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Abstract 
The aerodynamics of smooth and slightly rough prisms with square cross-sections and sharp edges is investigated through 
wind tunnel experiments. Mean and fluctuating forces, the mean pitch moment, Strouhal numbers, the mean surface pressures 
and the mean wake profiles in the mid-span cross-section of the prism are recorded simultaneously for Reynolds numbers 
between 1 ×105 ≤ Re

D
 ≤ 1 ×107 . For the smooth prism with k

s
/D = 4 ×10−5 , tests were performed at three angles of incidence, 

i.e. � = 0 ◦ , −22.5◦ and −45◦ , whereas only both “symmetric” angles were studied for its slightly rough counterpart with k
s
/D 

= 1 ×10−3 . First-time experimental proof is given that, within the accuracy of the data, no significant variation with Reynolds 
number occurs for all mean and fluctuating aerodynamic coefficients of smooth square prisms up to Reynolds numbers as 
high as O(107 ). This Reynolds-number independent behaviour applies to the Strouhal number and the wake profile as well. 
In contrast to what is known from square prisms with rounded edges and circular cylinders, an increase in surface roughness 
height by a factor 25 on the current sharp-edged square prism does not lead to any notable effects on the surface boundary 
layer and thus on the prism’s aerodynamics. For both prisms, distinct changes in the aerostatics between the various angles 
of incidence are seen to take place though.
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Graphic abstract

1 Introduction

The aerodynamic and aeroelastic behaviour of cylindrical 
structures with bluff cross-sections has received consider-
able attention in many different research fields like aerospace 
(Gatto and Graham 2017; Povoa et al. 2018), civil (Demar-
tino et al. 2015; Chen et al. 2017; Yu et al. 2017; Helged-
agsrud et al. 2019) and mechanical engineering (Caliskan 
2014; Mangrulkar et al. 2019), as well as in marine sciences 
(Forrest et al. 2016; Shukla et al. 2019) and wind engineer-
ing (Bagbanci et al. 2012; Hall et al. 2014). The main moti-
vation of the many experimental, numerical and analytical 
studies in the field of bluff body aerodynamics lies in the 
desire to finally being able to capture the highly complex 
relation between object shape, the flow behaviour around 
this type of bluff bodies and the resultant fluid–structure 
interactions into a robust theoretical model. In this context, 
the studied fluid flow around generic circular and prismatic 
structures has to be seen as an idealised representation of 
realistic applications. Through systematic scientific studies 
of the flow around single structural elements, the underlying 
valuable physics of the time-dependent aero- or hydrody-
namic behaviour of those elements can be obtained, like the 
drag crisis and associated bistable state within the critical 

Reynolds-number range of circular cylinders (e.g. Schewe 
1983; Desai et al. 2020 and references therein), dry gallop-
ing of inclined cables (Virlogeux 2005; Nikitas and Macdon-
ald 2015) and vortex-induced vibration (VIV) for circular 
cylinders (Païdoussis et al. 2011), as well as transverse and 
rotational galloping for prismatic structures (e.g. Aman-
dolèse and Hémon 2010; Païdoussis et al. 2011). Thorough 
knowledge on these aspects is required when studying the 
much more complicated flow behaviour of multi-cylinder 
and multi-prism structures, like offshore platforms and float-
ing wind turbines (Gonçalves et al. 2012, 2013; Cheng et al. 
2017), industrial heat exchangers (Mangrulkar et al. 2019), 
high-rise districts (Irwin et al. 2013; Zu and Lam 2018) and 
cable-stayed bridges (Tanaka 2003; Virlogeux 2005; Nikitas 
and Macdonald 2015).

1.1  Aerodynamics of prisms with square 
cross‑sections

Two-dimensional prisms with square (or rectangular) cross-
sections and sharp edges are positioned at one outer side 
of the wide spectrum of possible cross-sectional shapes. 
Whereas the flow structures around and the aerodynamic 
loading on 2D circular cylinders in cross-flow both possess 
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a strong Reynolds-number dependency over a very broad 
range of Reynolds numbers (e.g. Roshko 1961; Achenbach 
1968; Bearman 1969; Farell and Blessmann 1983; Schewe 
1983; Williamson 1996; Zdravkovich 1997), the influence 
of the Reynolds number on the aerodynamics of sharp-edged 
square-section prisms at 0 ◦ angle of incidence is limited to 
relatively low Reynolds numbers up to ReD ≈ 1 ×103 [see, 
for example, Bai and Alam (2018) and references therein]. 
The shear layer transition II regime, present at ReD > 1 ×
103 , has been extensively investigated in the last couple 
of decades, in particular for prism flows at relatively high 
Reynolds numbers of O(104-105 ). In this flow regime, the 
separation of the surface boundary layer takes place at both 
upstream edges, and the transition from laminar to turbulent 
flow is located firmly at both free shear layers above the side 
surfaces of the prism. The various flow parameters therefore 
all reach approximately constant values (e.g. CD = 2.21, W⋆ 
= 1.15 and St = 0.13), independent of a further increase in 
Reynolds number (Okajima 1982; Norberg 1993; Sohankar 
2006; Brun et al. 2008a; Minguez et al. 2011; Bai and Alam 
2018).

Detailed measurements with the laser Doppler veloci-
metry technique (LDV) were taken by Brun et al. (2008a) 
and Minguez et al. (2011) at ReD = 2 ×104–3×105 and ReD 
= 1.4×104 , respectively, to analyse the development of the 
small-scale Kelvin–Helmholtz-type vortical structures in the 
free shear layers above the side surfaces of the prism at � 
= 0 ◦ , as well as the large-scale von Kármán vortex street 
in its near wake. Fluctuating and time- and phase-averaged 
characteristics of both the flow structures and their typical 
length and velocity scales in the base region, as well as in the 
near and far wake of a sharp-edged square prism in cross-
flow, were obtained for a wide range of Reynolds numbers 
by Durao et al. (1988) and Lyn et al. (1995) using the LDV 
technique in a water tunnel, by Saha et al. (2000), Hacişevki 
and Teimourian (2015), and Bahrami and Hacişevki (2019) 
using hot-wire anemometry (HWA), by Hu et al. (2006) 
using particle image velocimetry (PIV) and by Bai and Alam 
(2018) through measurements using a combination of the 
last two measurement techniques. Based on the detailed 
experiments by Durao et al. (1988) and Lyn et al. (1995), a 
large amount of research effort has been put into numerical 
simulations of the small-scale and large-scale flow structures 
at the specific Reynolds number of ReD = 2.2×104 , both by 
high-order LES approaches (Minguez et al. 2011; Cao and 
Tamura 2016), by direct numerical simulations (DNS) (Saha 
et al. 2001; Trias et al. 2015) and by Reynolds-averaged 
Navier–Stokes simulations (RANS) and hybrid LES/RANS 
simulations (Ke 2019).

The characteristic trends of the mean and fluctuating 
lift and drag coefficients, the Strouhal and the base pres-
sure coefficient with angle of incidence of sharp-edged 
square prisms in a wide range of Reynolds numbers 

have also been the subject of many studies, e.g. Norberg 
(1993), Luo et al. (1994), Lyn et al. (1995), Chen and 
Liu (1999), Tamura and Miyagi (1999), Sohankar (2006), 
van Oudheusden et al. (2007), Huang et al. (2010), Huang 
and Lin (2011), Yen and Yang (2011) and Carassale et al. 
(2014). Early measurements of the mean drag coefficient 
and the Strouhal number as functions of the angle of inci-
dence by Lee (1975), Rockwell (1977), Obasaju (1983), 
Knisely (1990), and Chen and Liu (1999) showed that a 
minimum drag coefficient in combination with a sharp 
rise of the Strouhal number to its maximum value occurs 
around the critical angle of incidence of � = 13◦–17◦ . Both 
phenomena are related to a shear layer reattachment onto 
the downstream portion of the windward-directed side 
surface. The strong pressure recovery on this side surface 
and the resultant asymmetric flow field around the pris-
matic body result in a deflection of the shear layer and the 
formation of a weaker vortex in the base region, hence a 
higher base pressure and thus a lower drag coefficient, as 
well as a higher vortex shedding frequency. These trends 
of the drag coefficient and the Strouhal number were later 
on confirmed by Dutta et al. (2003) through a wind tun-
nel study on the two-component time-varying velocity 
in the wake of prisms at angles of incidence between 0 ◦

–60◦ and Reynolds numbers of 1340, 4990 and 9980. They 
concluded that the reasons for these trends at � > 0 ◦ are 
a downstream movement of the separation points and a 
widening of the wake in combination with a reduction of 
the vortex formation length.

Igarashi (1984) used the surface oil-flow and smoke visu-
alisation techniques to study the flow pattern around a square 
prism at angles of incidence of 0 ◦ - 45◦ and ReD = 3.85×
103–7.7×104 . Based on the smoke images and the trends of 
multiple aerodynamic parameters with increasing angle of 
incidence, he identified three main flow regimes: the perfect 
separated flow regime for � < 15◦ , in which the forward sepa-
ration is pinpointed at the windward sharp edges of the prism, 
the reattachment flow regime for � = 15◦–35◦ with a sepa-
ration bubble on the windward-directed side surface of the 
prism, thereby forming a separation bubble, and the wedge 
flow regime with an attached flow on both upstream-directed 
surfaces for � > 35◦ . The different features of the topological 
flow patterns of a sharp-edged square prism at angles of inci-
dences from 0 ◦ to 45◦ were later on investigated experimen-
tally by Huang et al. (2010) and Yen and Yang (2011) at ReD 
= 1.3×104–9.4×104 and ReD = 4.0×103–3.6×104 , respectively, 
to solve the physical mechanism occurring in the vicinity of 
the critical angle of incidence and the associated effects on the 
wake properties. van Oudheusden et al. (2005) and Ozgoren 
(2006) used PIV to resolve the instantaneous, phased- and 
time-averaged vorticity, the vortex-formation lengths and the 
two-dimensional distributions of the mean and fluctuating flow 
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velocities in both the base region and the near wake of a square 
prism at various angles of incidence.

1.2  Objectives of the present study

The previous overview has shown that extensive research on 
the aerostatics of smooth prisms with square cross-sections 
and sharp edges with angle of incidence has been conducted 
at Reynolds numbers up to O(105 ). Independent of their angle 
of incidence, the presence of the sharp edges imposes the lami-
nar or turbulent boundary layer detachment at specific surface 
locations, thereby making the square prisms in the shear layer 
transition II regime practically insensitive to a variation in 
Reynolds number. Although no experimental proof has been 
given until now, it is stated in ESDU (1971), that for Reynolds 
numbers beyond 105 no significant effect on the force coef-
ficients is therefore to be expected as well.

Studies on smooth and rough circular cylinders and square 
prisms with rounded edges in steady cross-flows at high Reyn-
olds numbers have shown the large impact of surface irregu-
larities, like spanwise roughness stripes, uniformly distributed 
dimples, grooves, solid particles or large sheets of glass or 
sand paper, on the dynamic loading on and the flow topol-
ogy around these kinds of objects (van Hinsberg 2015; van 
Hinsberg et al. 2018 and the many references therein). Besides 
higher drag forces, the change in the behaviour of the surface 
boundary layer with increasing surface roughness induces an 
increase in both the vortex strength and its spanwise coher-
ence, thus giving rise to even higher periodic lift forces, and a 
reduction of the vortex shedding frequency. The question as to 
whether a similar behaviour may exist for sharp-edged square 
prisms remains so far unanswered, since neither experimental 
nor numerical data on the aerodynamic behaviour of rough 
sharp-edged square prisms is available up to date.

With the twofold purpose of investigating the generally 
presumed Reynolds-number independency of smooth sharp-
edged square prisms for ReD ≥ O(105 ) and the basic aero-
statics of rough sharp-edged square prisms, a wind tunnel 
study has been performed on both bluff bodies. The global 
mean and fluctuating lift and drag forces, the 2D mean pitch 
moment, the Strouhal number, as well as the mean surface 
pressures and the mean wake profile in the mid-span cross-
section have been measured for Reynolds numbers between 
105 and 107 . Two surface roughness heights, i.e. ks/D = 4 ×
10−5 and 1 ×10−3 , were selected, and three angles of inci-
dence, � = 0 ◦ , -22.5◦ and -45◦ , were investigated.

2  Experimental arrangement

The wind tunnel test set-up and the instrumentation were 
similar to those described in detail in van Hinsberg et al. 
(2017, 2018). The Göttingen-type high-pressure wind tunnel 

of the German–Dutch wind tunnels (DNW) has a test sec-
tion of 0.6×0.6× 1 m 3 . The air inside the entire wind tunnel 
tube can be pressurised up to 10 MPa to achieve maximum 
Reynolds numbers, based on the width of the prism, of 107 
in a low subsonic flow of U

∞,max = 35 m/s. The free-stream 
turbulence intensity (T.I.) in the test section shows a slight 
increase with increasing Reynolds number from T.I. = 
0.15% up to a maximum value of about T.I. = 0.8%, whereas 
the relative dynamic pressure variation across the working 
section at the prism position is less than 0.3%.

Investigations on two prisms with square cross-sections 
and sharp edges were performed, see Fig. 1a. Both prisms 
have side lengths of D = 60 mm and a span of L = 600 mm, 
resulting in an aspect ratio of AR = L/D = 10. Each model 
consists of two stainless steel partially hollow half mod-
els, joined together with screws of which the heads were 
removed by milling, as shown in Fig. 1b. All surfaces were 
subsequently polished to reduce geometrical imperfections. 
This led to a non-dimensional equivalent sand-grain surface 
roughness, based on the algorithm by Adams et al. (2012), 
of ks/D ≈ 4 ×10−5±4.0×10−6 for the smooth sharp-edged 
prism (labelled hereafter as “smooth prism”). The surfaces 
of the second prismatic model (labelled hereafter as “rough 
prism”) were roughened using a plasmatic metal coating 
process, which resulted in a Gaussian-distributed relative 
surface roughness in both spanwise and circumferential 
directions of ks/D = 1 ×10−3±1.2×10−4 . The latter rough-
ness value is typical for hard marine fouling on submerged 
surfaces of support columns of large floating offshore struc-
tures and wind turbines after a few years of operation. The 
prisms were mounted horizontally in the test section, thereby 
spanning its complete width. Labyrinth seals were used to 

Fig. 1  Two-dimensional wind tunnel test model (D = 60 mm, L = 
600 mm) with the distribution of the static pressure taps over the mid-
span cross-section, as well as the numeration of the surfaces and the 
definition of the aerodynamic force vectors and incidence angle
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minimise the amount of flow leakage through the small ring 
gaps between the model and the side walls. Through surface-
oil visualisations, it has been shown in van Hinsberg et al. 
(2018) that the influence of the limited aspect ratio of 10 on 
the two-dimensionality of the flow over prisms, and thus 
on the measured overall aerodynamic loading, is relatively 
small as only at both most outer parts of the model a three-
dimensional flow was present, which was induced by the 
boundary layer on the side walls of the test section.

To obtain the surface pressure distribution at the mid-
span cross-section of each model, 36 static pressure taps 
(Fig. 1b) are connected through small stainless steel and 
plastic polyester tubes to a temperature-compensated elec-
tronic differential pressure measurement unit, having a 
range of ±100 kPa and a 0.15% uncertainty in the full scale. 
Their positions on the prism surface are given by the non-
dimensional circumferential coordinate s/D with s/D = 0 
at the sharp edge between the surfaces A and D (Fig. 1c). 
Each pressure tap hole was shifted in the spanwise direction 
by a relative amount of 1.65 mm with respect to its direct 
neighbours to avoid an interference of the local pressure 
at a tap hole position with the wake generated by the pres-
sure holes located upstream. The dynamic calibration of the 
pressure taps showed an upper cut-off frequency of about 
860 Hz. The mean base pressure coefficient Cp,b for � = 0 ◦ 
was determined by taking the average of the pressure coef-
ficient values obtained with the nine taps located on surface 
C between s/D = 2.0 and s/D = 3.0, whereas all 18 taps on 
the surfaces C and D, hence at 2.0 ≤ s/D ≤ 4.0, were used 
to determine Cp,b both at � = −22.5◦ and at � = −45◦ . Both 
ends of each model were connected to rigid piezoelectric 
platform balances, located outside the test section, to obtain 
the time-dependent global lift and drag forces on the model 
with an uncertainty below 2%. The resultant global mean lift 
and drag coefficients are defined as CL = L(t)∕(q

∞
DL) and 

CD = D(t)∕(q
∞
DL) with L(t) and D(t) the mean values of 

the global lift and drag forces and q
∞

 the dynamic pressure. 
These time-dependent signals were also used to extract addi-
tional information like the frequency spectra of the vortex 
shedding. With those power spectral densities (PSD), the 
Strouhal numbers could be determined, that are defined as 
StL = fLD∕U∞

 and StD = fDD∕(2U∞
) , in which fL and fD are 

the main vortex shedding frequencies in the PSD based on 
the time series of the lift and drag force, respectively.

A pressure rake with 6 static pressure tubes and 52 pitot 
tubes was positioned at 6.25 diameters behind the model’s 
spanwise centre axis to obtain useful data on the total non-
dimensional pressure loss in and the width of the near 
wake. The former is defined as the difference between the 
total pressure of the undisturbed flow p

0
 and the total pres-

sure at each location in the near wake p, divided by the 
dynamic pressure at inlet q

∞
 , hence �p∕q

∞
 = (p

0
− p)∕q

∞
 . 

The latter is given by the distance between the two most 

outer pitot pressure tubes for which the value of the non-
dimensional pressure loss lies above the threshold of 5% of 
the maximum non-dimensional pressure loss, hence �pthr 
= 0.05�pmax . All data obtained with the pressure rake are 
assumed to have a 2% uncertainty.

Three angles of incidence were investigated, namely 
0 o , −22.5o and −45o . The resultant geometric wind tunnel 
blockage ratio lies between 0.10 ( � = 0 ◦ ) and 0.14 ( � = 
−45◦ ). The measured velocities—and thus the Reynolds 
number, the Strouhal number and the global lift and drag 
coefficients—were thereupon corrected for wall interfer-
ence effects by making use of the formulas of Allen and 
Vincenti (1944), whereas the blockage correction accord-
ing to Roshko (1961) was applied to the static pressure 
coefficients and thus also to the 2D mean aerodynamic 
coefficients and the mean wake profiles, according to the 
following equations: 

with A the area of the prism subject to the flow and 
Zwt the height of the test section. The resultant maximum 
applied corrections were in the order of 10%. When placed 
in the test section, hence suspended in the piezoelectric 
balances, the first eigenfrequencies of both models were 
fn,L = 340 Hz and fn,D = 316 Hz in lift and drag directions, 
respectively. Since these values are well above the maxi-
mum occurring vortex-shedding frequencies, a lock-in of 
the vortex-shedding frequency with one of the eigenfre-
quencies could be avoided for most of the studied Reyn-
olds numbers.

By varying both the free-stream velocity in the range of 
U 

∞
 = 4 - 35 m/s and the total air pressure inside the wind 

tunnel, p
0
 , between atmospheric and 10 MPa, a Reynolds-

number range of ReD = 1 ×105 up to 1 ×107 could be cov-
ered. For each model configuration, a constant integration 
time of T = 30 s per measurement point was chosen for 
all recorded signals; the aerodynamic forces were thereby 
scanned with a sampling frequency of fscan = 5 kHz.

(1a)
Ucor = Uuncor

(

1 + 0.25CD,uncor

A

Zwt

+ 0.85

(

A

Zwt

)2
)

(1b)Cp,cor = (Cp,uncor − 1)

(Uuncor

Ucor

)2

+ 1
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3  Experimental results

3.1  Aerodynamics of smooth prisms: change 
in angle of incidence

The mean aerodynamic force and pitch moment coefficients 
as a function of the Reynolds number are shown in Fig. 2a–c 
for the three investigated angles of incidence.

Figure 2a, b presents both the global mean forces meas-
ured by the piezoelectric balances and those obtained by the 
circumferential integration of the mean pressure forces in the 
mid-span cross-section of the prism. The latter is equated 
according to 

(2a)Cl =
1

D ∫s

CpnZds =
1

D

36
∑

i=1

Cp,inZ,idsi

(2b)Cd =
1

D ∫s

CpnXds =
1

D

36
∑

i=1

Cp,inX,idsi

with D the side length of the prism, dsi = (si+1 − si−1)∕2 
with si the circumferential position of pressure tap i meas-
ured along the peripheral of the prism according to Fig. 1c, 
n the local normal vector on the surface of the prism at 
the position of pressure tap i, X and Z the downstream and 
upward-directed axes, respectively, with respect to the centre 
of the prism, ri the distance from the longitudinal centre axis 
up to the position of pressure tap i, and Cp,i the pressure coef-
ficient at the pressure tap i, defined as Cp,i = (pi − p

∞
)∕q

∞
 

with pi the measured static pressure at pressure tap i and p
∞

 
the static pressure of the free-stream flow.

The overall similar values of the force coefficients for both 
measurement methods at each angle of incidence give rise to 
the presumption of the existence of a largely two-dimensional 
flow along the span of the prism, although a fine spanwise 
pressure distribution or PIV measurements are required to 
give detailed information on the amount of two-dimension-
ality along the span. It can be observed that all curves have 
a similar qualitative behaviour, characterised by a complete 

(2c)Cm =
1

D2 ∫s

CpnXrds =
1

D2

36
∑

i=1

Cp,inX,iridsi

Fig. 2  2D and global mean, as well as global fluctuating aerodynamic 
drag ( CD , Cd , 

√

(C
�2

D
) ) and lift ( CL , Cl , 

√

(C
�2

L
) ) coefficients, 2D mean 

pitch moment ( Cm ) coefficient and Strouhal number ( StL)—based on 

the main peak of the PSD of the time-dependent lift force in Fig. 5—
as function of the Reynolds number ReD for the two-dimensional 
smooth, sharp-edged square prism at � = 0 ◦ , −22.5◦ and −45◦
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independency on the Reynolds number up to 107 . Regarding 
the 2D and global mean drag coefficients, only small changes 
in the values appear between the different investigated angles 
of incidence. As expected, the two- and three-dimensional 
mean lift forces equal zero for both “symmetric” configura-
tions, i.e. � = 0 ◦ and −45◦ , whereas steady constant mean 
lift coefficients in the range of 0.1–0.2 are present for � = 
-22.5◦ over the complete Reynolds-number range. The same 
accounts for the two-dimensional mean pitch moment coef-
ficient around the longitudinal axis of the prism in fig. 2c, 
which is based on eq. (2c): zero mean pitch moment coeffi-
cients for both “symmetric” angles of incidence and a stable 
negative mean pitch moment coefficient of Cm = −0.116 at 
all investigated Reynolds numbers for � = −22.5◦.

As a result of the shedding of the free shear layers and 
the formation of the vortices in the near wake, air is being 
entrained into the base region of the prism. Per shedding 
period, two vortices with an opposite sign of circulation are 
formed, see, for example, Fig. 9 in van Oudheusden et al. 
(2005). The increase in both size and strength of each vor-
tex during its formation induces a suction effect, as a result 
of which the opposing shear layer is drawn across the near 
wake (e.g. Lyn et al. (1995); Cao and Tamura (2016)). This 
process leads not only to a periodic interaction between the 
opposing vortices, but also to a periodic variation in rate 
of air entrainment into the base region. As a consequence, 
alternating out-of-plane pressure changes on both side sur-
faces of the prism are induced (Kurtulus et al. (2007)), which 
result then again in periodic fluctuating lift forces C′

L
 on the 

prism, their values being shown in Fig. 2d. The longer the 
time period during which each vortex is fed by circulation 
from its attached shear layer before being shed, the stronger 
and larger these vortices become, hence the larger the peri-
odic changes in the surface pressure distribution will be. 
The values of 

√

(C
�2

L
) can thus be seen as a measure of the 

intensity of the vortex shedding process. The results show 
that for � = 0 ◦ a constant level of high fluctuations in the lift 
coefficient in the order of 

√

(C
�2

L
) ≈ 1 is present. Much lower 

lift fluctuations of about 
√

(C
�2

L
) = 0.45 occur for both � = 

-22.5◦ and -45◦ . The periodic vortex formation behind the 
prism induces not only pressure fluctuations in cross-flow 
direction, but also in the streamwise direction. Because the 
largest part of the total drag force on the prism is pressure 
drag, the component of the fluctuating surface pressure in 
the streamwise direction contributes to the fluctuating drag 
force. The values of 

√

(C
�2

D
) belonging to the three inves-

tigated incidence angles in Fig. 2e lie in the range of 0.1 

≤ 
√

(C
�2

D
) ≤ 0.22, hence much lower than the lift fluctua-

tions. Similar to the aerodynamic coefficients presented in 
the left column of Fig. 2, the fluctuations in both lift and 
drag force are highly Reynolds-number independent; a clear 

dependency on the angle of incidence is present though. 
The question, whether the Reynolds-number independence 
also counts for the fluctuations of the aerodynamic loads 
based on the fluctuating surface pressure coefficients, can 
unfortunately not be answered in this study, as the measured 
instantaneous pressure distributions on the prism surface 
were internally integrated in the electronic differential pres-
sure measurement unit during the measurement; hence, only 
mean pressure values are available.

The power spectra (PSD) of the time-dependent lift and 
the drag forces for four Reynolds numbers per angle of inci-
dence are presented in Fig. 3, together with values of the 
Strouhal numbers belonging to the main peak in each spec-
trum, hence the first harmonics (marked by the numbers 
1 to 4), as well as the first subharmonics or the second or 
third harmonics (the numbers 5 to 8). The spectra of the lift 
fluctuations are characterised by one sharp narrow peak at 
the main vortex-shedding frequency. A lower and in par-
ticular for � = 0 ◦ broader (main) maximum is observed at 
StD = 2 StL in the power spectra of the drag fluctuations in 
the lower row of Fig. 3, which is for � = −22.5◦ accom-
panied by a second peak at the first subharmonics of the 
main vortex-shedding frequency fD , its Strouhal-number 
value corresponding to the StL-value in Fig. 3c. The Strou-
hal numbers based on the main frequency in the PSD of 
the time-dependent lift force signal are shown in Fig. 2f for 
the complete investigated Reynolds-number range. Whereas 
small changes in the values appear between the three angles 
of incidence, these three curves possess the same Reynolds-
number independency as previously described for all other 
studied aerodynamic parameters.

3.2  Aerodynamics of the rough prism case: change 
in angle of incidence

Figure 4a–f shows the variation of the 2D and global mean 
force coefficients, the 2D mean pitch moment coefficient, 
the fluctuations in lift and drag, and the Strouhal number 
with respect to the Reynolds number for the rough prism. 
Although the height of the surface roughness of this sharp-
edged prism is about a factor 25 larger than that of its smooth 
counterpart, a comparison with the results presented in 
Fig. 2 shows that the aerostatics of both prisms are remark-
ably similar. What probably catches the reader’s eye right 
away is the complete absence of a correlation between the 
Reynolds number and the aerodynamic parameters. Just as 
was presented in the previous section for the smooth prism, 
all aerodynamic parameters for the rough prism remain, 
within the accuracy of the used measurement techniques, 
at constant values within the investigated Reynolds-number 
range as well.

The two- and three-dimensional drag coefficients for � = 
0 ◦ in Fig. 4a are about 2.2 and 2.0, respectively, hence slightly 
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lower than for the smooth prism. For � = −45◦ , no differences 
are found between both measurement methods though; both 
drag coefficients remain at a constant level of about CD = Cd = 
2.2. Because of almost perfect symmetry in the surface pres-
sure distributions between the upper and lower surfaces of the 
prism—as will be shown in section 4—both Cl and CL in Fig. 4b 
and Cm in Fig. 4c are close to zero for both angles of incidence.

Both the values of the fluctuations in lift ( 
√

(C
�2

L
) ≈ 1.0 

at � = 0 ◦ and 
√

(C
�2

L
) = 0.45 for at � = −45◦ ) and in drag 

( � = 0 ◦ : 
√

(C
�2

D
) ≈ 0.1, � = −45◦ : 

√

(C
�2

D
) ≈ 0.15), as well 

as the Strouhal numbers ( StL ≈ 0.125 at � = 0 ◦ and StL = 
0.115 at � = −45◦ ) in Fig. 4d–f coincide perfectly well with 
the constant values obtained for the smooth prism in Fig. 2.

The PSD of the lift and drag forces for four selected Reyn-
olds numbers are presented in Fig. 5. The narrow peak in the 
power spectra of the lift fluctuations at StL = 0.125 and 0.115 
for, respectively, � = 0 ◦ and � = -45◦ and a broader and about 
on order of magnitude lower maximum in the power spectra 
of the drag fluctuations at twice the main vortex-shedding 

frequency of StD = 2StL ≈ 0.255 ( � = 0 ◦ ) and 0.229 ( � = 
−45◦ ) can be observed very clearly. A comparison with Fig. 3 
shows that the current values of the Strouhal numbers at � = 
0 ◦ are slightly higher than for the smooth prism at practically 
equal Reynolds numbers, whereas at -45◦ angle of incidence a 
perfect equivalence of the values of both StL and StD between 
the two prisms is found.

4  Discussion

Based on the experimental data presented in Sect. 3, the dif-
ferences in the static aerodynamics between the various angles 
of incidence of both prisms will be discussed in more detail 
hereafter. The focus lies hereby on the mean surface pressure 
distributions and the base pressure coefficient Cp,b , presented 
in Figs. 6 and 7, respectively, the mean wake profile (Fig-
ure 8), the aerodynamic coefficients and the Strouhal number.

The high 2D and global mean drag coefficients of Cd ≈ 
CD = 2.0–2.2 for both prisms at � = 0 ◦ in Figs. 2a and 4a are 
due to a combination of two phenomena: on the one hand 

Fig. 3  Power spectral density of the time series of the lift (upper row) 
and drag forces (lower row) of the two-dimensional smooth, sharp-
edged square prism for selected Reynolds numbers at � = 0 ◦ , −22.5◦ 
and −45◦ . The numbers 1–4 mark the main peaks of each spectrum 
(first harmonics) and resemble the frequencies of the vortex shedding 
process in the base region behind the prism, whereas the numbers 

5–8 mark the first subharmonics or the second or third harmonics. 
(a)–(b): � = 0 ◦ , - ReD = 2.96×105 , - ReD = 8.29×105 , - ReD = 3.10×
106 , - ReD = 7.99×106 ; (c)-(d): � = -22.5◦ , - ReD = 3.00×105 , - ReD 
= 8.08×105 , - ReD = 3.10×106 , - ReD = 8.09×106 ; (e)–(f): � = −45◦ , 
- ReD = 3.08×105 , - ReD = 8.23×105 , - ReD = 3.21×106 , - ReD = 
7.93×106
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the relatively high negative base pressure coefficients of Cp,b 
≈ −1.55 on surface C with respect to the pressures on the 
windward surface A in Figs. 6a, g and 7, and on the other hand 
a distinct lateral spacing of the free shear layers (presented, 
among others, in Luo et al. (1994); van Oudheusden et al. 
(2005); Sohankar (2006); Sohankar et al. (2015); Cao and 
Tamura (2016); Bai and Alam (2018), and Cao et al. (2020) 
for various Reynolds numbers), which leads to an even larger 
effective aerodynamic blockage ratio than the geometric 
blockage ratio of 0.10. A clear indication for the occurrence 
of the latter phenomenon in the current study is the large value 
of the wake width of Zwake∕D = 6 still present at 5.75 diam-
eters downstream of the model’s base surface C, as shown in 
Fig. 8a, d for the smooth and rough prism, respectively.

Since for bluff body flows the surface pressure drag 
accounts for the larger part of the total drag force on the 
bluff body, it is not surprising that the drag coefficients 
obtained by integration of Cp,cyl(s/D) according to equation 
(2b) lie relatively close to the spanwise-integrated drag coef-
ficients obtained by the piezoelectric balances, as presented 
in Figs. 2a and 4a. Small discrepancies between the values of 
both methods for both prisms are the result of the negligence 

of the component due to shear on the prism surfaces in Eq. 
(2b). Interesting to note is that for both prisms at � = 45◦ 
the 2D mean and the global mean drag coefficients obtain 
similar values, which implies equal shear components of 
the drag force on both prisms, hence being independent of 
the surface roughness height. For both prisms at � = 0 ◦ , 
however, a 10% discrepancy in the drag coefficients between 
both measurement methods is obtained. This relatively large 
difference mainly results from the absence of pressure taps 
in the vicinity of the two upstream sharp edges at s/D = 
0 and 1 (Fig. 1b), owing to which the negative pressure 
peaks that are present at these edges could not be captured 
and were therefore not taken into account in equation (2b). 
Since the influence of these pressure peaks is included in the 
global drag forces, the resultant 2D mean drag coefficients 
therefore turn out to be somewhat larger than their global 
counterparts.

Durao et al. (1988); Lyn et al. (1995), and van Oudheus-
den et al. (2005) presented that the highest activity of the 
root mean square of the horizontal and vertical velocity fluc-
tuations in the flow field around sharp-edged square prisms 
was found along the separated shear layers and at the wake 

Fig. 4  2D and global mean, as well as global fluctuating aerodynamic 
drag ( CD , Cd , 

√

(C
�2

D
) ) and lift ( CL , Cl , 

√

(C
�2

L
) ) coefficients, 2D mean 

pitch moment ( Cm ) coefficient and Strouhal number ( StL)—based on 

the main peak of the PSD of the time-dependent lift force in Fig. 5—
as function of the Reynolds number ReD for the two-dimensional 
rough, sharp-edged square prism at � = 0 ◦ and -45◦
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centreline just downstream of the four-way wake saddle point 
at which both wake division streamlines meet, respectively. As 
a consequence of the large-scale vortex shedding in the near-
wake maximum velocity fluctuation levels as high as 60% 
for urms∕U∞

 and 80%–90% for vrms∕U∞
 were measured at 0 ◦ 

angle of incidence. The strong velocity fluctuations in cross-
flow direction in the base region enhance the entrainment of 
fluid into the wake during the vortex formation process and 
cause large periodic changes in the lift force on the prism, as 

is reflected by the high values of the fluctuations in the lift 

force in Fig. 2d, i.e. 
√

(C
�2

L
) ≈ 1. This high value agrees well 

with the results obtained by Carassale et al. (2014). Since 
the velocity fluctuations in the free-stream direction are about 
25% smaller and their maximum values occur along the free 
shear layers, the periodic fluctuations in the drag force on the 
prism are much weaker, i.e. 

√

(C
�2

D
) ≤ 0.1.

The cause of both a decrease of Cd and CD as well as an 
increase of Cl , CL and Cm at � = -22.5◦ with respect to their 
values at � = 0 ◦ in Fig. 2 can be found in the change from a 
symmetric to an asymmetric flow around the prism by which 
an asymmetric pressure distribution on the surfaces of the 
prism is induced, as shown in Fig. 6c, d. Huang et al. (2010) 
and Sohankar et al. (2015) used the smoke-wire technique to 
visualise the changes in the flow structures around 2D sharp-
edged square prisms with incidence, whereby in the former 

study this was combined with the surface-oil flow technique 
to obtain the time-averaged flow patterns on all four prism 
surfaces. In both investigations, it was observed that at an 
incidence angle of about � = 22◦ a larger separation angle of 
the free shear layer at the leading edge of the downstream-
directed side surface (hence, surface D in the current study) 
occurs than for � = 0 ◦ . The combination of this increased 
“tilt-up angle” and the turning of this side face into the wake 
is responsible for an increase in the distance between the 
separated shear layer and its corresponding side surface. The 
negative pressure coefficients of Cp < -1 on the complete sur-
face D are an indication for the absence of a reattachment of 
the free shear layer to the side surface further downstream, 
in agreement with the flow patterns described by Huang 
et al. (2010) and Sohankar et al. (2015). Huang et al. (2010) 
furthermore noticed the appearance of a small trailing edge 
recirculation bubble on this surface (Figure 9 in Huang et al. 
(2010)). Although in the current study the possible pres-
ence of such a trailing edge separation bubble on surface 
D cannot be confirmed by the measured surface pressure 
distribution only, those two aspects, i.e. increased “tilt-up 
angle” and trailing edge separation bubble—might be the 
cause for, respectively, the somewhat lower negative values 
of the surface pressure coefficients on surface D between � 
= 0 ◦ and -22.5◦ and the shift of the local minimum value 
of Cp = −1.6 at s/D = 3.4 ( � = 0 ◦)–s/D = 3.1 with Cp = 

Fig. 5  Power spectral density of 
the time series of the lift (upper 
row) and drag forces (lower 
row) of the two-dimensional 
rough, sharp-edged square 
prism for selected Reynolds 
numbers at � = 0 ◦ and -45◦ . The 
numbers 1–4 mark the main 
peaks of each spectrum (first 
harmonics) and resemble the 
frequencies of the vortex shed-
ding process in the base region 
behind the prism, whereas the 
numbers 5–8 mark the second 
or third harmonics. (a)–(b): � 
= 0 ◦ , - ReD = 2.97×105 , - ReD 
= 8.36×105 , - ReD = 3.01×106 , 
- ReD = 8.06×106 ; (c)-(d): � = 
-45◦ , - ReD = 2.96×105 , - ReD 
= 8.42×105 , - ReD = 2.97×106 , 
- ReD = 7.98×106
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−1.3 ( � = −22.5◦ ), as shown in Fig. 6a, b. On the opposite 
side surface, the increased proximity of the shear layer upon 
separation at the edge between the surfaces A and B (hence, 
at s/D = 1.0 in Fig. 1c) to its corresponding side surface B 
leads to a reattachment to this surface further downstream 

(Luo et al. (1994); Huang et al. (2010); Huang and Lin 
(2011); Sohankar et al. (2015)). Both Huang et al. (2010) 
and Sohankar et al. (2015) observed that the recirculation 
bubble that is formed on the upstream portion of this prism’s 
side face at � ≈ 22◦ has a quasi-steady character: between 
shedding periods small changes in its size occur, and the 
separation bubble may sometimes even disappear completely 
over a short time period because of a temporary absence of 
the shear-layer reattachment to the side surface. In the study 
by Sohankar et al. (2015), a mean non-dimensional length 
of the recirculation bubble of lbubble∕d = 0.518 was obtained 
at an incidence angle of 22.5◦ for ReD = 6776. Although in 
the present study the surface pressure taps have a relatively 
large interspacing of �s∕d = 0.103, it can be argued that the 
maximum pressure value of Cp = −0.23 at s/D = 1.6 on sur-
face B in Fig. 6b may coincide with the mean reattachment 
point of the free shear layer coming from the edge between 
the surfaces A and B. Hence, this would result in a mean size 
of the recirculation bubble of lbubble∕D ≈ 0.6 at � = -22.5◦.

Although an increase of the geometric blockage ratio 
takes place when rotating the prism towards � = -22.5◦ , the 
reattachment of the lower free shear layer to the downstream 
portion of surface B and its second separation at the surface 
trailing edge induce a straightening of the free shear layer in 
the base region of the prism (Figs. 2 and 3d in Huang et al. 
(2010) and Sohankar et al. (2015), respectively) that leads 
to a smaller size of the effective body in cross-flow direction 
seen by the incoming flow. This is confirmed by the reduc-
tion of the wake width behind the prism, being Zwake∕D = 
5.5 in comparison with Zwake∕D = 6 for � = 0 ◦ , as shown 
in Fig. 8b. In combination with a lower suction force in the 
base region (Figure 7), this leads to a lower drag coefficient 
of Cd = CD = 1.9 - 2.0. At the same time, about 45% higher 
periodic changes in the drag force on the prism are meas-
ured in comparison with the values at � = 0 ◦ , as is shown in 
Fig. 2e. This increase is caused by the change in location of 
the free shear layer, which is formed at the trailing edge of 
surface B. Since this free shear layer is now located nearer 

Fig. 6  Circumferential distribution of the mean pressure coefficients 
over the mid-span cross-section of the two-dimensional prism with 
a non-dimensional surface roughness of ks/D = 4 ×10−5 (a - f) and 
ks/D = 1 ×10−3 (g - j). The non-dimensional surface parameter s/D 
increases in the clockwise direction with s/D = 0 (= 4) marking the 
edge between the surfaces A and D. (a)–(b): � = 0 ◦ , ▿ ReD = 2.96×
105 , ◦ ReD = 8.29×105 , ◻ ReD = 3.10×106 , × ReD = 7.99×106 ; (c)–
(d): � = −22.5◦,▿ ReD = 3.00×105 , ◦ ReD = 8.08×105 , ◻ ReD = 3.10×
106 , × ReD = 8.09×106 ; (e)–(f): � = −45◦ , ▿ ReD = 3.08×105 , ◦ ReD 
= 8.23×105 , ◻ ReD = 3.21×106 , × ReD = 7.93×106 ; (g)–(h): � = 0 ◦ , 
▿ ReD = 2.97×105 , ◦ ReD = 8.36×105 , ◻ ReD = 3.01×106 , × ReD = 
8.06×106 ; (i)–(j): � = −45◦ , ▿ ReD = 2.96×105 , ◦ ReD = 8.42×105 , ◻ 
ReD = 2.97×106 , × ReD = 7.98×106

Fig. 7  Reynolds number dependency of the mean base pressure 
coefficient for the two-dimensional smooth and rough, sharp-edged 
square prisms
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to the wake centreline (Huang et al. (2010); Yen and Yang 
(2011); Sohankar et al. (2015)) and the largest fluctuations 
of the horizontal velocity component take place along both 
free shear layers, higher fluctuations of the surface pressure 

on the base of the prism in free-stream direction are now 
induced, which lead to higher r.m.s. values of the drag force. 
The appearance of a recirculation bubble above the upstream 
section of surface B and its absence on surface D further-
more induce a highly asymmetric flow pattern around the 
prism with strong differences between the shapes of the 
two large counter-rotating wake vortices. This results in a 
clear imbalance between the mean pressure coefficients in 
the cross-flow direction below and above the prism, which 
then again induces a steady positive mean lift force with 
fluctuations, which are cut by more than half, see Fig. 2b, 

d. The reason of the large jump in the values of 
√

(C
�2

L
) 

from 1.0 for � = 0 ◦ to 0.45 for � = -22.5◦ is most probably 
the turning of the surfaces C and D into the wake. These 
downstream-directed surfaces can be seen as an afterbody 
that is extruded downstream into the wake. It is assumed that 
the presence of this afterbody not only shifts the region with 
the highest vertical components of the velocity fluctuations 
on the wake centreline in downstream direction, but also 
causes a decrease in the amount of fluid that is entrained into 
the wake. The combined effect leads to a weaker intensity 
with which the vortices are shed from the prism and thus to 
smaller periodic changes in the lift force on the prism.

Among the three investigated angles of incidence, the high-
est mean drag coefficient of Cd = CD ≈ 2.25 is measured for the 
second “symmetric” angle of incidence of � = −45◦ . The com-
bined effect of the largest possible geometric blockage ratio of 
0.14 and the wide spreading in cross-flow direction of the free 
shear layers which separate from the edges at s/D = 0.0 and 2.0 
(Dutta et al. 2003; Ozgoren 2006; Huang et al. 2010; Yen and 
Yang 2011; Sohankar et al. 2015) induces a larger effective aer-
odynamic blockage ratio than at both other investigated angles 
of incidence, as well as larger vortices in the near wake (Huang 
et al. (2010); Yen and Yang (2011)). In Huang et al. (2010), it is 
for example shown that for ReD ≤ 7.7×104 the wake width at a 
distance of about 0.5D downstream of their sharp-edged prism 
is 1.25D and 1.67D for � = 0 ◦ and 45◦ , respectively. Using 
the smoke visualisation technique in their wind tunnel experi-
ments, Sohankar et al. (2015) obtained similar values at D/4 
downstream of their sharp-edged prism for Reynolds numbers 
between 6.8×103 and 8.2×103 . Because the suction force at the 
base of both prisms is somewhat weaker in comparison with � 
= 0 ◦ (Figs. 6e, i and 7) and the wake widths have equal values 
at � = 0 ◦ and −45◦ (Fig. 8), it is assumed that the high values 
for the global and 2D drag coefficients are mainly related to the 
large effective aerodynamic blockage ratio.

The large lateral spacing of both free shear layers (Dutta 
et al. (2003); Huang et al. (2010); Yen and Yang (2011)) 
furthermore causes the values for 

√

(C
�2

D
) to drop to a similar 

level as was found for � = 0 ◦ . Interesting to note is further-
more that although the size of the afterbody present in the 
wake is largest for � = -45◦ , it has, according to the data 

Fig. 8  Mean wake profiles of the two-dimensional prisms with a non-
dimensional surface roughness of ks/D = 4 ×10−5 (a–c) or ks/D = 1 ×
10−3 (d–e). X and Z are, respectively, the downstream and upward 
directed axes seen from the centre of the prism, �p = (p

0
− p) with p

0
 

the total pressure at the inlet, p the pitot pressure at vertical locations 
in the near wake and q the dynamic pressure at the inlet. The pres-
sure rake is positioned at mid-span location 6.25 prism widths down-
stream of the prism’s spanwise centre axis
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presented in Figs. 2d and 4d, no influence at all on the values 
of 
√

(C
�2

L
).

For comparison purposes, Table 1 lists for a wide range 
of Reynolds numbers in the shear layer transition II regime 
a collection of the aerodynamic force coefficients and the 
Strouhal number found in the literature on sharp-edged 
square prisms at the same angles of incidence as were 
selected for the current study. Despite differences in block-
age ratio, aspect ratio, free-stream turbulence intensity and 
Reynolds number, the measured values for both the global 
mean and 2D mean lift and drag coefficients in the current 
experiment agree relatively well with most of the values 
obtained by others. Large differences only exist for Cd meas-
ured by Norberg (1993) at � = 22.5◦ , here obtained through 
a linear interpolation of his results for 20◦ and 25◦ angle of 
incidence, and at � = 45◦ , for which differences as large as 
�Cd = −19% and −29%, respectively, are present, and those 
obtained by Huang and Lin (2011) at � = 45◦ with �Cd = 
−17%. Note furthermore the opposite sign of the currently 
measured lift coefficient at � = −22.5◦ as a consequence 
of the counterclockwise rotation of the prism in this study.

The Strouhal numbers measured in this study are roughly 
5–10% ( � = 0 ◦ ), 10–35% ( � = −22.5◦ ) and 50–60% ( � = 
−45◦ ) lower than the values found in the literature, with 
the exception of those obtained by Carassale et al. (2014). 
In most of the listed experimental studies, either a hot-wire 
probe Norberg (1993); Huang and Lin (2011); Yen and Yang 
(2011), the LDV technique Lyn et al. (1995); Brun et al. 
(2008a) or a pressure tap at the mid-point of a side face Luo 
et al. (1994) was used to measure the periodic velocity or 
pressure fluctuations at a single point in the wake or on the 
side surface of the prism. Hence, those Strouhal numbers 
are correlated with the vortex shedding process at one cer-
tain spanwise position on the prism. In contrast, Carassale 
et al. (2014) used a piezoelectric force balance to extract the 
main vortex-shedding frequency by plotting the PSD func-
tion of the time-dependent spanwise-integrated lift force, in 
the same way as has been described in section 2. Because 
of the finite aspect ratios of the prisms in all listed studies, 
a spanwise correlation of the vortex shedding process only 
occurs within each of the cell-like structures that are present 
along the span of the prism. Humphreys (1960); van Hins-
berg (2015), and Nikitas et al. (2012), for example, have 
proven the existence of such cell-like structures on smooth 
and rough circular cylinders perpendicular and inclined to 
the incoming flow, respectively. Small temporal and spa-
tial fluctuations in the circumferential pressure distribution 
between neighbouring cell-like structures affect locally 
the vortex shedding process; hence, small variations in the 
vortex-shedding frequency can be found at different span-
wise sections. By using piezoelectric balances to obtain the 
spanwise-integrated aerodynamic forces on the 2D prisms, 

an overall mean Strouhal number based on the mean of the 
vortex shedding frequencies over all cell-like structures is 
obtained, which differs from those measured with hot-wires, 
LDV or pressure fluctuations at a single point in the near 
wake behind the prism, hence correlated to one cell-like 
structure on the surface of the prism. Because the measure-
ment method used by Carassale et al. (2014) corresponds to 
the one applied in the current study, it is not surprising that 
practically equal Strouhal numbers are found in both studies 
for all three angles of incidence.

5  Closing remarks

The presented experimental results are the first ones ever 
to show the aerostatic behaviour of 2D smooth and rough 
prisms with square cross-sections and sharp edges in low 
subsonic cross-flows for Reynolds numbers as high as 107 . 
Through wind tunnel experiments, the hypothesis of the 
existence of a Reynolds-number independency of the aerody-
namics of this kind of bluff bodies, regardless of the value of 
the Reynolds number in the shear layer transition II regime, 
has been tested and proven to be correct. This counts both for 
smooth and for rough prism surfaces, as well as for angles 
of incidence in all three characteristic flow regimes, i.e. at 
� = 0 ◦ in the perfect separated flow regime, at � = −22.5◦ 
in the separation bubble flow regime and at � = −45◦ in the 
wedge flow regime. Independent of the surface roughness 
and Reynolds number, the primary boundary layer separation 
points remain fixed at both upstream sharp edges at incidence 
angles belonging to the first two flow regimes and at both 
shoulder edges at incidence angles in the wedge flow regime. 
Based on experimental proof, the question as to whether a 
Reynolds-number and/or surface-roughness dependency of 
their aerostatics exists can therefore be negated.

The challenging question, which still remains to be 
answered, is whether the insensitivity of the aerodynam-
ics of smooth sharp-edged square prisms to variations in 
the Reynolds number can be assumed to exist for Reyn-
olds numbers beyond 107 as well. To artificially shift high-
Reynolds-number flow phenomena towards physically low 
Reynolds numbers, which can still be achieved in wind 
and water tunnels, surface irregularities—like uniformly 
distributed dimples and grooves, solid particles, large 
sheets of glass or sand paper, or span-wise roughness 
stripes—have been applied in many experimental studies 
on the aerostatics of 2D circular cylinders in cross-flow, 
e.g. Güven et al. (1980); Achenbach and Heinecke (1981); 
Ribeiro (1991); Adachi (1997); Yamagishi and Oki (2004); 
Ma et al. (2019). In that way, an artificial transition and an 
earlier separation of the surface boundary layer could be 
provoked at lower Reynolds numbers. The main purpose 
of the high-pressure wind tunnel is actually to decouple 
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Table 1  Mean force coefficients and Strouhal number for smooth prisms with square cross-sections and sharp edges obtained at different angles 
of incidence in the shear layer transition II regime for Re

D
≥ 104

a no specifications mentioned by the authors
b no data available
c 3D large eddy simulation with the dynamic one-equation subgrid scale model
d 3D large eddy simulation with the Smagorinsky subgrid scale model
e obtained from PIV velocity field data through application of a control-volume approach
f  obtained with 2D HWA measurements for 2.2×104 ≤ ReD ≤ 1 ×105 , see Goossens et al. (2004)
g from Huang et al. (2010)

Author Blockage ratio Aspect ratio Turbulence 
intensity

� Re
D C

d
 , C

D
C
l
 , C

L
St

Present study 10% 10 <0.8% 0◦ 105 - 107 ∼2.15 0 0.121

−22.5◦ 105 - 107 1.9 ∼0.15 0.127

−45◦ 105 - 107 2.25 0 0.114

Naudascher and Fey (1981) -a 7.5 0.1% 0◦ 1.1×105 1.99 0 -b

22◦ 1.1×105 1.85 −0.21 -b

45◦ 1.1×105 2.2 0 -b

Norberg (1993) <5% >50 <0.06% 0◦ 1.3×104 2.16 0 0.13

20◦ 1.3×104 1.51 −0.25 0.17

25◦ 1.3×104 1.55 −0.10 0.17

45◦ 1.3×104 1.6 0 0.17

Luo et al. (1994) 5% 9.2 <0.5% 0◦ 3.4×104 2.2 0 0.13

Lyn et al. (1995) 7% 9.75 2% 0◦ 2.1×104 2.1 -b 0.13

Sohankar (2006) 6.25% 4 0% 0◦ 1.5×104 2.22c -b 0.124c

0◦ 2.2×104 2.24c , 2.19d -b 0.128c,d

0◦ 5.0×104 2.20d -b 0.13d

0◦ 1.0×105 2.20c , 2.19d -b 0.128c,d

0◦ 5.0×105 2.23c -b 0.128c

0◦ 1.0×106 2.29c -b 0.128c

0◦ 5.0×106 2.24c -b 0.124c

van Oudheusden et al. (2007) 7.5% 11.7 0.1% 0◦ 2×104 2.18e 0.12e -b

20◦ 2×104 1.80e −0.32e -b

25◦ 2×104 2.01e −0.10e -b

45◦ 2×104 2.32e 0.09e -b

Brun et al. (2008a) 2% 20 <0.8% 0◦ 2×104 - 3 ×105 2.1 f -b 0.130–0.140

Huang and Lin (2011) 10% 10 <0.2% 0◦ 7.7×104 2.13 0 0.13g

0◦ 9.4×104 2.09 -0.03 0.13g

20◦ 7.7×104 1.70 −0.41 0.193g

20◦ 9.4×104 1.63 −0.46 0.19g

25◦ 7.7×104 1.83 −0.06 -b

25◦ 9.4×104 1.77 −0.11 -b

45◦ 7.7×104 1.90 0 0.186g

45◦ 9.4×104 1.83 0 0.183g

Yen and Yang (2011) 4% 4 0.3% 0◦ 2.4×104 1.96 −0.01 0.134

0◦ 3.6×104 2.02 −0.03 0.14

45◦ 2.4×104 2.1 0 0.177

45◦ 3.6×104 2.21 0 0.175

Carassale et al. (2014) -a 9–40 0.2% 0◦ 3.7×104 2.07 −0.01 0.124

20◦ 3.7×104 1.92 −0.29 0.133

25◦ 3.7×104 2.07 −0.06 0.125

45◦ 3.7×104 2.34 −0.01 0.115
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the effects of both influencing parameters, i.e. Reynolds 
number and surface roughness height, by varying the total 
air pressure, while keeping all other boundary conditions 
like cylinder diameter, surface texture and height, object 
dimensions and free-stream turbulence intensity constant. 
The data of two previous experimental investigations, con-
ducted in this wind tunnel, on the flow around 2D smooth 
and rough circular cylinders (van Hinsberg (2015)) and 
square-section prisms with non-dimensional edge radii 
of r/D = 0.29 and 0.16 (van Hinsberg et al. (2018)) can 
nevertheless be used to make a statement on the presumed 
aerostatic behaviour of smooth sharp-edged square prisms 
at ultra-high Reynolds numbers beyond ReD = 107 . Both 
previous experiments have shown that an increase in sur-
face roughness height from ks/D = 10−5 (smooth) to ks
/D = 10−3 (rough) results in a shift of the boundaries of 
all flow regimes to lower Reynolds numbers by a factor 
of ReD,smooth/ReD,rough =1.8 for circular cylinders (r/D = 
0.5) and by a factor of ReD,smooth/ReD,rough = 2.9 and 4.1 
for square-section prisms with edge radii of r/D = 0.29 
and 0.16, respectively. By extrapolating the exponential fit 
through the points (r/D, ReD,smooth/ReD,rough ), a theoretical 
factor of ReD,smooth/ReD,rough ≈ 6 would be achieved for the 
current sharp-edged square prism with r/D = 0. By map-
ping the aerostatic results of the rough sharp-edged square 
prism onto the measured data of its smooth counterpart, it 
is to be expected that up to an ultra-high Reynolds number 
of about ReD = 60 million no significant variation with 
Reynolds number will occur. Unfortunately, the author 
is not aware of any currently existing low-subsonic wind 
tunnel in which these kinds of Reynolds numbers can be 
reached to test this new hypothesis.
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