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Abstract 

In this paper, flow patterns and vortex shedding phenomena produced by successive rectan-
gular ribs which were placed on the smooth inner flat surface of a solar air heater, were stud-
ied numerically followed by performing a wind tunnel experiment. Turbulent flow over rough 
surfaces can be encountered in a wide range of agricultural engineering applications con-
cerning greenhouse vegetation canopies, pressure losses in livestock buildings, but also in 
open field circumstances such as open channel roughness and soil erosion. Rough surfaces 
immersed in a flow are often used in agriculture to increase the performance of thermal and 
hydraulic equipment such as solar air heaters and hydraulic pipes respectively. Wall-
mounted roughness obstacles, such as ribs, are often placed along the wall of solar air heat-
er or hydraulic pipes to increase the convective surface area and to enhance heat transfer 
and air mixing by increasing turbulence. Depending on the relative roughness size and orien-
tation, the ribs also have varying degrees of increased pressure losses. The majority of pre-
vious studies were focused on changing the rib geometry giving small attention to the spatial-
ly and temporally varying flow characteristics and their dependence on the Reynolds number.  
The purpose of this work was the detailed analysis of airflow motion, in unsteady state, for 
different Reynolds number, over two successive rectangular ribs mounted inside a wind tun-
nel. The two-dimensional separated or reattached air flow, around the wind tunnel model was 
examined by solving the Navier-Stokes and continuity equations, using the Galerkin finite 
element method. The wind tunnel experiment was performed in a low speed wind tunnel of 
the Air Physics Lab, at the Research Centre Foulum of the Dept. of Engineering of Aarhus 
University. The Reynolds number was calculated with respect to the model height and the 
inlet free stream velocity. The time-mean averaged stream-wise velocity, which resulted from 
instantaneous values, will be presented, as well as the turbulent kinetic energy in conjunction 
with spectrum analysis. Flow visualization data obtained at different Reynolds have shown 
the complex topological structure of the flow, which is characterized by vortex shedding, re-
circulating bubbles, reversed flow and boundary layer separation and attachment. The re-
sults obtained in this work put in evidence some important physical characteristics of turbu-
lent flow and supply data for validating computational codes. 
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1 Introduction 

The turbulent air flow around successive structure ribs is a complex phenomenon influenced 
by many factors such as the geometry of the structures, the distance between them and the 
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air velocity. The experimental and computational approximation of turbulent flow over a rib-
roughened wall is directly related to many engineering applications, because it may affect the 
air quality (Yassin, 2011), the pressure distributions (Ayata, 2009), the ventilation systems, 
the efficiency of windbreaks, the suitable position of wind turbines (Abohela et al., 2013), the 
control of thermal losses (Ahn & Lee, 2010; Liu & Chung, 2012) and the bottom roughness 
(Bayraktar et al., 2008). 
Many researchers examined experimentally the air flow around 2D ribs or 3D obstacles, 
mounted inside a wind tunnel. The computational approach of such flows is mainly based on 
2D steady (Dados et al., 2011) or unsteady state mathematical models (Fragos et al., 2012; 
Ntinas et al., 2014) and 3D RANS models (Huang et al., 2009). 
There is a need to find a reliable mathematical model which can be applied to dynamic flows 
in different geometries and distances between successive ribs, covering a broad range of 
agricultural engineering. In the present work the turbulent air flow was studied around two 
successive ribs inside a solar air heater, mounted inside a wind tunnel. The turbulent flow 
was simulated by solving the 2D Navier-Stokes and continuity equations. The Reynolds 
number was calculated with respect to the model height and the inlet free stream velocity. 
The experimental study and numerical approximation was based on Reynolds number of 
1284. The time-mean averaged stream-wise velocity, which resulted from instantaneous val-
ues, will be presented, as well as the turbulent kinetic energy. Flow visualization data ob-
tained at different Reynolds have been shown, which is characterized by vortex shedding, 
recirculating bubbles, reversed flow and boundary layer separation and reattachment. The 
results obtained in this work put in evidence some important physical characteristics of turbu-
lent flow and supply data for validating computational codes. 

2 Materials and methods 

2.1 Wind tunnel set-up 

A predesigned wind tunnel at the Air Physics Lab, Department of Engineering, Aarhus Uni-
versity, Denmark (Fig. 1) was used for the investigations.  
 

 
 

Figure 1: The wind tunnel  
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Velocity and velocity fluctuation were measured using a 2D Laser Doppler Anemometer 
(LDA), Dantec Dynamics A/S, Skovlunde, DK. The wind tunnel airflow was driven by nega-
tive pressure via a variable speed air exhaust fan. The inlet of the wind tunnel was designed 
to generate a uniform velocity distribution (Rong et al., 2011). 
 

2.2 Mathematical model 

The dimensionless Navier-Stokes and continuity equations (1) and (2), respectively, were 
used to solve the two-dimensional, viscous, incompressible, unsteady flow over two 
sucessive rectangular ribs mounted on the wall: 
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where U = (u, v) is the velocity vector of the fluid with stream-wise velocity (u) and cross-wise 
velocity (v), its components in the x and y direction respectively, t is the time, p is the pres-
sure and Re is the Reynolds number. 
The governing equations have been rendered dimensionless by using the following charac-
teristic magnitudes (h, Uo, Po, Re), where: h is the height of the rib (m), Uo is the uniform ap-
proaching velocity of the fluid (inlet free stream velocity, m s-1), Po = rV2 is the pressure inten-
sity (N m-2), ρ is the density of the fluid (N s2 m-4), Re = Uoh/v is the Reynolds number with 
respect to the height of the rib, h, and v is the kinematic viscosity of the fluid (m2 s-1). 

2.2.1 Boundary and initial conditions 

The boundary conditions for this flow are depicted in Table 1 and given in the equations be-
low: 
 
 

Table 1: Boundary conditions. 
Αt the entrance u =U0 v =0 

Τop and bottom boundaries, 
upstream the wind tunnel u =U0 v =0 

Τop and bottom walls of the 
wind tunnel u =0 v =0 

Αlong the walls of bodies u =0 v =0 
At the outflow free boundary condition 

 
 
For the computational approach of dynamic problems requires the definition of appropriate 
boundary condition. In this work, as an initial boundary condition used computational solution 
for a number of Reynolds, Re=1 (see Fig. 2), which is a real situation in laminar flow condi-
tions (Fragos et al., 2012; Ntinas et al., 2014). 
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Figure 2: Initial condition for Re=1. 

2.2.2 Computational mesh and numerical solution 

A finite element code was used to solve the mathematical model with the proper initial and 
boundary conditions. This code was developed in the programming language Visual Fortran 
90/95 (Fig. 3). The standard Galerkin finite element method (Owen & Hinton, 1980; Gresho & 
Sani, 1998; Zienkiewicz & Taylor, 2000) was used in this work to solve the governing equa-
tions along with the appropriate boundary conditions. The number of elements, nodes and 
unknowns for each rib are listed in Table 2. 
 

 
 

Figure 3: Computational mesh. 
 
 

Table2: Data of computational mesh. 
Rectangular Rib Number of elements Number of nodes Number of unknowns 

Flat roof 17‘012 68‘845 155‘101 
 
For the execution of the numerical experiments a desktop computer with the following char-
acteristics, IntelR Core(TM) i7 CPU 870 @ 2.93 GHz and 4 GB RAM was used. Each time 
step needed three iterations to converge quadratically. The maximum error of the Newton-
Raphson method was 10−6 for velocities. Each iteration used 0.346 CPU minutes for the flat 
roof ribs. 
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3 Results 

3.1 Validation of the mathematical model 

The experimental approach of the velocity vector, resulting from the treatment of horizontal 
and vertical velocity components are presented in Fig. 4a. In Fig. 4b shows the two-
dimensional computational approach flow under laboratory conditions, correspondingly. A 
comparison of the two figures shows that the mathematical model approaches sufficiently 
such flows. 
 

 
 

(a) 
 

 
 

(b) 
 

Figure 4: Vector of experimental (a) and simulated (b) time mean averaged velocity. 

3.2 Computational results 

The average flow lines, as derived from the statistical analysis of instantaneous values of 
velocity component are shown in Fig. 5. It is observed a large vortex that develops between 
two successive ribs and two smaller vortexes at lower angles between ribs. On the roof of 
the two rectangular ribs is formulated the region of recirculation due to the separation of the 
shear layer from the upstream corner of the first rib. 
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The contours of the mean stream-wise velocity and ribs distances of 1-H are shown in Fig. 6. 
Specifically, almost zero values of speed are observed in the center between the ribs and the 
maximum absolute values of negative values appear in the upper part of the intermediate 
region and the roof of the second rib. Positive values are shown across the field about y*=1.2 
over two rectangular ribs. 
 

 
 

Figure 5: Computational time mean averaged stream lines between successive rectangular ribs. 
 

 
 
Figure 6: Contours of time mean averaged stream-wise velocity between successive rectangular ribs. 

 
The turbulent kinetic energy between two successive rectangular ribs is shown in Fig. 7. The 
higher values of kinetic energy are shown in the recirculation region and between the ribs. 
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The maximum values are observed after the downstream side of the first rib and at the roof 
of the second rib. 

 

 
 

Figure 7: Turbulent kinetic energy between successive rectangular ribs. 

4 Discussion 

Given the importance of this flow for various engineering applications, many researchers 
have studied the basic parameters of the flow, such as the study of the distribution of velocity 
components and turbulent flow as the turbulent kinetic energy. The experimental approach 
flow of the street canyons inside the channel successive buildings with pitched roofs and with 
flat roofs showed development of turbulence similar to the computational approach of this 
present work (Kellnerova et al., 2012). Specifically, the proposed computational model simu-
lates accurately the main vortex and two small vortexes developed under the internal angles 
between the rectangular ribs. The qualitative comparison of the computational approach of 
the average flow velocity vector of the present work with the experimental analysis of 
Martinuzzi and Havel (2004), showed that the mathematical model approximates satisfactory 
the behavior of the shear layer, which detaches from the upstream corner of the first rib and 
impinges on the roof of the second rib. 

5 Conclusions 

A direct simulation model was applied for the prediction of the two-dimensional, turbulent 
airflow, around two successive rectangular ribs mounted on the wall through a solar air heat-
er. The satisfactory agreement between the numerical simulation and wind tunnel tests, with 
respect to flow patterns, validated the mathematical model used in this study. It thus appears 
reasonable prediction that the proposed model was validated by experimental data from a 
wind tunnel experiment. However, intense variations were presented in streamlines and in 
velocity components, developing between the ribs and specifically starting from the first roof 
to the second roof of ribs. The time-dependent simulation of the flow parameters can contrib-
ute in fundamental studies, which are typically conducted for isolated or successive ribs to 
obtain insight in the flow behavior and for parametric studies. 
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