Mach 
0.4, the flow of Novec™ 649 was in the shock-less regime and exhibited a pronounced dependency on the Reynolds number. 
An increase in drag was observed at Mach 0.6 which was attributed to the commencement of vortex shedding. Non-ideal 
thermodynamics only affected the flow locally and a reduction of the critical pressure coefficient in the high subsonic flow 
regime was observed in the surface pressure distribution. However, this mechanism did not alter significantly the overall 
drag behavior.

Graphic abstract
Drag coefficient CD against Re for several Mach numbers M and comparison with available literature results obtained for air 
(colored symbols indicate different Mach number clusters)
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1 Introduction

The flow past a circular cylinder has been investigated inten-
sively for more than a century, as demonstrated for instance 
by the two-volume monograph of Zdravkovich (2003). 
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Numerous papers are now available in the open literature 
dealing with this fundamental flow configuration. This flow 
configuration is attractive for scientists because important 
fundamental flow phenomena like boundary layer transition 
and vortex shedding can be studied. Therefore, the circu-
lar cylinder is an obvious starting point for many technical 
applications including heat transfer from tubes, the flow past 
aircraft bodies, or even turbomachinery.

The majority of published papers have been concerned 
with the incompressible flow, and much less is known 
regarding high subsonic or supersonic flow past circular 
cylinders. Very early experimental studies were conducted 
by Matt (1943) and Gowen and Perkins (1952) using cyl-
inders of different diameters placed in the test section of 
wind tunnels with air as working fluid. Later, Naumann and 
Pfeifer (1962), Macha (1977), Murphy and Rose (1978), and 
Rodriguez (1984) presented experimental data for a wide 
range of Mach and Reynolds numbers for the flow of air past 
a circular cylinder. Ackerman et al. (2008) investigated in 
detail the base pressure behavior of a circular cylinder in the 
high subsonic cross-flow of air as an idealized model for the 
study of trailing edge losses of turbine blades. In that con-
text, MacMartin and Norbury (1974) concluded earlier “that 
the base pressure is an important quantity and calculation 
methods which neglect base pressure effects are incapable 
of accurately calculating the flow patterns or the total pres-
sure loss.” Despite the importance of trailing edge vortex 
shedding for turbine blading, the problem of predicting the 
base pressure is more widespread and generic, and the cir-
cular cylinder represents a canonical test object for studying 
such base pressure phenomena. The cylinder base pressure 
is known to be strongly dependent on the Mach number. At 
supersonic speeds, the low base pressure level is a result of 
shocks and expansions. This tends to be a relatively steady 
process. At subsonic speeds, shocks only play a role as the 
velocity reaches critical levels and, in general, the unsteady 
process of vortex shedding is more important.

Data on cylinder wall pressure distribution and drag in 
the high subsonic flow regime of non-ideal gas flows are 
essentially missing in literature so far. Although previous 
experimental studies have investigated the aerodynamics and 
the impact of non-ideal gas effects using thin airfoils placed 
in the test section of closed-loop test rigs working with real 
gas (see, for instance, Anders (1993)), the canonical con-
figuration of a circular cylinder has not been considered yet 
in more detail. Non-ideal compressible flows of molecularly 
complex vapors are of interest for diverse industrial appli-
cations such as transportation of high-pressure fuels and 
chemicals and turbomachines operating with non-ideal fluids 
such as those found in ORC power systems and sCO2 power 
systems. It is hence not surprising that there is a recent trend 
to collect experimental data for non-ideal gas flows, as dem-
onstrated by Cozzi et al. (2015) or Spinelli et al. (2018). In 

these studies, supersonic nozzle flows without blunt bodies 
in the flow domain were investigated.

To investigate flow phenomena related to immersed blunt 
bodies and base pressure phenomena under non-ideal condi-
tions, an experimental study was conducted regarding pres-
sure distribution and form drag of a circular cylinder placed 
in the test section of a closed wind tunnel facility using air 
and an organic vapor. This study concentrated on the sub-
sonic up to the high subsonic flow regime (up to Mach 0.7), 
which is highly relevant for many technical applications. At 
supersonic Mach numbers, fundamental phenomena related 
to shock waves become dominant. This flow regime will be 
the subject of future research after clarifying high subsonic 
flow phenomena.

2  Experimental method

The experiments were conducted in a continuously running 
closed-circuit wind tunnel capable of operating with air and 
an organic vapor at elevated pressure and temperature levels 
as described in more detail in the following section. The 
use of this test facility enabled–with certain limitations–the 
detailed investigation of potential non-ideal gas effects.

2.1  Working fluid selection

In the case of compressible flow experiments, the follow-
ing relevant similarity numbers are typically quoted (see, 
for instance, Dejc and Trojanovskij (1973)): the Mach 
number M = u∕a , the Reynolds number Re = � ∙ u ∙ L∕� , 
the isentropic exponent � = cp∕cv , and the Prandtl number 
Pr = cp ∙ �∕� , which is of special interest for heat trans-
fer phenomena. It should also be noted that in the case of 
expanding non-ideal gas flows the isentropic exponent � is 
not a simple constant. In addition to the ideal gas expres-
sion � = cp∕cv , it is possible to distinguish between three 
different definitions depending on the considered isentropic 
relations (see Kouremenos (1986)). However, in the present 
study, a further quantity has to be introduced to quantify 
non-ideal gas behavior. Here, the compressibility factor Z 
was selected as an additional non-dimensional number, and 
the working fluids were thus characterized by two dimen-
sionless quantities κ and Z.

Experiments with dry air with a compressibility factor Z 
≈ 1.00, representing a compressible ideal gas flow, served as 
the datum for the new measurements of a non-ideal gas flow 
past a circular cylinder. For dry air, valuable data for pres-
sure distribution and drag are available in the literature, but 
new measurements were conducted to validate the applied 
experimental measurement technique, too. As discussed by 
Reinker et al. (2019), the perfluorinated ketone Novec™ 649 
by 3 M™ is a suitable fluid for investigating non-ideal gas 
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effects in laboratory test facilities, and it was already used 
for the design of a waste heat recovery ORC system (see 
Cogswell et al. (2011)). In the present study, flow measure-
ments at two different average density levels of Novec™ 649 
were conducted. The average density level is defined as the 
ratio of the inventory mass of working fluid to the total flow 
domain volume. Due to this kind of charging, a low-density 
case, characterized by a compressibility factor Z = 0.945 
(close to unity), and a high-density case, characterized by 
a compressibility factor Z = 0.876 (significantly lower than 
unity), were reached. The former case represented an ideal 
gas flow regime of the organic vapor, whereas the latter case 
corresponded to a non-ideal gas flow regime. For both low- 
and high-density case, the values for the isentropic exponent 
κ of Novec™ 649 were nearly identical but much lower than 
for air ( � ≈ 1.05 for Novec™ 649 in comparison to � = 1.40 
for dry air, respectively). This enabled an examination of 
the impact of the compressibility factor Z on the flow past 
a circular cylinder. Table 1 lists typical values for thermo-
physical properties of the working fluids at representative 
pressure and temperature levels obtained during the experi-
ments. In this study, all thermophysical material properties 
were calculated utilizing the REFPROP database (NIST, 
standard version 9.0, see also McLinden et al. (2015) for 
more details regarding the thermodynamics, equations of 
states, and uncertainty levels) using pressure and tempera-
ture values, as measured in the experiments.

2.2  Wind tunnel test facility and procedure

The present experiments were performed in the high sub-
sonic flow test section of the continuously running closed-
loop organic vapor wind tunnel (CLOWT) at Muenster 
University of Applied Sciences, see Fig. 1a. Design fea-
tures of the test facility CLOWT and its working prin-
ciple were discussed in previous publications (Reinker 
et al. (2018, 2019), , ). After passing the compressor with 
adjustable running speed n, the working fluid was decel-
erated in the diffuser and entered the settling chamber 

equipped with a chiller where total pressure p0 and total 
temperature T0 were measured. To ensure steady-state 
operation, a chiller was used to remove the dissipated com-
pressor power. The actual operation temperature level T0 
was held constant by controlling the coolant water flow of 
the chiller as part of the control system. During start-up, 
the entire test facility was electrically heated up to the 
desired operating temperature. The working fluid mass 
flow rate ṁ was recorded through a mass flow device in 
the subsonic return of the closed wind tunnel where also 
pressure and temperature values were recorded for control 
purposes.

The test facility CLOWT was designed as a pressure 
vessel with a two-stage contraction. The first subsonic 
piece-wise conical axisymmetric nozzle (from nominal 
diameter 500 mm to 250 mm) was part of the outer shell 
structure, and was characterized by a moderate contrac-
tion ratio of about 3.7, see Fig. 1a. Details about this noz-
zle and its performance were published recently by Has-
selmann et al. (2019). This incompressible flow nozzle is 
permanently installed in CLOWT, and the desired higher 
Mach numbers can be achieved by individually designed 
secondary nozzles installed in the long basic test section 
pipe. During the present experiments, a second subsonic 
nozzle and a (specific) test section equipped with a circular 
cylinder as a test object were placed in this basic test sec-
tion, see Fig. 1b. The second contraction was achieved by a 
three-dimensional nozzle based on additive manufacturing 
(SLM) providing the cross-sectional change from round to 
rectangular contraction (from nominal diameter 250 mm to 
a rectangular cross-section 50 mm × 100 mm) leading to a 
total contraction ratio of about 38. The second nozzle was 
designed to provide high subsonic flows up to M = 0.7 in 
the test section. Details about the nozzle design based on 
a Lamé super-ellipse can be found elsewhere (Passmann 
et al. (2017)). In the high-speed test section, the free static 
pressure p was measured through end wall pressure taps. 
The surface wall pressure pw of the circular cylinder was 
measured by a small pressure hole, see Fig. 1b.

Table 1  Thermophysical 
properties of dry air and 
Novec™ 649 at representative 
pressure and temperature levels 
(calculated using REFPROP 
9.0)

Fluid Air Novec™ 649
Experiment 1

Novec™ 649
Experiment 2

Pressure level p [MPa] 0.511 0.147 0.310
Temperature level T [K] 307.5 370.0 370.0
Density ρ [kg/m3] 5.796 15.983 36.354
Isentropic exponent κ=cp/cv [-] 1.408 1.039 1.056
Compressibility factor Z [-] 0.999 0.945 0.876
Fundamental derivative Γ [-] 1.204 0.980 0.975
Speed of sound a [m/s] 352.13 94.89 88.08
Dynamic viscosity µ [Pa s] 1.896 ×  10–5 1.391 ×  10–5 1.388 ×  10–5

Prandtl number Pr [-] 0.7092 0.7587 0.7680
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The circular cylinder with diameter d = 5  mm and 
span 50 mm was mounted in the center of the test sec-
tion, see Fig. 1 b. At first sight, this cylinder diameter 
seems to be rather small, but due to the high vapor den-
sity ρ of Novec™ 649, relatively high Reynolds numbers 
Re = 1 ∙ 105 − 6.1 ∙ 105 resulted even for this small test 
object during the present experiments. In addition to sub-
critical flow, critical and supercritical Reynolds numbers 
were achieved during the present experiments. The area 
blockage ratio was d/H = 0.05 with H = 100 mm as test sec-
tion height. The small size of the cylinder in the test section 
avoided serious wall interference effects in the high-subsonic 
flow regime. There was no need to employ slotted walls dur-
ing the present experiments because the Mach number level 
was well below unity. The cylinder, as shown in detail in 
Fig. 2, was equipped with a small pressure hole of 0.5 mm 
in diameter for measuring the local cylinder wall pressure 
pw. This wall pressure would be equal to the total pressure 
p0 at the cylinder stagnation point (at a circumferential angle 
θ = 0°) in the case of isentropic flow. The good agreement 
of the settling chamber total pressure and the cylinder stag-
nation point wall pressure confirmed the assumption of an 
isentropic nozzle flow in the contraction zone. The cylinder 
could be fully rotated about its circumferential angle θ (i.e., 

0° ≤ θ ≤ 360°). This enabled a determination of the entire 
circumferential pressure distribution pw(θ), but due to the 
finite size of the pressure hole, the actual value of pw(θ) has 
to be interpreted as an area-averaged value covering a cir-
cumferential sector size of order Δθ = 5.7°. That represents 
also the resolution in terms of circumferential angles.

2.3  Inflow turbulence and cylinder roughness

From incompressible flow, it is well known, see Achen-
bach (1971), that cylinder roughness and inflow turbulence 
level can affect pressure distribution and drag significantly. 
Initially, it was planned to employ a hydraulically smooth 
cylinder, but measurements (see also the corresponding dis-
cussion in Sect. 3) indicated that the actual stainless-steel 
cylinder surface was better characterized by a relative rough-
ness of order ks/d ≈ 1 ×  10–3 with ks as equivalent sand grain 
roughness size even after a careful polishing process. Due 
to the small cylinder diameter d, that “rough” level resulted 
although the absolute roughness parameter values of the cyl-
inder surface were low. A photograph of the cylinder surface 
is shown in Fig. 2a. The roughness structure was aligned 
with the main flow direction, but for the pressure hole, two 
imperfections could not be avoided which are shown in 

Fig. 1  Closed-loop organic 
vapor wind tunnel test facility 
(CLOWT): a overview and 
basic instrumentation. b details 
of the test section
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Fig. 2b. These small imperfections were insignificant for the 
majority of the measurements; the exception being at flow 
transition points, where an effect was observed due to the 
flow being highly sensitive to any disturbance. It was found 
that a weak asymmetry of the surface pressure distribution 
pw(θ) could occur at such a transition point for measurements 
performed for the lower circumferential interval 0 < θ < 180° 
as well as for the upper interval 360° > θ > 180°. In the case 
of a perfect cylinder without any imperfections, the pres-
sure distributions would be identical for both circumferen-
tial intervals, but at a transition point, it was observed that 
measurable deviations could occur. These deviations were 
explained as a kind of “trip-wire effect” caused mainly by 
the bottom imperfection shown in Fig. 2b.

The actual inflow turbulence level Tu was measured uti-
lizing hot-wire anemometry in the test section. In a prior 
study, a single hot wire probe (manufactured by SVM 
GmbH, Stuttgart) with wire diameter 10 µm and wire length 
4 mm was placed instead of the cylinder, and turbulence 
quantities were obtained for both working fluids, see Reinker 
and aus der Wiesche (2020) for more details about hot-wire 
measurements in organic vapors. It was found that the inflow 
turbulence level of the present cylinder measurement cam-
paigns with its limitations to high subsonic Mach numbers 
was of order 0.5 up to 0.7%, see Fig. 3. This level was well 

comparable with the conditions reported by Achenbach 
(1971) for his study of incompressible flow past rough cylin-
ders (he reported a value of 0.7%). A systematic effect of the 
Mach number M on the turbulence level Tu was observed, 
as indicated by the tendency of the data points plotted in 
Fig. 3. The turbulence level tended to increase as the Mach 
number increased.

The turbulent micro length λ in the high-speed test sec-
tion was determined through hot-wire measurements and 
obtaining the autocorrelation f(r/λ) for the normalized dis-
tance r/λ. The distance r was calculated using the mean 
velocity um and the time delay Δτ assuming the Taylor 
hypothesis. It was found that the shape of the autocorrela-
tion f(r/λ), Fig. 4a, was for both fluids in good agreement 
with theoretical predictions for isotropic turbulence, see 
Rotta (1972). The assumption of isotropic turbulence in the 
test section was also supported by the decrease in the power 
spectrum density by a power law with exponent − 5/3. The 
calculated normalized turbulent length scale λ/Dh with Dh as 
the hydraulic diameter of the test section with a rectangular 
cross-section (100 mm × 50 mm) is plotted against the Mach 
number in Fig. 4b. The observed level of λ/Dh was in good 
agreement with literature results for pipe flows, Schlichting 
and Gersten (1997). However, this means that the turbulent 
micro length λ was of order 5 mm up to 10 mm which was at 
the same level (or even higher) than the cylinder diameter d.

2.4  Data reduction and uncertainty analysis

Each operation point was defined by a Reynolds number 
Re = u∙d∙ρ/µ, a Mach number M = u/a, an isentropic exponent 
κ, and a compressibility factor Z. The values for Z and κ and 
other thermodynamic properties like the speed of sound a 

Fig. 2  Photographs of the actual cylinder test object: a surface struc-
ture and b detailed view of the imperfections of the pressure hole

0.1        0.2        0.3        0.4        0.5        0.6        0.7         0.8 
Mach Number M  [-]

1.5

0.5

0.0

Tu
rb

ul
en

ce
Le

ve
l  
Tu

[%
]

1.0

Air, Z=1.00 
Novec 649, Z=0.88
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or density ρ were calculated employing REFPROP using 
the measured static pressure p in the test section and the 
calculated static temperature T, see McLinden et al. (2015). 
For data reduction, a one-dimensional isentropic analysis 
was completed based on the measured total conditions p0 
and T0 in the settling chamber, the measured mass-flow rate 
ṁ , and the static pressure p inside the test section to derive 
temperature and velocity. Since the static pressure p, mass 
flow rate ṁ and the (total) pressure p0 and temperature T0 in 
the settling chamber delivered higher accuracy, this method 
was preferred instead of using the (total) temperature in the 
high-speed test section. The latter one was stronger dis-
turbed by thermal noise from the environment and there 
was also uncertainty regarding the appropriate recovery 
factor for organic vapors. The assumption of an essentially 
isentropic nozzle flow through the contraction zone was 
checked by a comparison of the settling chamber pressure 
p0 with the cylinder pressure at the stagnation point position, 
i.e., pw(θ = 0°), see Fig. 1b. The deviations between p0 and 
pw(θ = 0°) remained within the experimental uncertainty of 
the employed pressure transducers.

The time-averaged pressure coefficient

was calculated using the time-averaged cylinder wall pres-
sure pw, the static pressure p in the test section, and the total 
pressure p0 in the settling chamber. After setting the respec-
tive circumferential angle in the experiment, it took about 
5 s up to 10 s to achieve steady-state conditions inside of the 
pressure lines. After achieving steady-state conditions, the 
pressure was measured. The measurements were taken with 
a sampling rate of two seconds and a minimum measurement 
time of 10 s to record statistically independent samples.

(1)Cp(�) =
pw(�) − p

p0 − p

The profile drag coefficient CD was calculated using the 
time-averaged pressure coefficient values Cp (�) obtained for 
one half of the cylinder. Since the cylinder was rotated about 
the entire circumferential range, values for the two half-
intervals were obtained for each operation point (namely for 
0 ≤ θ ≤ 180° and 180 ≤ θ ≤ 360°, respectively). For instance, 
the drag coefficient CD for the upper half was calculated 
through numerical integration of the expression

In addition to the above drag coefficient CD, a base pres-
sure drag coefficient CBD was calculated through

as done by Ackerman et al. (2008) using the circumferential 
position of flow separation θsep. The circumferential position 
of flow separation was determined employing a criterion 
proposed by Stratford (1959) for two-dimensional turbulent 
boundary layers. In the case of laminar boundary layers, flow 
separation starts shortly after the minimum surface pres-
sure location. In the case of turbulent boundary layers, the 
separation point is within the region of increasing surface 
pressure, and Stratford’s criterion enables an estimation of 
the distance between minimum surface pressure location and 
flow separation. Equation (2) includes contributions of form 
drag and neglects skin friction and drag created by the loss 
of total pressure across local shock waves emanating from 
the cylinder surface. In the case of incompressible flow, the 
contribution to profile drag from skin friction drag is very 
small. In high subsonic flow the contribution to drag by 

(2)CD =

0◦

∫
180◦

Cp(�) d sin�

(3)CDB =

�sep

∫
180◦

Cp(�) d sin�

Fig. 4  Autocorrelation f as a function of normalized radial distance r/λ (a) and normalized micro length scale λ/Dh against Mach number M (b) 
in the test section
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total pressure loss through shocks remains small (although 
it increases).

Experiments with organic vapor flow at elevated pres-
sure and temperature levels require special efforts, and 
a discussion of the measurement uncertainty level is of 
major importance since no standard instrumentation and 
well-established procedures can be applied so far.

The uncertainty of the flow variables can have two uncer-
tainty sources in general, namely bias Bx and precision Px. 
The total uncertainty of a variable X is a combination of both

The quantification of the uncertainty due to bias errors 
of a variable X depending on quantities x1, x2, was deter-
mined by using

where the Bxi is the bias error or the uncertainty of a given 
measurement device i. Typically, that uncertainty is provided 
in some percent of the full scale of the device. Similarly, the 
general expression for the precision uncertainties calls

where the precision errors Pxi were given by means of

where N is the number of samples (values of N = 5 up to 20 
were chosen for the pressure and temperature measurements 
for each operation point during the present study), τ is the 
so-called Student-t-factor for the given confidence interval 
(here, a value of about τ = 2.1 for 95% confidence level was 
assumed), and Si is the standard deviation of the sample 
values xi1, xi2, …, xiN.

Although the uncertainty level of the employed pressure 
transducers was of order 0.1 up to 0.2% (depending on the 
actual pressure level), a much higher total uncertainty level 
(of order Δp/p = 0.5 up to 1.6%) resulted. The reason for the 
higher uncertainty level was given by the bias error caused 
by condensation in the pressure lines. That problem and its 
technical consequences yielded an additional measurement 
error which is described in more detail by Reinker et al. 
(2020). In the present case, the condensation issue was the 
main source of uncertainty for the pressure measurements, 
and the contribution due to precision was nearly negligible 
(the precision error was of order 0.01 up to 0.05%).

(4)ΔX

X
=

√(
Bx

X

)2

+

(
Px

X

)2

(5)Bx

X
=

√(
�X

�x1

Bx1

X

)2

+

(
�X

�x2

Bx2

X

)2

+ ...

(6)Px

X
=

√(
�X

�x1

Px1

X

)2

+

(
�X

�x2

Px2

X

)2

+ ...

(7)Pxi =
�

√
N
Si

The absolute uncertainty of the temperature measure-
ments (using temperature sensors PT100 1/10 DIN B) was 
of order ΔT = 0.1 K (nearly independent of the actual tem-
perature level) resulting in a total relative uncertainty level 
of ΔT/T = 0.06 up to 0.1% including the data logger and pre-
cision contributions. The contribution due to precision was 
only of order 0.01% regarding temperature measurements.

In addition to the general uncertainty sources for the pri-
mary variables pressure and temperature as outlined above, 
the calculation uncertainty of the thermodynamic properties 
had to be considered due to the selected equation of states 
and fluid database (i.e., REFPROP) and the stability of the 
test facility operating point during a measurement run. The 
calculation of thermodynamic variables based on the REF-
PROP database with a suitable equation of states. REFPROP 
provided information about the (estimated) uncertainty range 
of thermodynamic variables, and these uncertainties were 
treated as bias errors in the uncertainty analysis. For exam-
ple, REFPROP quoted that the uncertainty in vapor speed of 
sound a for Novec™ 649 was only 0.05%, and this value was 
used as corresponding bias error contribution in the calcula-
tion of the uncertainty of the Mach number. A substantial 
source of uncertainty was given by the uncertainty regarding 
the density calculation which affected also the calculation 
of the Reynolds number. Without considering the system-
atic error due to the finite accuracy of the thermodynamic 
equation of states, the total relative uncertainty level for the 
density was of order Δρ/ρ = 0.7 up to 2.0% (depending on 
the pressure and temperature level). Taking into account the 
systematic uncertainty due to the thermodynamic equation 
of states as quoted by REFPROP, a higher uncertainty level 
resulted of about Δρ/ρ = 1.6 up to 3.0%. The uncertainty 
level of the density affected the total uncertainty of the mass 
flow rate, and hence a relative uncertainty of order 1.6 up 
to 4.5% resulted for that quantity. That uncertainty directly 
affected the Mach and the Reynolds number uncertainty lev-
els for which similar figures were obtained. The uncertainty 
level of the compressibility factor Z was obtained by insert-
ing the minimum and maximum values into the thermody-
namic equation of states.

In Table 2, the resulting uncertainty levels are listed at 
three representative operation points. The actual uncer-
tainty in Cp was higher in the case of air than in the case of 
Novec™ 649 because the employed pressure transducers had 
a better uncertainty performance for higher dynamic loads. 
The circumferential resolution Δθ was only moderate (of 
order 5.7°, see Sect. 2.2) due to the small cylinder diameter 
d = 5 mm and the finite pressure hole diameter 0.5 mm.

During operation, the nominal operation point pressure 
and temperature values scattered slightly over time due to 
the non-perfect temperature control loop with its delay-
time behavior. Although the measurement uncertainty of 
the temperature sensors was of order 0.1 K, the operation 
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temperature level could only be kept constant within ± 1 K 
during long-time operation over a day. Since a complete 
measurement run of the circumferential pressure distribution 
required some finite time, additional systematic fluctuations 
of the Mach and Reynolds numbers and the compressibility 
factor occurred for each single measurement run. In Table 3, 
the maximum values of these systematic fluctuations are 
listed. They were lower than the experimental uncertainty 
levels listed in Table 2, but in the case of a transition regime, 
when the flow was rather sensitive to disturbances, these 
fluctuations might be of some relevance.

2.5  Blockage corrections

Following Wyler (1975), the blockage effect can be looked 
upon as a perturbation of the velocity in the vicinity of 
the cylinder. The blockage parameter ε = δu/u is defined 
as the ratio of the perturbation velocity δu to the undis-
turbed free stream velocity u. The perturbation velocity 
δu is the difference between the obtained velocity u and 
the corrected value ucor which would be the true value in 
an ideal experiment with vanishing area blockage ratio 
d/H. There is a large body of literature available about 

blockage corrections, and a detailed review is beyond the 
scope of the present paper. However, it is useful to discuss 
the potential impact of blockage corrections on the pres-
entation of results to assess the uncertainty related to wall 
interference effects.

To correct for wall interference effects, Roshko (1961) 
made use of the formulas of Allen and Vincenti (1944), 
which give, for the corrected values of velocity and drag 
coefficient ucor and CDcor, in terms of the measured values 
u and CD,

and for the pressure coefficient Cp

These formulas were obtained by using image doublets 
to represent the interference between wall and cylinder, and 
image sources to represent the interference between wall and 
wake. Such an analysis does not take into account possible 
interference effects on the separation mechanism and the 
structure of the wake close behind the cylinder.

Wyler (1975) proposed based on new experimental data 
for cylinder probes placed in a stream of air at various Mach 
numbers

Equation (10) represents an extension of the classical 
Maskell expression for blunt bodies concerning compress-
ibility effects. In its incompressible form (M = 0), the block-
age effect predicted by Eq. (10) is twice the magnitude of 
that predicted by purely analytical solutions (8). In the case 
of higher (subsonic) Mach numbers, the correction (10) pre-
dicts even higher values, and would even diverge at M = 1.

An application of the above corrections demonstrates 
that blockage effects might be of some interest in compari-
sons with literature data although the actual area blockage 
ratio d/H = 0.05 was low in the present study. For exam-
ple, assuming representative values CD = 1.1, M = 0.2, 
and Cp = − 1.0, the two methods (as used by Roshko and 
Wyler) predicted corrected pressure coefficient values of 
Cpcor = − 0.94 and − 0.89, respectively. The drag correction 
effect was of order 3 up to 5% for both methods. Hence, the 
impact of these corrections was comparable with the experi-
mental uncertainty level. Since no definitive answer can be 
given to the question about the correct blockage corrections 
for non-ideal compressible flow, the above corrections might 
be interpreted as an additional bias effect.

(8)
ucor

u
= 1 +

1

4
CD

(
d

H

)
+ 0.82

(
d

H

)2

CDcor

CD

= 1 −
1

2
CD

(
d

H

)
− 2.5

(
d

H

)2

(9)Cpcor − 1 =

(
u

ucor

)
(
Cp − 1

)

(10)
||u − ucor

||
u

=
CD

2
(
1 −M2

)
(
d

H

)

Table 2  Total measurement uncertainty levels for typical operation 
points

Fluid Air Novec™ 649
Experiment 1

Novec™ 649
Experiment 2

Nominal pressure p [MPa] 0.511 0.147 0.310
Nominal temperature T 

[K]
307.5 370.0 370.0

Pressure Δp/p 0.4% 1.4% 0.6%
Temperature ΔT/T 0.06% 0.10% 0.10%
Mach number ΔM/M 2.6–4.9% 1.0–4.0% 1.0–3.0%
Reynolds number ΔRe/Re 2.0–4.0% 1.8–4.9% 1.8–4.8%
Compressibility factor 

ΔZ/Z
 < 0.1% 2.0% 2.4%

Pressure Coefficient ΔCp/
Cp

3.1% 1.8% 1.0%

Table 3  Maximum systematic operation point fluctuations during sin-
gle measurement runs

Fluid Air Novec™ 649
Experiment 1

Novec™ 649
Experiment 2

Nominal pressure p [MPa] 0.511 0.147 0.310
Nominal temperature T [K] 307.5 370.0 370.0
Mach number ΔM/M 0.6% 0.6% 0.6–2.0%
Reynolds number ΔRe/Re 0.5% 0.8% 0.8–2.5%
Compressibility factor ΔZ/Z  < 0.1% 0.3% 1.1%
Pressure Coefficient ΔCp/Cp 2% 1% 1%
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2.6  Limitations and weaknesses

The present experimental approach and procedure caused 
some limitations and weaknesses which should be briefly 
considered to provide a fair assessment of this study.

Ideally, the relevant similarity numbers M and Re would 
be independently varied through their entire range for all 
selected values of κ and Z. The value of the isentropic 
exponent κ was well defined through the working fluid 
selection (Novec™ 649 and air), but in the actual experi-
ments, the Reynolds and the Mach numbers and the com-
pressibility factor could not be modified independently. 
The compressor running speed affected directly both 
Reynolds number Re = u∙d∙ρ/µ and Mach number M = u/a 
through the mean velocity level u which was governed 
by the compressor volume flow rate. The actual value of 
the Reynolds number Re could be changed by the aver-
age density ρ (i.e., by charging of the wind tunnel), but 
this approach affected the pressure level and hence the 
compressibility factor in the case of Novec™ 649 as well. 
The alternative option, to vary the Reynolds number Re 
utilizing different cylinder diameters d was not feasible 
due to the expected wall interference for larger cylinders in 
the test section; the chosen value of d = 5 mm was also at 
the lower limit because otherwise, the relative roughness 
would be too high for a smaller cylinder. Consequently, 
it was not possible to investigate the entire field of simi-
larity numbers separately, and a correlation between the 
Reynolds and the Mach numbers existed as in the case 
of previous studies (e.g., Gowens and Perkins (1952) or 
Rodriguez (1984)).

Due to serious financial constraints, it was not possible to 
buy and employ fast pressure transducers to resolve temporal 
pressure fluctuations, as done by Rodriguez (1984), and only 
time-averaged pressure values were recorded. An additional 
hot wire probe was not used together with the cylinder in the 
test section because the disturbance of the flow was found 
to be substantial: The stem diameter of the hot-wire probe 
was of the same order as the test cylinder itself, which means 
that a special kind of self-influencing tandem configuration 
would result for a setup with both cylinder and hot-wire 
probe in the test section.

3  Results and discussion

In the first set of experiments, low-speed results (i.e., 
M < 0.2) were gathered to assess the accuracy of the pre-
sent experimental approach. Then, the Mach number M 
was increased, and essentially new data were obtained for 
the high-subsonic flow of an organic vapor past a circular 
cylinder.

3.1  Low‑speed results

In the case of low-speed flow past a circular cylinder, the 
relevant similarity number is the Reynolds number, but it 
is also well known that surface roughness and inflow turbu-
lence affect the flow. Since essentially incompressible flow 
can be assumed for M < 0.2, the working fluid selection (i.e., 
air or Novec™ 649) should not be relevant for cylinder pres-
sure distributions or drag coefficients.

In Fig. 5, some typical low-speed results for the pressure 
coefficient Cp against circumferential angle θ are shown. 
Although the qualitative behavior of Cp(θ) was following the 
expectations, some deviations to literature data obtained at 
higher Reynolds numbers and using a smooth cylinder could 
still be observed in Fig. 5. The new data plotted in Fig. 5 
were obtained at a much lower Reynolds number level, 
but they seemed to be comparable to the literature results 
for a smooth cylinder obtained at a much higher Reynolds 
number. It was argued that this observation was an effect 
of cylinder surface roughness. That could be confirmed 
by comparison with literature data obtained for a cylinder 
with similar relative roughness, see Fig. 6. The agreement 
between the actual air measurements and the literature data 
published by Achenbach (1971) for a rough cylinder was 
quite reasonable. The deviations with the Novec™ 649 data 
plotted in Fig. 6 might be explained by pronounced Reynolds 
number or surface roughness effects at the transition region, 
as discussed in the following.

Using the cylinder surface pressure distributions, the form 
drag coefficient CD was obtained for air and Novec™ 649, 
and the low-speed results are shown in Fig. 7 together with 
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Fig. 5  Pressure coefficient Cp against θ at low-speed flow and com-
parison with literature data for a smooth cylinder
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typical literature results obtained for a smooth and a rough 
cylinder with a similar level of ks/d. The results are shown in 
Fig. 7, and they strongly supported the observation that the 
actual cylinder surface was rather rough in terms of ks/d: All 
new data points were in excellent agreement with literature 
results published by Achenbach (1971) obtained at similar 
roughness and inflow turbulence levels. In contrast, literature 
(e.g., White (2006)) predicts a much higher critical Reynolds 
number for a smooth cylinder (the critical Reynolds number 
is defined here as the Reynolds number for which a signifi-
cant drop of CD occurs due to transition and change in the 
wake flow). Since the present measurements were done in 
the transitional regime, the high sensitivity of the pressure 
distribution on minor changes in inflow conditions might 

explain the deviations between air and Novec data as shown 
in Fig. 6.

As expected, no systematic influence of the working 
fluid selection was observed in essentially incompressible 
flow. The data points corresponding to air and Novec™ 649 
measurements were consistent and followed virtually the 
literature correlation for a rough cylinder. This was inves-
tigated in more detail using the base pressure coefficient 
CpB = Cp(θ = 180°), see Fig. 8. Although there was a signifi-
cant data scattering, no systematic effect of the compress-
ibility factor Z on the base pressure behavior was observed. 
The results plotted in Fig. 8 demonstrated once again that 
the surface roughness of the present cylinder device was of 
some importance because the increase in the base pressure 
coefficient (which is directly connected to the decrease of the 
drag coefficient) was observed at a lower critical Reynolds 
number level than in case of smooth cylinders.

3.2  High‑speed observations

Due to the comparable low speed of sound (see Table 1), 
it was possible to achieve Mach numbers of M = 0.6 in the 
case of Novec™ 649 in the present test facility, but due to 
compressor volume flow rate restrictions, it was not pos-
sible to achieve such a high Mach number level in air flows. 
Hence, the new data obtained for Novec™ 649 can only 
be compared with compressible airflow results from other 
researchers.

Since the first measurements by Matt (1943), it is known 
that different flow phenomena interact at moderate Mach 
numbers of about M = 0.4. Compressible flow phenomena 
become visible (which might be described by Mach number 
M), but in this moderate Mach number regime, there is still 
the incompressible flow phenomenon observable of transi-
tion and drop of drag coefficient at a critical Reynolds num-
ber. A qualitative discussion of these effects can be found 
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in Naumann and Pfeifer (1962) and Ackerman et al. (2008). 
In Fig. 9, pressure coefficient data obtained for Novec™ 
649 at two different compressibility factor levels are com-
pared with available literature results for air (Ackerman et al. 
(2008)). It should be noticed that Ackerman et al. (2008) 
considered a much higher Reynolds number than the present 
study. Furthermore, Ackerman et al. (2008) used a hydrauli-
cally smooth cylinder with a blockage ratio of only half of 
the present study. These systematic differences between the 
experiments can explain the deviations between the new data 
and the literature data regarding base pressure. Interestingly, 
two Novec™ 649 data sets agreed well with the literature 
data up to the separation position, whereas one Novec™ 
649 data set (Z = 0.88, M = 0.41, Re = 4.6 ∙ 105 ) exhibited 
a substantially weaker surface pressure minimum at about 
θ = 90°. This might be an indication for a strong sensitivity 
to Reynolds number effects at this moderate Mach number 
level, which was noticed earlier by Naumann and Pfeifer 
(1962).

At a higher Mach number level of about M = 0.6, several 
researchers published results for the pressure distribution 
of a cylinder in an air stream, and some of them are shown 
in Fig. 10 together with new data for Novec™ 649. The 
overall agreement between the new data was rather good. 
Furthermore, the compressibility factor Z seemed to be of 
minor importance (only at the minimum pressure region, a 
slight effect was observed; as discussed in more detail in the 
following Sect. 3.3 in connection with the critical pressure 
coefficient Cp,cr).

In Fig.  11, form drag coefficients CD based on sur-
face pressure measurements in air and Novec™ 649 are 

compared for a range of Reynolds and Mach numbers. In 
the case of low Mach numbers (M < 0.2), it was found in the 
previous Sect. 3.1 that the compressibility factor Z was not 
relevant and that the drag coefficient followed the literature 
correlation proposed for a cylinder with similar roughness. 
The behavior of the drag coefficient CD as a function of 
Reynolds number Re demonstrated that the present organic 
vapor flow investigation at M = 0.4 was performed within 
the transitional regime. This explained the strong sensitiv-
ity against the Reynolds number for this Mach number (see 
Fig. 9). Remarkably, the organic vapor results and the litera-
ture results for air followed a line similar to the well-known 
drag-crisis line observed for the cylinder. The shift of the 
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critical Reynolds number to higher values in the case of 
M = 0.4 was already observed in the case of airflow past a 
sphere (see Schlichting and Gersten (1997). As discussed 
by Naumann and Pfeifer (1962), at M = 0.6, compressibility 
effects become dominant, and there was no significant drag 
crisis visible in the corresponding data shown in Fig. 11. The 
new Novec™ 649 data agreed well with literature results 
obtained for air, and even the effect of an increase in the 
form drag coefficient CD at Re ≈ 6 ×  105 was observed for 
both fluids. This Mach number level is investigated in more 
detail in Fig. 12 and Fig. 13. In Fig. 12, the original data 
obtained for Novec™ 649 are compared with uncorrected 
literature results. The overall agreement was good at M = 0.6 
(only the single data point of Matt (1943) was somewhat 
lower than the data of the other researchers). As discussed in 
Sect. 2.5, blockage corrections are of some relevance in this 
flow regime, and the uncorrected data of Fig. 12 were cor-
rected regarding blockage effects. This led to a slightly bet-
ter agreement between the new organic vapor flow data and 
the literature air flow data as demonstrated in Fig. 13. The 
observation of an increase in the drag coefficient CD between 
a Reynolds number range of about 5 ×  105 < Re < 8 ×  105 was 
supported by the new measurements.

In Fig. 14, the drag coefficient CD obtained at different 
Reynolds numbers Re is plotted against Mach number M. 
The general trend (i.e., a slight increase in drag coefficient 
with increasing Mach number between M = 0 up to M = 0.5 
and local maximum at M = 0.6) can be identified in Fig. 14 
although the data scattering was significant due to the differ-
ent Reynolds numbers. The comparison with literature data 
indicated that no extraordinary effect due to non-ideal gas 
dynamics was present up to M = 0.65: the new data points 
were well within the literature results obtained for an ideal 
gas (air).

As mentioned in the introduction, knowledge about the 
base pressure coefficient is of importance for turbomachinery 

applications. Figure 15 shows the base pressure coefficients 
CpB obtained for Novec™ 649 against Reynolds number Re 
for three different Mach numbers M. In the case for which 
literature data (obtained for air) were available, these data 
are plotted in Fig. 15, too. For a moderate Mach num-
ber M = 0.4, a nearly linear increase in CpB with Re was 
observed. The result of Ackerman et al. (2008) can be inter-
preted as an extrapolation of the new data set in the case of 
M = 0.4. At M = 0.5, the available data did not allow a clear 
interpretation: It seemed to be the case that the base pres-
sure coefficient CpB was nearly constant, but a single point at 
about Re = 5 ×  105 was higher than the other points obtained 
for M = 0.5. Based on these few data points, it is not possible 
to decide if this could be the result of a fundamental Reyn-
olds number effect. At a higher Mach number level, M = 0.6, 
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the data indicated a weak influence of the Reynolds num-
ber (there was a tendency that the base pressure coefficient 
decreased slightly with the Reynolds number). To investi-
gate the base pressure behavior in more detail, all available 
results for CpB are plotted against Mach number M for suf-
ficient high Reynolds numbers Re in Fig. 16. In Fig. 16, only 
results for Re > 1.3 ×  105 are shown because at least in the 
case of low Mach numbers, the subcritical flow would lead 
to completely different results for lower Reynolds numbers. 
The data shown in Fig. 16 indicated that for sufficiently high 
Reynolds numbers, two base pressure coefficient regimes can 
be assumed: for low and moderate Mach numbers (M < 0.5), 
the base pressure coefficients were relatively high, but at 
M = 0.5, a sharp drop of CpB was observed. This observa-
tion agrees well with the other findings that at M = 0.6 com-
pressibility effects become dominant. The transition between 

these two regimes occurred at about M ≥ 0.5. Interestingly, 
no systematic influence of the compressibility factor Z or 
the isentropic exponent κ on the flow transition point was 
observed during the present experiments. 

3.3  Discussion

In aerodynamics (see, for instance, Anderson (2010)), the 
so-called critical pressure coefficient Cp,cr as a function of 
the free-stream Mach number M is of practical interest. The 
critical pressure coefficient Cp,cr is defined as the value for 
which Mach 1 would be achieved at the surface of the body 
subjected to a stream of a compressible fluid with free-
stream Mach number M and dynamic pressure q. Using 
definition (1), the critical pressure coefficient

can be obtained directly as function of the isentropic rela-
tions fis(M) = p0/p and fis(M = 1) = p0/pw. In the case of an 
ideal gas, an analytical expression

results, whereas in the case of a non-ideal gas the isentropic 
relations have to be evaluated based on a suitable equation of 
state (see, for instance, Passmann et al. (2017)). In Fig. 17, 
the critical pressure coefficient Cp,cr against free-stream 
Mach number M is plotted for air (ideal gas with κ = 1.40) 
and Novec™ 649 (real gas) at temperature and pressure 
conditions as representative for the present experiments. In 
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Fig. 16  Base pressure coeffi-
cient CpB against Mach number 
M at higher Reynolds number 
level and comparison with 
literature results
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the case of Novec™ 649, the critical pressure coefficient 
was calculated using two different methods, namely by a 
direct calculation using REFPROP and assuming an isen-
tropic expansion from a defined reservoir condition, and 
also by using the simple ideal-gas model, Eq. (12), with 
an appropriate isentropic exponent of about κ ≈ 1.05, see 
Table 1. The deviations between the two calculation methods 
for Novec™ 649 were not substantial. The behavior of the 
critical pressure coefficient was also rather similar for air 
and organic vapor. Based on the present measurements, a 
conclusion could be that real gas effects might be of only 
minor importance in high subsonic flow and the general flow 
mechanisms remain mainly the same (but it should be noted 
that the range of investigated reservoir conditions was lim-
ited). However, there was a systematic difference between 
the critical pressure coefficients for air and Novec™ 649, 
Fig. 17, and this difference influenced the local pressure dis-
tribution close to the critical position. This is shown in more 
detail through Fig. 18 where pressure coefficient Cp against 
circumferential angle θ is plotted in the vicinity of the pres-
sure minimum. In addition to the pressure coefficient Cp, the 
values of the critical pressure coefficient Cp,cr are indicated 
as dotted lines in Fig. 18. The critical pressure coefficient 
Cp,cr for Novec™ 649 was noticeably lower than for air, and 
this difference was of the same order as the difference of 
the minima in the Cp distributions for air and Novec™ 649. 
In both cases, the observed Cp minimum was close to the 
value for the critical pressure coefficient Cp,cr (but the actual 
Cp minima were systematically lower than the Cp,cr values). 
This detailed investigation led to the conclusion, that non-
ideal gas effects locally affect the flow past a cylinder in high 

subsonic flow, but this does not contribute significantly to 
the overall form drag coefficient CD because the contribution 
of Cp at θ ≈ 90° is nearly negligible in the evaluation of the 
integral expression (2).

Following Ackerman et al. (2008), it is instructive to 
compare the form drag coefficient CD (see Eq. (2)) with 
the base pressure drag coefficient CDB (see Eq. (3)). This 
comparison is shown graphically in Fig.  19 for some 
new data obtained for Novec™ 649 and literature data 
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obtained for air. In incompressible flow past a cylinder, 
it is known that the base pressure drag contributes sub-
stantially to the total form drag. In the case of compress-
ible flow, the time-averaged pressure distribution is also 
affected by compressibility effects. Before considering 
the differences between the data sets plotted in Fig. 19, 
an explanation of the changes in CD over the Mach num-
ber M will illustrate the reason for the differences. From 
Fig. 19 it can be seen that both CD and CDB start low and 
then raise to a maximum at about M = 0.6, before falling 
off at M = 0.7. These variations over the Mach number 
range are compatible with the compressible flow regimes 
described by Zdravkovich (2003), namely, shock-less, 
intermittent shock wave, and permanent shock wave (a 
fourth flow regime referred to as wake shock wave would 
occur at higher Mach number). At M = 0.4, the flow is 
in the shock-less regime, and it is strongly dependent on 
Reynolds number; it is this effect that determines CD. The 
new Novec™ 649 data point at M = 0.41 was obtained at 
a much lower Reynolds number (Re = 4.6 ×  105) than the 
air value by Ackerman et al. (2008). In this case, given 
the Reynolds number used in the test, the flow falls into 
the so-called Transitional Boundary Layer 3 (TrBL3) sub-
sonic regime (Zdravkovich (2003)). Just above M = 0.4 
the (air) flow becomes critical, i.e., local regions of flow 
around the cylinder become supersonic and the flow 
enters the intermittent shock wave regime. The oscillat-
ing flow field present in this regime, which results in the 
flow being supersonic only on one side of the cylinder 
at a time, leads to increased pressure fluctuations com-
pared to the previous Mach number. Following Ackerman 
et al. (2008), the increase in CD leading up to M = 0.6 is a 
result of the commencement of vortex shedding. Beyond 
around M = 0.65, the flow enters the permanent shock 
wave regime. The permanent shock wave regime causes 
the movement of the location of formation and shedding 
of the vortices downstream of the cylinder surface. This 
lengthens the formation region, increases the pressure 
recovery, and gives a slightly earlier separation. This in 
turn leads to the reduction in CD at M = 0.7. The new 
results for the organic vapor flow were in reasonable 
agreement with literature data obtained for air; the devia-
tions of the data points in Fig. 19 can be already explained 
by Reynolds number effects or experimental uncertainty 
range. The deviations between the organic vapor flow and 
literature data were of the same order as the scattering 
of the literature data (Ackerman et al. (2008) performed 
two series of essentially identical experiments in 2000 
and 2002). This led to the conclusion that non-ideal gas 
effects were of minor importance for the overall flow 
behavior at the considered Mach number range.

4  Conclusion and outlook

A circular cylinder was tested in the cross-flow of an organic 
vapor (Novec™ 649) and air over the subsonic and high sub-
sonic speed range in a continuously running closed wind tun-
nel test facility. Time-averaged pressure measurements gave 
information on surface pressure distributions, and the corre-
sponding drag and base drag coefficients were obtained. Due 
to charging of the test facility, different values for the com-
pressibility factor could be achieved for the organic vapor flow, 
which together with the results for air enabled an assessment 
of the impact of non-ideal gas dynamics on the form drag of a 
cylinder in high subsonic flow.

The following conclusions can be drawn: The cross-flow 
about a circular cylinder changes significantly at higher sub-
sonic velocities and into the transonic range. It was found that 
non-ideal gas effects did not strongly affect the overall behav-
ior regarding time-averaged cylinder surface pressure distribu-
tion and form drag. The variation of drag over the Mach num-
ber range was compatible with the common understanding of 
ideal gas compressible flow regimes, namely, shock-less, inter-
mittent shock wave, and permanent shock wave. At Mach 0.4, 
the flow is in the shock-less regime, and it is strongly Reynolds 
number dependent. An increase in drag was observed at Mach 
0.6, which was attributed to the commencement of vortex 
shedding, and real-gas thermodynamics affected only locally 
the flow due to the shift of the critical pressure coefficient.

To investigate the local non-ideal flow phenomena in more 
detail, time-resolved pressure distributions and high-speed 
schlieren optical methods might be of great value. Such an 
investigation is the subject of future research. Furthermore, 
it is planned to extend the investigations to the transonic and 
supersonic flow regime by designing a new transonic test sec-
tion including a supersonic nozzle.
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