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Abstract.  Multivariate fluctuating pressures acting on a 2:1 rectangular section (2-D) with dimensions of 9 
cm by 4.5 cm has been studied using wind tunnel experiments under uniform and smooth flow condition for 
various angles of wind incidence. Based on the variation of mean pressure coefficient distributions along the 
circumference of the rectangular section with angle of wind incidence, and with the aid of skin friction 
coefficients, three distinct flow regimes with two transition regimes have been identified. Further, variations 
of mean drag and lift coefficients, Strouhal number with angles of wind incidence have been studied. The 
applicability of Universal Strouhal number based on vortex street similarity of wakes in bluff bodies to the 2:1 
rectangular section has been studied for different angles of wind incidence. The spatio-temporal correlation 
features of the measured pressure data have been studied using Proper Orthogonal Decomposition (POD) 
technique. The contribution of individual POD modes to the aerodynamic force components, viz, drag and lift, 
have been studied. It has been demonstrated that individual POD modes can be associated to different physical 
phenomena, which contribute to the overall aerodynamic forces. 
 

Keywords:  rectangular section; drag; lift; pressure coefficient; skin friction coefficient; vortex shedding; 

universal Strouhal number; Proper Orthogonal Decomposition (POD); modes; eigen values 

 
 
1. Introduction 
 

Bluff body aerodynamics continues to be an area of active research from both basic and 

application standpoints. Rectangular sections are the most generic form of bluff bodies, which find 

common application in various engineering structures. Wind tunnel studies are considered the most 

reliable for understanding the complex aerodynamic characteristics of bluff bodies with respect to 

angle of wind incidence. In addition, the wind tunnel pressure measurements would also serve as 

benchmark for validating the results of the Computational Fluid Dynamics (CFD) simulations. One 

such benchmark study, Benchmark on the Aerodynamics of a Rectangular 5:1 Cylinder (BARC) has 

been carried out recently by International Association for Wind Engineering (IAWE) in order to 

provide a contribution to the analysis of the turbulent flow around a 5:1 rectangular cylinder using 

both experimental and numerical studies (Bartoli et al. 2009, Bruno et al. 2010, Mannini et al. 2017).  
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It has led to a major Research and Development (R&D) thrust in the area of aerodynamic studies 

on rectangular sections. Rectangular sections with geometric proportion (the ratio of longer to 

shorter dimension, R) of 2:1 to 4:1 have been observed to be aerodynamically highly sensitive. This 

is due to the possibility of occurrence of intermittent reattachment of the separated shear layers along 

the longer dimension of the rectangular section for flow normal to the shorter dimension (Simiu and 

Scanlan 1996, Shimada and Ishihara 1999, Hemon and Santi 2002). Hence, aerodynamic 

characteristics of rectangular cylinders with value of R of 2:1, 3:1, 4:1 have been experimentally 

(Wang and Gu 2015, Matsumoto 1998; Amrouche et al. 2010, Noda and Nakayama 2003) as well 

as numerically (Yu and Kareem 1998, Shimada and Ishihara 2002) studied in detail. Angle of wind 

incidence and turbulence has been observed to significantly affect the flow characteristics of such 

bluff bodies (Dutta et al. 2003). However, most of the studies were carried out for flow normal to 

any one of the faces of the rectangular section. Further, it is of immense interest that rectangular 

sections with geometric proportion of 0.75 to 3 are also susceptible to galloping phenomenon (van 

Oudheusden et al. 2005, Keerthana and Harikrishna 2013). Recently, Gao and Zhu (2016) have 

carried out experimental investigations on galloping instability of 2:1 rectangular cylinder.  

Further, most of the wind tunnel experiments that studied the effects of angles of wind incidence 

on 2:1 rectangular sections involved evaluation of aerodynamic force coefficients using force 

measurements (Matsumoto 1998) and/or evaluation of Strouhal number using vortex shedding 

frequency measurements (Knisely 1990, Okajima 1982, Hemon et al. 2001). Unsteady pressures on 

such rectangular sections with complex aerodynamic behavior is due to various wind induced 

physical phenomena acting simultaneously. Larose and D’Auteuil (2008) studied the aerodynamics 

of a 2:1 rectangular section using pressure measurements for limited angles of wind incidence of 

less than 10°. It has been observed that very few wind tunnel experimental studies on 2:1 rectangular 

sectional model involved pressure measurements for the evaluation of pressure coefficient 

distributions for various angles of wind incidence.  

Hence, in the present study, wind tunnel pressure measurements have been carried out on a 2:1 

rectangular section under 2-D, uniform and smooth flow condition with longitudinal turbulence 

intensity of about 0.5%, for various angles of wind incidence (α) between 0° (flow normal to shorter 

dimension) and 90° (flow normal to longer dimension). Based on the variation in distribution of 

mean pressure coefficient and skin friction coefficient with angle of wind incidence, five distinct 

flow regimes have been identified. Further, the variation of mean force coefficients, viz, mean drag 

and lift coefficients, and Strouhal number with angle of wind incidence have been discussed. The 

concept of Universal Strouhal number based on vortex street similarity of wakes in bluff bodies 

(Griffin 1981, Ahlborn et al. 2002) and its applicability for 2:1 rectangular section for the tested 

angles of wind incidence has been studied from a renewed perspective.  

Further, spatio-temporal characteristics of the measured pressures have been studied using Proper 

Orthogonal Decomposition (POD) technique. POD is one of the widely adopted techniques to 

analyse multivariate data. It has been used for reduced order modeling (ROM), simulation of 

stochastic processes, probabilistic dynamics, etc. A more comprehensive review of the technique 

and its vast applications can be found in Solari et al. (2007) and Carassale et al. (2007). In the context 

of studies on bluff-body aerodynamics, where complex flow phenomena takes place, POD has been 

applied on square sections (de Grenet and Ricciardelli 2004), circular sections (Qiu et al. 2014, 

Zhang et al. 2014) and rectangular sections (Hoa et al. 2013). The coherent structures in the unsteady 

pressure field have been the focus of such studies. It has been observed that a few number of POD 

modes are sufficient to represent the results of wind tunnel experiments with good accuracy. 

Especially, the first POD mode has been observed to best represent the dominant flow phenomena  
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(a) 

 

 

(b) (c)  

 
(d) 

Fig. 1 (a) Boundary layer wind tunnel facility of CSIR-SERC, (b) Schematic view of the experimental 

setup, (c) Photograph of the model mounted in the upstream test section of wind tunnel and (d) Pressure 

tap lay out at the mid-height of the model 
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(Kikuchi et al. 1997, Carassale 2012). In the present study, the POD technique has been used to 

carry out spatio-temporal correlation studies of the fluctuating pressures on the 2:1 rectangular 

section for various angles of wind incidence to classify the flow regimes and to identify the POD 

modes contributing to the aerodynamic forces, viz. drag and lift. 

 

 

2. Experimental investigations  
 

The experiments involving pressure measurement have been carried out in the upstream test 

section of the Boundary Layer Wind Tunnel (BLWT) facility at CSIR-Structural Engineering 

Research Centre (CSIR-SERC) shown in Fig. 1(a). The flow at the upstream test section is uniform 

over the cross-section. The dimensions of the test section are 2.5 m (width) x 1.8 m (height). The 

length of the model has been chosen to be 1.8 m, so that it occupies full height of the wind tunnel 

section in vertical mounting position to achieve 2-D flow condition, with top and bottom walls of 

the wind tunnel acting as end plates. The cross-section dimensions of the sectional model of the 

rectangular section have been chosen to be 9 cm (B) x 4.5 cm (D), based on blockage ratio 

considerations. The maximum blockage ratio for the chosen dimension is 4% for angle of wind 

incidence (α) of 63.5°, for which the projected area of the rectangular section is maximum. The 

model has been fabricated using acrylic perspex material. It has been instrumented with 32 pressure 

taps along the periphery at mid-height (i.e., at 0.9 m) of the model (Fig. 1(d)), for simultaneous 

pressure measurements. Restrictor based pressure tubing system, with a length of 18 cm has been 

used in the present study. A 3 cm long metal restrictor with internal diameter of 0.3 mm connected 

two 8 cm long special PVC tubes with outer diameter of 1.6 mm and inner diameter of 0.8 mm. The 

metal restrictor has an overlap of 0.5 cm with the pressure tubes on either sides. The restrictor 

prevents attenuation of pressure fluctuations, and the tubing has flat frequency response 

characteristics up to 250 Hz. One end of this pressure tube has been attached to the model, while the 

other end has been connected to the pressure transducer. A pitot tube has been provided at the 

instrumented level of 0.9 m, to measure the velocity of the oncoming flow. Schematic view of the 

cross-section of the test section of the wind tunnel with rectangular sectional model is shown in Fig. 

1(b). The sectional model of the 2:1 rectangular section mounted in the wind tunnel at the test section 

is shown in Fig. 1(c). Instantaneous pressures from the pressure taps were measured simultaneously 

using a Scanivalve pressure transducer at a sampling rate of 500 Hz for a sampling duration of 36 

seconds. This duration corresponds to non-dimensional convective time unit (Ut/D) of 10080. 

BARC requirement of Reynolds number (Re) for benchmarking studies has been observed to be in 

the range of 0.2x105 to 0.6x105, based on ‘D’ as characteristic dimension (Bruno et al. 2014). Hence, 

in line with the BARC guideline, the present study has been carried out at a Reynolds number of 

0.6x105, with a uniform wind velocity of 12.6 m/s and turbulence intensity of about 0.5%. The 

symmetry of the model has been confirmed by good agreement of the measured pressures for angle 

of wind incidence of 0° and 180°. Pressure measurements have been made under uniform and 

smooth flow for 29 angles of wind incidence, viz, 0º, 2º, 4º, 6º, 8º, 10º, 12º, 14º, 15º, 20º, 25º, 30º, 

35º, 40º, 45º, 50º, 55º, 60º, 65º, 67º, 69º, 71º, 73º, 75º, 78º, 81º, 84º, 87º and 90º. 
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3. Statistical and spectral analysis of measured pressures  
 

3.1 Probabilistic characteristics of the measured pressure data 
 

Typical time history of measured pressures for pressure tap number 11 (central pressure tap) on 

face F2 (side face) for α of 0° has been shown in Fig. 2(a). The histogram of the probability density 

function of the standardised pressures (zero mean and unit normal) has been compared with 

Gaussian process in Fig. 2(b). Similarly, time history and histogram of the pressure from the pressure 

tap number 5 immediately after corner C2 on the face F1 for α of 90° have been shown in Figs. 3(a) 

and 3(b). It can be observed that the measured pressures at pressure taps located after flow separation 

are highly non-Gaussian in nature, with negative tailed probability distribution. Similar 

characteristics have been observed for all the pressure taps in the wake region, i.e., beyond the flow 

separation. 

 

3.2 Evaluation of aerodynamic parameters  
 

The measured pressures at every individual pressure tap have been multiplied with the 

corresponding tributary widths (Table 1) to evaluate the forces per unit length along the body fixed 

axes, viz, Fx and Fy as shown in Fig. 1(d). The drag (FD) and lift (FL) forces per unit length have 

been evaluated by suitably resolving Fx and Fy along and normal to the wind direction as given below.  

 

 

  

 

Fig. 2 (a) Time history of pressure and (b) Histogram of standardised pressure for central pressure tap in 

face F4 for 0° 

 

 

 

Fig. 3 (a) Time history of pressure and (b) Histogram of standardised pressure for pressure tap immediately 

after flow separation on the face F1 for 90° 
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Table 1 Tributary widths of pressure taps 

S. No Pressure tap numbers Tributary widths (cm) 

1 7,15,23,31 0.5 

2 6,8,14,16,22,24,30,32 0.75 

3 1,2,4,5,17,18,20,21 0.875 

4 3,9,10,11,12,13,19,25,26,27,28,29 1 

 

 

cos sin ; sin cosD x y L x yF F F F F F                            (1) 

Further, the non-dimensional pressure coefficient (Cp), aerodynamic drag and lift coefficients 

(CD* and CL*) have been evaluated as 

               
2 2 * 2 *

; * ; *
1 1 1

2 2 2

D L
p D L

F Fp
C C C

U U D U D  

                     (2) 

where U is the reference wind speed measured at the level of 0.9 m, ρ is the density of air, D* is the 

characteristic reference dimension, which, for the present study is considered as the projected width 

of the rectangular section normal to the flow direction. Statistical and spectral analysis of the 

evaluated pressure coefficients and aerodynamic drag and lift coefficients have been carried out. 

Further, Strouhal number (St*) has been evaluated as  

                               
*

* sf D
St

U
                               (3) 

where, fs is the vortex shedding frequency obtained from the peak of power spectral density function 

of pressures from pressure taps in the leeward portion of the rectangular section, where there is 

dominance of vortex shedding. The value of fs obtained from individual pressure taps has been 

verified from the peak of power spectral density function of integrated lift forces. Typical mean 

pressure coefficient distribution for selected angles of wind incidence have been presented in Fig. 4. 

 

 

 

  
 

 

(a) (b) (c)  (d) 

Fig. 4 Distribution of mean pressure coefficient for α of (a) 0°, (b) 8°, (c) 45° and (d) 90° 
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3.3 Mean pressure coefficeints and Identification of flow regimes 
 

The change in angle of wind incidence causes change in the location of separation points on the 

rectangular section and also change in the pattern of shear layers and formation of vortices, thereby 

creating distinct flow signatures. The occurrence of asymptotic minimum value of skin friction 

coefficient (Cf) coherent with the flattening of distribution of mean pressure coefficient has been 

reported by Cebeci et al. (1972) as indicators of boundary layer separation. Hence, skin friction 

coefficient (Cf), which is ratio of local shear stress on the surface of the rectangular section and 

dynamic pressure has been evaluated based on the empirical relationship given in Eq. (4). The 

relationship in Eq. (4) has been arrived based on numerous experimental investigations on the 

turbulent boundary layer characteristics of flat plates and bluff bodies (Schlitching 1979). 

                  
 

1/5

0.0592
; where Re

Re

x
f x

x

U D
C


                             (4) 

where Rex is Reynolds number formed along the circumference of the bluff body, Ux is the velocity 

at the considered location (x) along the circumference of the bluff body, which has been evaluated 

from the experimentally obtained mean pressure coefficient (Cp) using Bernoulli’s theorem. D is the 

shorter dimension of the rectangular section (=0.045 m) and ν is the kinematic viscosity of air. Based 

on the variation in distribution of mean pressure coefficient (Cp) and skin friction coefficient (Cf) 

with α, three distinct flow regimes have been identified along with two transition flow regimes for 

the flow around the 2:1 rectangular section as shown in Fig. 5.  

 

 

  

(a) Flow regime I (b) Transition regime I 
 
 

 

 

 

 

 

(c) Flow regime II (d) Transition regime II (e) Flow regime III 

Fig. 5 Schematic representation of various assumed flow regimes around the rectangular section 

depending on α 
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Flow regime I involved separation of flow from the corners C1 and C2 (Fig. 5(a)). Figs. 6(a) and 

6(b) shows the distribution of mean Cp and Cf for α of 0° and 2° in flow regime I. It has been observed 

that the value of Cf  reduced to minimum value approximately at locations corresponding to the 

corners C1 and C2 of face F1, that is predominantly exposed to oncoming flow. Flatness in mean Cp 

distribution immediately after flow separation has also been observed (Cebeci et al. 1972).  

Transition regime I (Fig. 5(b)) still involved separation of shear layers from corners C1 and C2, 

but the shear layer detaching from C2 has been observed to show tendency to reattach along the face 

F2, thereby forming a recirculation zone and further move downstream to separate at C3. This 

phenomenon in transition regime I is evident from the values of Cf on the surface of the 2:1 

rectangular section. The Cf has been observed to reach a minimum value at corners C1 and C2 (Fig. 

7(b) which covers typical α between 4° and 25°) and showed increasing trend along the face F2 and 

further reduced to minimum value at corner C3. The occurrence of the minimum value of Cf at 

corner C3 has been followed by nearly constant values of Cf, which is indicative of flow separation.  

This movement of separation point from C2 to C3 causes reduction in wake width. It can be seen 

from the mean pressure distribution for the aforementioned transition regime I (Fig. 7(a)) that the 

mean Cp values in the base pressure region (face F3) is more or less same, but on the face F2, distinct 

trends of pressure recovery have been observed. The reduced wake width, as mentioned earlier 

facilitates better pressure recovery (Lee 1975). Based on trends of pressure recovery on face F2, two 

different types of flow features within transition regime I have been observed. First, corresponding 

to α between 4° and 8° and another corresponding to α between 10° and 25°. For α between 4° and 

8°, the pressure recovery trend indicated that the suction pressures have been observed to reduce 

and reach the value of base pressure, whereas in case of α between 10° and 25°, the suction pressures 

have been observed to reduce significantly and then increase to reach the base pressure. The trend 

of high localised suction pressures in a portion of face F2 (the region of separation bubble) when 

compared to face F4, followed by decrease in suction in the remaining portion is corroborative of 

the reattachment phenomena occurring across the transition regime I (Lee 1975). The zone of high 

suction on the face F2 immediately after flow separation at corner C2 has been observed to reduce 

as α changes from 4° to 25° owing to the fact that the point of intermittent reattachment of the shear 

layers shifts towards the corner C2. 

 

 

  

Fig. 6 (a) Mean Cp and (b) Cf  distribution for α values in Flow regime I 
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Fig. 7 (a) Mean Cp and (b) Cf distribution for selected α values in transition regime I 

 

 

 

  

Fig. 8 (a) Mean Cp and (b) Cf  distribution for selected α values in Flow regime II 

 

 

 

  

Fig. 9 (a) Mean Cp and (b) Cf  distribution for selected α values in transition regime II 
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Fig. 10 (a) Mean Cp and (b) Cf  distribution for selected α values in Flow regime III 

 

 

Flow regime II (Fig. 5(c)) involved separation of flow from the corners C1 and C3 of the 

rectangular section. The rectangular section in this regime is exposed to the oncoming wind in such 

a way that the flow separation points are distinct and characterized by minimum Cf at corners C1 

and C3 for α values of 30° to 55° (Fig. 8(b)). For these values of α, the pressures on faces F1 and F2 

are positive, as can be seen in the mean Cp distributions presented in Fig 8 (a).  

Transition regime II (Fig. 5(d)) has been observed to be similar to the transition regime I, but for 

the fact that the shear layers are separated from corners C1 and C3. The shear layers initially 

separating from corner C2 showed tendency to reattach along face F1, and further move downstream 

to separate at C1. Since the face F1 is shorter dimension of the rectangular section, the trends of 

pressure recovery have not been distinctly seen in the mean Cp distributions in the range of α of 60° 

to 69° (Fig. 9(a)) as those observed in transition regime I. However, for α of 60°, clear trend of 

pressure recovery in the portion of face F1 between C2 and C3 has been observed. The zone of 

separation bubble has been observed to be very small compared to that of transition regime I. From 

Fig. 9(b), the trend of variation of Cf  in the face F1 has been observed to be similar to that of face 

F2 for transition regime I.  

In case of flow regime III (Fig. 5(e)), the shear layers of the flow have been observed to distinctly 

separate at corners C2 and C3, with significantly high suction pressures in the base pressure region 

as shown in Fig. 10(a) and minimal Cf at corners C2 and C3 as shown in Fig. 10(b) for α values 

between 71° and 90°. 

The base pressure characterizes the process of entrainment of the fluid flow into the shear layer 

that grows into a vortex. Hence, its magnitude is indicative of the amount of vortex activity in the 

wake of the bluff body. Bearman and Trueman (1975) observed that the magnitude of base pressure 

is higher as the vortex is fully formed farther away from the bluff body. The mean base pressure 

coefficient (Cpb) values have been evaluated based on the average of suction pressures in the regions 

beyond flow separation, the locations of which have been evaluated based on minima of skin friction 

coefficient, as discussed earlier. Fig. 11 shows the variation of Cpb with α.  

The mean Cpb has been observed to exhibit comparable magnitudes for α within each of the 

identified flow regime, which further reinforces the identified flow regimes. Based on the above 

discussions, the range of angles of wind incidence corresponding to each flow regime have been 

compiled and presented in Table 2. 
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Table 2 Identified flow regimes 

S. No Flow regime Range of α 

1 Flow regime I 0° to 2° 

2 Transition regime I 4° to 25° 

3 Flow regime II 30° to 55° 

4 Transition regime II 60° to 69° 

5 Flow regime III 71° to 90° 

 

 

 

 

Fig. 11 Variation of mean Cpb with angle of wind incidence 

 

 

3.4 Mean force coefficients and Strouhal number 
 

The variation of mean drag coefficient (CD*) with angle of wind incidence (α) has been shown 

in Fig. 12(a). It has been observed that the present experimental values compared well with the 

experimental values reported by Hirano et al. (2002) for all tested values of α and Larose and 

D’Auteuil (2008) for α of 0°, 2° and 4°. The mean CD* has been observed to reduce from an initial 

value of 1.43 at 0 to a minimum value of 0.96 at 8°, beyond which it has been observed to increase 

slightly and become nearly constant value up to 69. For α between 71° to 81°, steeper increase in 

mean CD* has been observed, beyond which it attained a maximum value 2.1 at α of 90. The 

variation of CD* has been found to be closely related to the base pressure coefficient, Cpb (Fig. 11).  

Fig. 12(b) shows the variation of mean lift coefficient (CL*) with angle of wind incidence (α). 

The present experimental values have been observed to compare well with other experimental values 

reported by Hirano et al. (2002), Matsumoto et al. (1998) for all values of α and Larose and 

D’Auteuil (2006) for α less than 10°. The aerodynamic force coefficients reported in literature, 

which are based on different reference dimensions, have been normalised based on the projected 

width (normal to the flow direction) as reference dimension prior to comparison. The mean CL* 

values have been observed to be negative up to α of 12 and beyond which the mean CL* values 

have been observed to be positive. The maximum positive and negative mean CL* values have been 

observed to be 0.73 at α of 69 and -0.79 at α of 8, respectively.  
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(a) (b) 

Fig. 12 Variation of (a) mean drag coefficients and (b) mean lift coefficient with α 

 

  
(a) (b) 

Fig. 13 Variation of (a) St and (b) St* with angle of wind incidence 

 

 

Fig. 13(a) shows the variation of vortex shedding frequency (fs) with α. The maximum value of 

fs of 39.55 Hz has been observed at α of 8° (in transition regime I). As mentioned earlier, flow in 

transition regime I showed tendency of intermittent reattachment, with flow separating from corner 

C2 reattaching on the face F2 and further separating at corner C3. This phenomenon causes reduction 

in wake width, because of which, the vortices would be shed more frequently (with reduced distance 

between fully developed vortices). Beyond 8°, fs has been observed to reduce up to α of 55°, the 

range of α corresponding to the identified transition regime I and flow regime II. This could be 

attributed to increase in wake width in these flow regimes, causing decrease in vortex shedding 

frequency. For values of α between 60° and 70°, fs has been observed to be almost constant, beyond 

which it showed a slightly reducing trend up to α of 81° before taking a constant value in the range 

of α of 81° to 90°. The minimum value of fs has been observed to be 18.5 Hz at α of 90. Fig. 13(a) 

also shows the variation of St (based on D) with α. The variation of St with α followed the trend of 

fs, as expected. 

Fig. 13(b) shows the variation of Strouhal number (St*) based on projected width as reference 

dimension (Eq. (3)). The values of St* have been compared with that of the literature. The present 

experimental values have been observed to be well comparable with the values reported by Knisely 
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(1990), whereas the values reported by Hirano et al. (2000) and Matsumoto et al. (1998) have been 

observed to be slightly higher than the present experimental values by about 10%. 

Further, based on the variation of mean force coefficients and Strouhal number with α, critical 

angle of wind incidence has been observed to be 8° with the following observations:  

(a) steep increase in Strouhal number from 0.08 to 0.14 due to increase in vortex shedding 

frequency to a maximum value, that also corresponds to a minimum wake width (McClean 

and Sumner 2014) 

(b) reversal in the slope of the mean lift coefficient, from negative to positive  

(c) minimum value of mean CD* (0.96) and maximum value of negative mean CL* (-0.79) 

 

3.5 Universal Strouhal number 
 

For a better representation of the mechanism of vortex shedding behind bluff bodies, a concept 

of universal Strouhal number was suggested in literature based on experimental studies on stationary 

and oscillating bluff bodies, in addition to conventional Strouhal number. The idea of Universal 

Strouhal number is that same size vortex sheet may be expected to originate from different bodies, 

when proper scaling for reference length and velocity is used, besides the vortex shedding frequency 

(Griffin 1981). Among various proposals in literature, the Universal Strouhal number proposed by 

Griffin has been considered for comparison with experimental values of the present study. The 

Griffin’s Strouhal number (G) is defined as given below 

3

3 3

* *
or * *D D

D D

St C St C
G St C St C G k

k k
                      (5) 

where G=0.073 as per Griffin (Yeung 2010), St and CD are the Strouhal number and mean drag 

coefficient based on D; the base pressure parameter (1 );pbk C   Cpb is the base pressure 

coefficient.  

Fig. 14 shows the variation of G with α. For α between 69 and 90, the calculated G values have 

been observed to be between 0.074 and 0.078, which compared well with the reported value of 

0.0730.005. For α between 6 and 67, the G values have been observed to be between 0.08 and 

0.088, which are slightly higher than the reported value of 0.0730.005. However, for values of α 

less than 6, the G values have been observed to be less and significantly deviating from the expected 

range of values. The value of G is directly proportional to the Strouhal number (St*) as seen in Eq. 

(5)). From Fig. 13(b), the values of St* are observed to be very less for angles of wind incidence (α) 

less than 6°, which has resulted in smaller values of G. 

Further, the relationship between the product of St and CD, and the wake parameter ‘k’ has been 

investigated, by considering the cubic relationship proposed by Griffin (1981) (Eq. (5)) and the 

linear relationship proposed by Griffin (1981) (Eq. (6)) 

             * * 0.48 0.5D DSt C St C k                            (6) 

Fig. 15 provides the comparison plot of the product St CD against the wake parameter ‘k’ obtained 

from present experiments and the aforementioned empirical relationships. It has been observed that 

the data obtained from present experimental study compares well with the linear relationship 

proposed by Griffin for most of the angles of wind incidence, except for values of α between 0º and 

6º (for flow Regime I and a part of transition regime I). 
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Fig. 14 Variation of Griffin’s Strouhal number (G) with angle of wind incidence 

 

 

 

Fig. 15 Plot of St CD with k 

 

 

  

Fig. 16 Comparison of St CD obtained from the present study with empirical relationships 
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Further, the relationship among St, CD and ‘k’, as proposed by Yeung (2010) (Eq. (7)) for two-

dimensional bluff bodies based on theoretical concept of momentum equation has been considered 

for comparison.     

                  3 * *

DSt C k St k St                           (7) 

Unlike Eqs. (5) and (6), Eq. (7) proposed by Yeung is a function of St* in addition to ‘k’, which 

changes with angle of wind incidence, as can be seen from Fig. 13(b). Figs. 16(a) and 16(b) compares 

the product of St and CD obtained from the present study with those obtained using all the above 

mentioned empirical relationships as reported in literature.  

It can be clearly seen that for values of α between 0º and 6º, the empirically obtained values of 

St CD using all three relationships showed significant deviations from the experimental values 

obtained in the present study. For α corresponding to all the other flow regimes, the empirically 

obtained St CD values using Griffin’s linear relationship (Eq. (6)) have been observed to be 

comparing well with the experimental values. Whereas those obtained using cubic relationship (Eq. 

(5)) have been observed to be comparing well with the experimental values corresponding to the 

flow regime III (α between 71° and 90°) only and have been observed to be significantly 

underestimated for flow regime II (α between 30° and 55°). The St CD values obtained using 

relationship by Yeung (2010) (Eq. (7)) have been observed to compare well with those corresponding 

to flow regime II only, and have been observed to be underestimated for flow regime II and 

overestimated for flow regime III.  

It is noteworthy to mention that for values of α between 0º and 6º (for flow Regime I and a part 

of transition regime I) where significant deviations have been observed, the 2:1 rectangular section 

is oriented towards the flow in such a way that the ratio of dimension of the rectangular section 

along the flow to dimension of the rectangular section normal to the flow (R) is greater than 1. Hence, 

it becomes necessary to check the applicability of the considered empirical relationships to flow 

regime I, i.e., for rectangular section with R>1, even though the range of ‘k’ from the present 

experiments have been observed to be well within the prescribed range of ‘k’. Yeung (2010) 

presented experimental data from Awbi (1978) on 2-D rectangular cylinders with R values of 0.5, 1 

and 1.5, for wind normal to the shorter dimension of the rectangular cylinder to assess the 

performance of the proposed empirical relationship (Eq. (7)). It was reported by Yeung (2010) that 

for rectangular sections with B/D less than or equal to 1, the empirically obtained values of St CD 

compared well with the experimental values, whereas discussions on rectangular section with R=1.5 

have not been highlighted. In the present study, the performance assessment of Eq. (7) has been 

extended for 2-D rectangular cylinders with R value of 2, 3, 4 and 5, based on the data obtained from 

Awbi (1978). The values of St* required for substitution in Eq. (7) have been suitably obtained from 

Awbi (1978). Fig. 17 shows the comparison of St CD and ‘k’ from experiments and Yeung’s 

relationship. The experimental values from the present study for α=0° has been included in the plot 

corresponding to R=2. For R=3, two values of St have been provided corresponding to two values 

of Reynolds number, as sudden change in St due to flow reattachment with change in Reynolds 

number (Awbi 1978) has been reported. Both values have been considered for comparison.  

It can be seen from Fig. 17 that for higher values of R, the experimental data has been observed 

to show significant deviation with respect to the empirical relationship proposed by Yeung (2010). 

Similar deviation has been observed in case of Griffin’s linear and cubic relationships also (Fig. 18) 

for rectangular sections with R greater than 1. Hence, more detailed investigations on the 

Universality of Strouhal number for such shapes involving long afterbodies are required. 
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Fig. 17 Comparison of Yeung’s relationship for 2-D rectangles with R of 1 to 5 
 

 

Fig. 18 Variation of Griffin’s Strouhal number (G) with angle of wind incidence 

 

 

3.6 Spectra of aerodynamic force coefficients 
 

The variation of root mean square (r.m.s) of fluctuating components of drag and lift force 

coefficients with α have been shown in Fig. 19. Minimum value of r.m.s fluctuating component of 

lift force coefficient of 0.13 has been observed at critical angle of wind incidence of 8°, whereas 

maximum value of 0.69 has been observed at α of 78°. Significant change in trend of r.m.s 

fluctuating components of CL* has been observed to occur predominantly in flow regimes I and III, 

whereas r.m.s fluctuating components of CD* changed prominently in flow regime III. The spectrum 

of CD* and CL* for typical angles of wind incidence have been presented in Fig. 20. 
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Fig. 19 Variation of r.m.s of force coefficients with angle of wind incidence 
 

 

   

(a) (b) (c) 

Fig. 20 Spectra of the lift and drag coefficients for (a) α=0°, (b) α=67°and (d) α=90° 

 

 

For wind normal to one of the faces of the rectangular section, i.e., α of 0° (Fig. 20(a)) and 90° 

(Fig. 20(c)), the spectrum of CL* has been observed to have distinct peak corresponding to the vortex 

shedding frequency, whereas the spectrum of CD* has been observed to have distinct peak 

corresponding to twice the vortex shedding frequency. For 0°, since the value of r.m.s fluctuating 

component of CD* is significantly less than the value of r.m.s fluctuating component of CL*, the 

peak corresponding to the spectra of CD* at twice the vortex shedding frequency has not been 

distinctly seen in the Fig. 20(a). The occurrence of distinct peaks in the spectrum of CD* and CL* 

are indicative of the fact that only opposite faces of the rectangular section normal the flow direction 

contributes to the drag forces, while opposite faces of the rectangular section along to the flow 

direction contribute to the lift forces. For oblique wind angle of 67° (Fig. 20 (b)), both the spectrum 

of CD* and CL* have been observed to have two peaks, one corresponding to fs and another 

corresponding to twice fs, which is indicative of the fact that all the faces of the rectangular section 

contribute to both drag and lift forces. Similar behavior has been observed for all other oblique 

angles of wind incidence. 
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4. Spatio-temporal analysis of measured pressures using POD 
 

Traditional statistical analysis of measured fluctuating pressures alone would not suffice the 

physical interpretation of the aerodynamic effects of complex flow mechanisms on the bluff bodies. 

Spatio-temporal analysis of the fluctuating pressures helps in isolating the correlated fluctuating 

pressures caused by different flow mechanisms. Spatio-temporal correlations can be better studied 

with the aid of advanced stochastic methods like POD (Qiu et al. 2014). In order to better understand 

the influence of complex flow phenomena on the surface pressures of the 2:1 rectangular section, 

POD analysis of the measured randomly fluctuating pressure field acting on the surface of the 

rectangular section has been carried out.  

POD technique has also been referred by various other names, viz, covariance proper 

transformation (CPT) or Principal Component Analysis (PCA) in literature (de Grenet and 

Ricciardelli 2004, Carassale 2012). A brief description of the procedural aspects of POD for the 

pressure field has been presented here.  

The measured unsteady pressure field can be expressed as  

        ( , )( , , t) ' ( , , )p x yp x y p x y t                             (8)  

where p  is the mean pressure; and 'p  is the fluctuating pressure. POD represents multi-variate 

random fluctuating pressure field 'p   as a sum of the products of deterministic, uncorrelated, 

orthogonal distributions of the field variable called POD modes (Φm (x, y)) and random coefficients 

called principal co-ordinates/POD co-ordinates ( ( )ma t ). 

1

'( , , t) ( ) ( ) (x,y)( , )
M

m m
m

p x y a t a tx y


                      (9) 

Hence, with respect to the pressure data, POD can be potentially seen as a technique to separate 

space and time components in the fluctuating pressure data (Li et al. 2012). The deterministic 

coordinate function Φ(x,y) in Eq. (9) optimally maximizes the projection of the randomly fluctuating 

wind pressure field '( , , )p x y t , to itself in a mean square sense. Upon this maximality criterion, the 

projection is transformed to an eigen value problem, and can be written as  

                         ( , ,x', y') (x', y') ' ' (x, y)T x y dx dy                       (10) 

where ( , ,x', y')T x y  is a spatial correlation of the fluctuating pressure field. The fluctuating pressure 

field, given discretely at M points, can be rewritten in the matrix form as  

                                   T                                     
(11) 

where
 
T is the spatial correlation matrix of the fluctuating wind pressure field of size M×M, and is 

real symmetric and positive definite in nature.  is the space function that contains a series of M 

orthogonal eigen vectors/POD modes (Φm (x, y)) arranged in the decreasing order of the eigen values 

of the zero-time lag covariance matrix T of '( , , )p x y t . λ is the diagonal matrix of the eigen values 

of T (principal coordinates). The evaluated principal coordinates/eigen values (λi) denote the relative 

contribution of each mode to the fluctuating pressure field. These eigen values can be normalized 

with the cumulative sum of eigen values of the system, and are defined as λi,norm. 

By the inclusion of the mean component of pressure data for POD analysis, distortion of POD 
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modes and variations in energy distribution per mode have been observed (Tamura et al. 1999). In 

the present study, time-averaged mean pressure values have been subtracted from the measured 

pressure data. Subsequently, POD analysis of the measured fluctuating pressures has been carried 

out for all the angles of wind incidence. Very limited literature has dealt with the POD analysis for 

wind flows around rectangular sections for angles of wind incidence, which are oblique to the faces. 

In the present study, the applicability of the POD technique for capturing change in aerodynamic 

signature with angle of wind incidence has been studied. For the sake of brevity, results pertaining 

to limited angles of incidence, covering all the identified flow regimes have been presented.  

 
4.1 Eigen values and mode shapes 
 

The normalized eigen values and their cumulative sum for selected angles of wind incidence 

have been presented in Table 3. It is to be noted that the normalized eigen values correspond to the 

proportion of energy (in %) associated with each POD mode, with respect to the total energy of the 

system. Hence, most energetic POD mode is considered to be corresponding to the dominant flow 

field. This energy of every mode gives information about the percentage of variance of the overall 

aerodynamic pressures acting on the rectangular section. For α of 0°, which corresponds to flow 

regime I, the first and second POD modes captured 80.96% and 7.25% of the total variance of the 

process, respectively. Similar values have been observed for α of 2° in the same flow regime. 

Whereas for α of 4° in the transition regime I, the first and second POD modes constituted 36.97% 

and 21.23% of the total variance of the process. There is significant reduction in the energy content 

pertaining to the first POD mode, as the complexity in the flow around bluff body increases due to 

transition in the flow regime, for α of 4° to 8°. Further, in these flow regimes, the flow behavior 

around the rectangular section has been observed to be similar to that of elongated rectangles, where 

contribution of more than one POD mode has been reported (Hoa et al. 2013). Within transition 

regime I, two kinds of pressure recovery have been observed, one from α of 4° to 8° and another 

from 10° to 25° as highlighted earlier (Fig. 7(a)). Beyond critical angle of wind incidence of 8° in 

transition regime I, increase in eigen value associated with first mode from about 37% (for α of 4° 

to 8°) to 55% has been observed. Similar distributions of energy content of POD modes within flow 

regime II, transition regime II and flow regime III can be seen from the Table 3. The sum of first 

three POD modes have been observed to constitute to most of the energy (about 92%) contained in 

the pressure field for almost all values of α, except for α of 4° to 8° for which more number of POD 

modes have been observed to be required. 

The first four POD mode shapes superimposed on the geometry of rectangular section have been 

shown in Fig. 21(a) to 21(e) for α of 0°, 8°, 35°, 67° and 90° respectively, as representative of the 

identified flow regimes. Same scaling factor has been adopted for all the mode shapes presented. 

For all the angles of wind incidence, the mode shape of the pressure fluctuations on the windward 

face(s) have been observed to be significantly negligible in comparison to all other three faces. This 

is due to the fact that the windward face(s) are subjected to uniform and smooth flow with very low 

turbulence intensity. The mode shapes corresponding to wind flow normal to any one of the faces 

(α of 0° and 90°) have been found to exhibit either symmetric or anti-symmetric pattern.  

For α of 0° in flow regime I (Fig. 21(a)), the first and second POD mode exhibited anti-symmetric 

pattern. The mode shape on one half of leeward face (face F3) has been observed to be completely 

out-of-phase in comparison to the other half of the leeward face, while the mode shape on the side 

faces F2 and F4 have been observed to be similar and in-phase, with fully correlated across each of 

the faces. However, third and fourth POD modes exhibited symmetric pattern. The mode shape 
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across F3 were completely in phase and fully correlated, also showing similarity to the mean 

pressure distribution in the face F3 (Fig. 4). For values of α in transition regime I and transition 

regime II (Figs. 21(b) and 21(c)), the mode shape on the face of the rectangular section where the 

transition phenomenon has been identified to occur (face F2 for transition regime I and face F1 for 

transition regime II) has been found to be of complex nature, with more number of inflection points 

when compared to other flow regimes. For α of 90° in flow regime III (Fig. 21(e)), the first and 

fourth POD modes exhibited anti-symmetry, while second and third POD modes exhibited symmetry.  

Among the second and third POD modes, which exhibited symmetry, second POD mode has 

mode shape across its leeward face (face F4) similar to mean pressure distribution on the same face. 

 

 
Table 3 Eigen values and their cumulative sum for selected α 

α  

(deg) 

Flow  

regime 

Eigen  

Value 

(%) ( ) 

POD mode number 

1 2 3 4 5 6 7-32 

0 
Flow  

regime I 

λi,norm 80.96 7.25 4.40 2.00 1.28 0.79 3.30 

λi,cum 80.96 88.22 92.62 94.62 95.90 96.70 100 

2 
Flow  

regime I 

λi,norm 77.42 7.32 6.62 2.29 1.66 0.90 3.78 

λi,cum 77.42 84.74 91.36 93.65 95.32 96.22 100 

4 
Transition 

regime I 

λi,norm 36.97 21.23 14.34 8.24 4.09 3.37 11.77 

λi,cum 36.97 58.20 72.54 80.78 84.87 88.23 100 

6 
Transition 

regime I 

λi,norm 34.21 19.59 13.02 11.70 5.65 3.17 12.67 

λi,cum 34.21 53.80 66.81 78.51 84.16 87.33 100 

8 
Transition 

regime I 

λi,norm 33.45 21.05 11.34 9.39 6.15 4.06 14.56 

λi,cum 33.45 54.51 65.84 75.23 81.38 85.44 100 

15 
Transition 

regime I 

λi,norm 62.34 14.05 10.78 2.54 1.70 1.52 7.08 

λi,cum 62.34 76.38 87.16 89.70 91.40 92.92 100 

25 
Transition 

regime I 

λi,norm 55.92 24.75 9.41 4.01 1.09 1.01 3.80 

λi,cum 55.92 80.67 90.08 94.09 95.19 96.20 100 

30 
Flow  

regime II 

λi,norm 52.19 30.31 8.60 4.12 1.12 0.74 2.92 

λi,cum 52.19 82.50 91.10 95.23 96.35 97.08 100 

45 
Flow  

regime II 

λi,norm 43.13 41.47 8.62 2.47 1.40 0.61 2.30 

λi,cum 43.13 84.60 93.23 95.69 97.09 97.70 100 

55 
Flow  

regime II 

λi,norm 44.77 38.01 8.39 2.13 1.80 1.53 3.37 

λi,cum 44.77 82.79 91.17 93.30 95.10 96.63 100 

60 
Transition 

regime II 

λi,norm 44.45 38.82 7.78 2.08 1.62 1.28 3.98 

λi,cum 44.45 83.27 91.05 93.13 94.74 96.03 100 

67 
Transition 

regime II 

λi,norm 58.17 21.35 8.34 3.16 1.94 1.50 5.55 

λi,cum 58.17 79.52 87.86 91.02 92.95 94.45 100 

71 
Flow  

regime III 

λi,norm 68.56 16.44 4.60 3.69 1.79 1.56 3.36 

λi,cum 68.56 85.01 89.60 93.29 95.08 96.64 100 

81 
Flow  

regime III 

λi,norm 68.97 16.79 5.09 3.94 1.81 0.92 2.48 

λi,cum 68.97 85.76 90.85 94.79 96.60 97.52 100 

90 
Flow  

regime III 

λi,norm 69.84 16.43 5.27 3.90 1.43 0.81 2.33 

λi,cum 69.84 86.27 91.54 95.44 96.87 97.67 100 
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(a) α=0° (Flow regime I) 

 

 
(b) α=8° (Transition regime I) 

 

 
 (c) α=35° (Flow regime II)  

 

 
(d) α=67° (Transition regime II) 

 

 
(e) α=90° (Flow regime III) 

 

First mode shape Second mode shape Third mode shape Fourth mode shape 

Fig. 21 First four mode shapes for (a) α=0°, (b) α=8°, (c) α=35° and (d) α=67° (e) 90° 
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4.2 Contribution of POD modes to aerodynamic forces 

 
In order to identify the contribution of each individual POD modes to different aerodynamic 

forces, viz, drag and lift components, fluctuating aerodynamic drag and lift coefficients associated 

with each individual POD mode have been evaluated (de Grenet and Ricciardelli 2004). The ratio 

of variance of evaluated aerodynamic coefficients corresponding to an individual POD mode (based 

on reconstructed time series of pressures) to variance of the evaluated total aerodynamic coefficients 

have been computed and presented in Table 4. It indicates that every individual POD mode 

associates with anyone or both the aerodynamic forces.  

 
Table 4 Contribution of POD modes to drag and lift force coefficients 

α  

(deg) 

Flow  

regime 

Force  

component 

POD mode number 

1 2 3 4 5 6 7-32 

0 

 

Flow 

regime I 

Drag 0 0.01 12.12 10.35 68.15 0.00 9.37 

Lift 99.93 0.05 0.01 0 0 0 0.01 

2 

 

Flow 

regime I 

Drag 21.30 4.08 5.72 11.64 45.43 4.94 6.90 

Lift 99.91 0.03 0.03 0 0 0 0.02 

4 

 

Transition 

regime I 

Drag 0 21.50 21.96 38.30 11.41 0.04 6.80 

Lift 66.75 30.35 2.18 0.39 0.01 0.01 0.31 

6 

 

Transition 

regime I 

Drag 0 1.50 68.44 11.85 13.30 0.15 4.76 

Lift 60.02 1.08 0.10 37.90 0.18 0.48 0.24 

8 

 

Transition 

regime I 

Drag 32.42 30.43 1.30 26.11 0 0.02 9.72 

Lift 59.36 10.49 17.12 9.10 0.36 0.49 3.08 

15 

 

Transition 

regime I 

Drag 53.68 28.97 14.37 0.97 0.02 0.02 1.97 

Lift 91.65 5.93 1.51 0.44 0 0.10 0.38 

25 

 

Transition 

regime I 

Drag 9.08 82.82 4.87 0.67 0.19 0.09 2.29 

Lift 91.74 6.64 1.26 0.12 0.02 0.03 0.19 

45 

 

Flow 

regime II 

Drag 6.00 89.98 2.37 0.13 0.02 0.04 1.47 

Lift 69.33 30.16 0.25 0.13 0 0.00 0.12 

60 

 

Transition 

regime II 

Drag 9.45 87.48 0.64 0.04 0.73 0.09 1.56 

Lift 65.88 33.45 0.38 0.06 0.01 0.10 0.12 

67 

 

Transition 

regime II 

Drag 16.25 78.03 2.63 0.08 1.25 0.35 1.41 

Lift 98.19 0.07 1.38 0 0.25 0.01 0.08 

71 

 

Flow 

regime III 

Drag 8.59 62.68 13.46 14.13 0.02 0.02 1.11 

Lift 98.55 0.68 0.50 0.19 0.01 0.06 0.03 

81 

 

Flow 

regime III 

Drag 0.00 89.78 6.56 0.48 2.88 0.01 0.29 

Lift 97.08 0.96 0 1.87 0.03 0.05 0.02 

90 

 

Flow 

regime III 

Drag 0.32 91.60 6.21 0.44 1.12 0 0.30 

Lift 96.86 0.03 0.33 2.66 0 0.10 0.01 
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For all the values of α, the first POD mode was predominantly contributing to the fluctuating lift 

force, and it had the frequency characteristics corresponding to the physical phenomena of vortex 

shedding frequency. This could be attributed to the fact that the predominant loading mechanism in 

this particular case of rectangular section is due to periodic shedding of Karman vortices. It is to be 

noted that the number of POD modes required to accurately construct the time histories of force 

coefficients, and subsequently the spectra has been observed to vary from case to case. However, 

dominance of first and second POD mode, as observed in the present study has been more widely 

reported in the literature as they have dominant eigen value of the overall process and also from the 

aspects of obtaining generalized and simplified equivalent static wind loads on structures. 

Similarities in the contribution of individual POD modes to lift force coefficient have been 

observed within each flow regime, except for a few values of α adjacent to transition regimes. In the 

flow regime I, the first POD mode predominantly contributed to the fluctuating lift force with about 

99.93% to the total variance of lift force coefficient. 

In case of transition regime I, for the range of α between 4° and 8°, two POD modes have been 

observed to contribute significantly to the fluctuating lift force (twin POD mode dominant) whereas 

for the range of α between 10° and 25°, the contribution to lift force coefficient has been observed 

to be single mode dominant. Further, flow regime II and transition regime II have been observed to 

be twin POD mode dominant. Whereas flow regime III has been observed to be single POD mode 

dominant by means of its contribution to lift force coefficient.  

The r.m.s fluctuating component of drag force coefficient (Fig. 19) was observed to be less for 

values of α between 0° and 15°, as well as for α of 69° and 71°. Hence, for these values of α, 

contribution of POD modes to the variance of drag force coefficient has been observed to be 

distributed across higher POD modes, which do not have significant eigen values (Table 3) 

associated with them. For α of 0°, the major contribution to the variance of CD* was from fifth POD 

mode (with λ=1.28%), which contributed 68.15% of the variance of drag force coefficient. For α of 

8°, fourth POD mode (with λ=9.39%) contributed 26.11% of the variance of CD*. Similar pattern of 

contribution of higher POD modes to the variance of drag force component has been observed (de 

Grenet and Ricciardelli 2004) based on the POD analysis of fluctuating pressures on 2D square 

cylinders in tandem arrangement for a set of spacing (with closer spacing) where the flow behavior 

is similar to that of an elongated rectangular section. Beyond α of 15° (except α of 69° and 71°), it 

has been observed that the second POD mode is predominantly contributing to the fluctuating drag 

force coefficient, by capturing more than about 80% of the variance of CD*. In flow regime II, the 

second POD mode contributed to both the variance of CL* and the variance of CD*. Such contribution 

of one POD mode to both components of aerodynamic forces have also been reported in literature 

(de Grenet and Ricciardelli 2004). 

Figs. 22 and 23 present the comparison of time histories and spectrum of experimentally 

evaluated lift force coefficient with those reconstructed based on first and second POD modes 

individually for twin POD mode dominant (α=8°) and single POD mode dominant (α=0°) case of α, 

respectively. In case of twin POD mode dominated cases of α (Fig. 22), the time histories of lift 

coefficients reconstructed from individual POD modes have been observed to show differences with 

respect to that of experiments with the contribution of first two POD modes to the variance of lift 

coefficient by about 65% and 30%, respectively. In case of spectrum, good comparison of spectrum 

obtained based on reconstructed time histories from POD modes in the high frequency region has 

been observed, thereby preserving the frequency peaks corresponding to vortex shedding. The major 

difference in the spectrum has been observed in the low frequency range of 0.3 to 10 Hz. Similar 

trend of deviation in spectrum of reconstructed pressures at individual pressure taps have been 
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observed on 2-D square section by Hoa et al. (2013). 

For single POD dominated cases of α (Fig. 23), good comparison of experimental and 

reconstructed time histories and spectrum based on first POD mode have been observed for all the 

values of α. 

 

  
Fig. 22 Comparison of time history and spectra of lift coefficients of experimental and POD based 

reconstructed for α = 8° (twin mode dominant)  

 

  

Fig. 23 Comparison of time history and spectra of lift coefficients of experimental and POD based 

reconstructed for α = 0° (single mode dominant) 

 

  

Fig. 24 Comparison of time history and spectra of drag coefficients of experimental and POD based 

reconstructed for α = 90° 
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Fig. 24 presents the comparison of time histories and spectrum of experimentally evaluated drag 

force coefficient and that reconstructed based on first and second POD modes individually for a 

typical value of α of 90°. Similar to the time history and spectrum of lift force coefficient for single 

mode dominant cases of α, good agreement in experimental and reconstructed time histories and 

spectrum based on first POD mode have been observed. 

 

 

5. Conclusions 
 
The effect of angle of wind incidence on the aerodynamic characteristics of a 2:1 rectangular 

section has been studied based on wind tunnel pressure measurement studies carried out under 

uniform and smooth inflow conditions. Based on the change in positions of separation of shear layers 

emanating from the rectangular section at various angles of wind incidence, the distributions of mean 

pressure coefficients and empirically evaluated skin friction coefficient, three flow regimes along 

with two transition regimes have been identified. The characteristics of the flow in each of the 

identified flow regimes have been brought out. The critical angle of wind incidence has been 

observed to be 8°, as it is associated with significant increase in Strouhal number and reversal of 

slope of mean lift coefficient. The maximum positive and negative values of the mean aerodynamic 

lift coefficients have been observed to be at oblique angles of wind incidence, thus re-emphasizing 

the need to study the effect of angle of wind incidence. 

The relationship between Strouhal number (St*), mean drag coefficient (CD*) and the base 

pressure parameter ‘k’, in the form of Universal Strouhal number expressions has been studied based 

on the experimental data. Among the three relationships considered, the linear relationship proposed 

by Griffin (1981) has been observed to better represent the relationship between St, CD and ‘k’ for 

2:1 rectangular section considered in the present study for most of the values of α, except for values 

of α between 0° and 8°. For these angles of wind incidence, the afterbody portion of the rectangular 

section has been observed to be longer than those for other angles of wind incidence. The 

performance limitation of the empirical relationships, especially for elongated rectangular sections 

with wind normal to the shorter dimension have been studied further. It has been inferred from the 

observed deviations that further studies on Universal Strouhal number are required for such cases. 

Similar observation has been made by Csiba and Martinuzzi (2008), where effect of unequal strength 

shear layers has been studied on triangular section at various angles of wind incidence.  

Based on the POD analysis of the measured fluctuating pressures on the 2:1 rectangular section 

for various angles of wind incidence, the eigen values corresponding to the first POD mode (that is 

representative of the largest possible/most dominant variance of the stochastic pressure field) were 

observed to be comparable within every flow regime, which corroborates the classification of the 

earlier identified flow regimes. Limited number of POD modes have been observed to be sufficient 

to represent the physical phenomenon, without loss in predominant frequency components. The ratio 

of variance of aerodynamic force coefficients obtained from pressure traces reconstructed from 

individual POD modes to the variance of the total aerodynamic force coefficient have been shown 

to quantify the percentage of contribution of individual POD mode to the drag and lift forces. For 

all the values of α, the first POD mode has been observed to contribute mainly to the fluctuating lift 

force coefficient. For α values beyond 25°, the second POD mode has been observed to contribute 

mainly to the fluctuating drag force coefficient.  
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The scope of the present study is limited to the aerodynamic characteristics of 2:1 rectangular 

section under uniform, smooth flow at a Reynolds number of 0.6×105. Further, the identification of 

flow regimes in the present study is based on the variations of mean pressure coefficient and skin 

friction coefficient evaluated from synchronous pressure measurements on the surface of the 

rectangular section. Hence, detailed investigations using advanced flow visualization techniques like 

Particle Image Velocimetry (PIV) will be required to validate the identified flow regimes. The range 

of angles of wind incidence corresponding to the identified flow regimes may vary depending up on 

Reynolds number, which needs to be further investigated. This is because of the pronounced 

Reynolds number effects on aerodynamics of rectangular sections at oblique angles of wind 

incidence as reported in literature (Larose and D’Auteuil 2008, Schewe 2009).  
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