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Abstract. Hot-wire anemometry and numerical simulation were employed to study the 

features of the turbulent flow and the large-scale structure formation in a closed compound 

channel. This work is aimed to characterize the structure of the turbulence in a rectangular 

channel containing a single rod bundle D = 60 mm. The work was carried out numerical and 

experimentally. In the experimental campaign a single rod bundle, as long as 33.33 D, is 

placed in a rectangular channel. The rod is carefully located near the channel’s top wall 

forming a narrow gap, d = 0.10 D, between the rod and the wall, which connects two main 

channels. We run our experiments using single straight hot-wire probes in order to obtain the 

velocity fluctuations and the mean average fields of turbulence intensity and axial velocity as 

well. The experimental work was performed under three different Reynolds numbers,  

ReDh = 26500, 52100 and 86400, based on the bulk velocity, Ubulk, the hydraulic-diameter, Dh, 

and the kinematic viscosity, ν of the fluid (air). As regards to the numerical computations k-ω-

SST- model was applied to simulate the turbulent flow in a same geometry before 

experimentally studied. However, to safe computational resources we choose to apply 

translational periodicity between the channel’s inlet and outlet and decrease the Reynolds 

number as well, to ReDh = 8000. To implement the periodicity we followed the steps 

suggested by [2] the computational domain reached 8 D. Through auto-correlation and PSD 

tools the main frequency and the Strouhal number were computed. The spectral analyses 

showed different values in terms of frequency, however, when the Strouhal number is 

computed, based on the bulk velocity Ubulk, the main frequency, f, and the rod’s diameter, D, 

both results were found almost constant, St = 0.16, which is in fair agreement with 

experimental works from Guellouz and Tavoularis [9 and 10]. 

1 INTRODUCTION 

Quasi-periodic oscillation in the narrow gap is one of the most striking feature found in 

compound channels, does not matter if it is open or closed. Large scale motions in rod 

bundles are known for approximately a half century at least [2]. [3], was one of the pioneers 

to study the influence of the macroscopic structure of the turbulent main flow in the mixing 

process in a compound channel. The author worked with a rod package arranged parallel to 

the flow in order to determine the convective coefficients of heat transfer in one of the bars. 

The most relevant conclusion was to show that in the vicinity of the subchannels the 

autocorrelation functions of the time series of velocity fluctuation were similar to damped 
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sinusoidal functions, thus suggesting the presence of large vortices crossing the narrow gap 

between the subchannels. 

Then the frequency and amplitude of these oscillations for array of bare rods geometries 

and Reynolds number were the target of several authors. (e.g. [4]; [5]; [6]; [7] and [8]). Many 

studies have been developed experimentally ([9];[10] and [11]);. An appearance of these 

structures is observed even in laminar flow view in [12]. 

Guellouz and his co-work contributed with a characterization of large scale structures in a 

rectangular channel containing a cylindrical rod near the bottom wall [9 and 10]. The work 

was developed under Reynolds number 1.08 × 105 based on the hydraulic diameter, bulk 

velocity and air viscosity, time-average axial velocity. Reynolds stress and turbulent 

kinematic energy were also target of the investigation along with the dynamic of the flow, as 

well. So, the authors estimated the Strouhal number, the wavelength, the convective velocity 

and coefficient of friction in the rod wall. From the experimental measurements they 

concluded that the spanwise velocity component presented a strong periodicity suggestion 

that coherent structures dominated the gap vicinity. 

Numerical work was, some time after, carried out by Chang and Tavoularis [13 and 14], in 

order to understand better the experimental results from Guellouz [9]. The authors performed 

numerical computations on the same cross-section with W/D-ratio = 1.10. To predict the 

dynamic behaviour Unsteady Reynolds Average Navier Stokes (URANS) was used along 

with different turbulence models and translational periodicity. The authors were able to 

identify the coherent structures using the criterion Q (which will be discussed below), but the 

mean values of velocity and the turbulent kinetic fields presented some discrepancy compared 

to the experimental results. 

The work is aimed to study the structure of the turbulent flow in the narrow gap of a 

rectangular channel containing an eccentric cylinder near the top wall. By means of numeric 

technique and hot wire anemometry the mean average velocity fields and the dynamic of the 

flow was predicted. The dynamics of the large-scale structures, such as the main frequency, 

wavelength and the convection velocity were studied in detail, likely [15]. Numerical work 

was developed using the ANSYS CFX package using the Unsteady Reynolds Averaged 

Navier-Stokes (URANS) and Shear Stress Transport- SST model to predict the turbulence. 

The Reynolds number, based on the bulk velocity, Ub, the hydraulic-diameter, Dh and the 

kinetic viscosity was ReDh = 8000. To minimize the computational cost, periodic boundary 

conditions in the streamwise direction were applied, reducing significantly the domain 

compared to the experimental work. The strategy computational is applied successful for 

several author e.g. [15, 17, 18, 19, 20, 21, 22, 23]. 

As regards the experimental work, this one was developed under three different Reynolds 

numbers, 26500, 52100 and 86400. Reynolds number was based on the same scales in both 

numerical and experimental works.  

2 EXPERIMENTAL PROCEDURE 

The experiments were conducted in a closed channel in steady state regime. Water at room 

temperature (≈ 25°C) was used as work fluid. The work fluid was driven by a centrifugal 

pump in closed loop. The compound channel is depicted in Fig. 1a and 1b with constant 

section L = 193 mm, H = 151 mm and total length Ltc = 4000 mm (L = 3.3 D, H = 2.5D, 
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Lt = 54.8D). The fluid reaches the test section, after passing through a diffuser and a set of 

honeycombs. The test section contains one single rod with external and internal diameter 

D = 60 mm, and the length Lsc = 2000 mm (Lsc = 33.3D). The rod is far from upper channel 

wall by a distance W, which produces a dimensionless number W/D. In this work W/D-ratio 

1.10 was tested for, ReDh = 26500 up to 86400. 

  
(a) (b) 

 

Figure 1: Sketch of the flow facility. (a) Upper view; (b) Inside section view. 

The hydraulic-diameter was computed through eq. 1 
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A is area of the cross section and P is wet perimeter. 

Experimental velocity fluctuations time-traces, in the streamwise direction, were 

gathered at 30 mm the channel’s outlet upstream through a single hot wire probe. Data were 

sampled at 1 KHz for a time acquisition as long as 32,768 s. Data were also filtered by a low 

pass filter set at 300 Hz.  

3 CFD METHODOLOGY 

3.1 Geometry and flow conditions 

As illustrated in Fig. 2a and 2b, the main computational geometry was the same as that one 

stressed in the previous experiment. It consisted of a single cylindrical rod with diameter 

D=60mm, inside a rectangular channel with width Lx = 3.3D and Ly = 2.5D similar 

experimental. The gap size of rod and upper wall of channel is d = 6 mm, and therefore, 

yielding W/D-ratio = 1.10. However, the original length of the channel of 2000 mm was 

significantly shortened to length Lz = 480mm (Lz = 8D) adopted in this computation. This was 

made possible by employing periodic boundary conditions in the streamwise direction in 

combination with a fixed mass flow rate, m = 1.95 Kg/s. At the walls the velocity was 

imposed null. 
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Figure 2: (a) Schematic view of compound; (b) Channel’s cross-section and its dimensions. 

3.2 Mesh Independence 

In order to determine the length of the domain in the main direction mesh study 

independence was carried out. Different length domains were evaluated, Lz = 360 mm, 

480 mm, 720 mm (Lz/D =  6, 8 and 12). For the first one, Lz/D = 6, it was not possible to 

solve the mass balance in good accuracy as we expected. For the computational domains 8D 

and 12D there was no significant dynamic variation of the flow. So, we chose the smaller one, 

Lz/D = 8. All meshes were discretized with hexahedral volumes, by splitting up the 

computational domain into smaller ones. In the upper channel’s wall and rod wall the mesh 

was refined to obtain a y+ < 1. In the other walls of the cross section a refinement was applied 

yield y+ ≈ 10. In streamwise direction z+ was chosen to be about 25. Fig. 3a shows the mesh 

used in a cross-section. It should be noticed the mesh refinement near the top wall and around 

the tube. 

  
(a) (b) 

Figure 3: (a) Mesh of the cross-section. (b) Law of the wall obtained at Lx/D=1, Lz/D=4, near the top wall. 

The whole simulation was performed with a time step equivalent to 0.005 s, with the 

Courant- Friedrichs- Lewy CFLmax ≈ 0.35. 

In Fig. 3b the good quality of the numerical simulation and the mesh can be observed. The 

velocity near the rod surface is plotted as a function of y+. From the Fig. 3b we see that the 

mesh was able to describe in a good way the subviscous layer, that is required by k−ω - SST 

model. In addition, the classic wall function was practically recovered. 
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4 K- SST MODEL FORMULATION 

The SST model was proposed by [24]. In this model, the formulation of the k−ε model is 

used far from the wall region and near the wall is applied k−ω model. The zonal formulation 

is based on blending functions, which ensure a proper selection of the k−ε and k−ω zones. 

The basic formulation of the incompressible continuity and Navier-Stokes equations are 
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The complete formulation of the SST model is given, with the limited number of 

modifications highlighted. 
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The turbulence eddy viscosity is defined as follows: 
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Where S is the invariant measure of the Strain Rate. The blending function is based on the 

distance to the nearest surface on the flow variables 
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with CDkω is defined for Eq. 9 and y is the distance to the nearest wall. F1 is equal to zero 

away from the surface (k − ε model), and switches over to one inside the boundary layer (k 

− ω model). 
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F2 is a second blending function defined by: 
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A production limit used in the SST model to prevent the rise of turbulence in stagnation 

regions: 
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All constants are computed by a blend from the corresponding constants of the k − ε model 

and k − ω model via α = α1F1 + α2(1−F1)+... The constants for this model are β∗ = 0.09, 

α1 = 5/9, β1 = 0.075, σk1 = 0.85, σω1 = 1/2, α2 = 0.44, β2 = 0.0828, σω2 = 0.856, σk2 = 1. 

5 RESULTS AND DISCUSSION 

5.1 Mean Averaged Quantities 

In Fig. 4 the time-average isocontours of the streamwise velocity is showed along with the 

results published years ago by [9]. The data were gathered in the middle of the computational 

domain at Lz/D = 4, being stressed in dimensionless form by the bulk velocity, Ub. All 

quantities were averaged over a time t = 16Tc, where Tc is the convective time, Tc = Lz/Ub. In 

general form k− SST was able to capture some remarkable features of the mass flow rate 

distribution in this kind of compound channel. Numerical methodology was able to predict the 

very well pronounced bulging of the isolines towards the edges arisen from the secondary 

flows according to [25]. In a qualitative way both velocity maps are in good agreement 

despite the Reynolds number difference. The maximum axial velocity is W/Ub was found 

about 1.20 taking place at the main subchannel. At the same location Guellouz and Tavoularis 

found W/Ub = 1.17, (Fig. 4 (a) and (c)). However, the mass distribution has found its 

strongest discrepancy near to the narrow gap. The zone at the gap was magnified, Fig. 4 (b), 

to provide a better comparison with Guellouz’s experiment. There we can see quite similar 

isoline patterns in both works, however, our values seemingly are scaled by a factor of 0.5 in 

comparison to the experimental work. Such discrepancy may be attributed to Reynolds 

difference between numerical and experimental works, 8000 and 108000, respectively. 

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

Figure 4: Isolines of streamwise velocity components. (a) and (b) present work. (c) and (d) work from Guellouz 

and Tavoularis (2000a). 

5.2 Kinetic Energy Distribution 

In the same way Fig. 5 shows the isolines patterns the kinetic energy inside the channel. 

The data were gathered at the same location, Lz/D = 2, and averaged over the same 

aforementioned time. Data are also stressed in dimensionless form k∗ = k/Ub
2. Although there 

is a remarkable difference between both Reynolds number, the numerical and experimental 

results are in good agreement, mainly far from the gap region. Near the lateral wall the 

numerical code predicted k∗ about 0.012, whereas the experimental map shows 0.01. Again, 
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the difference really matters when the turbulent quantities are analyzed at gap vicinity. The 

prediction of k∗ at this region was found lowered in one order when compared to the 

experimental work. It is worth to mention that the Reynolds number for numerical 

computation is also one order lower than experimental work carried out by [9], so such 

difference may attributed by the Reynolds number. 

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

Figure 5: Isocontours of average turbulent kinetic energy. (a) and (b) present simulation. (c) and (d) 

experimental work from Guellouz and Tavoularis (2000a). 

5.3 Coherent structures characterization 

One of the most striking characteristic of the turbulent flow in compound channels are the 

quasi-periodic flow patterns of the velocity time-traces. The periodicity of the flow field 

suggests the presence of large scale coherent structures in the flow. Such velocity pattern 

(and therefore coherent structures) is responsible for heat, mass and momentum exchanging 

between adjacent sub channels throughout the narrow gap. Such behavior implies, for 

instance, in the convective heat coefficient enhancement as well as the local mixing rates. 

Quasi-periodic flow was also found even in laminar flow-state with Reynolds number 

ranging from 900 up to 1800, [26]. Fig. 6 shows the streamwise velocity time-traces. The 

results are made non-dimensional by the bulk velocity, Ub. The velocity time-traces were 

gathered at the middle gap, between the rod and bottom wall, at the position Lx/D = 6, for 

numerical work and 30 mm upstream of the channel’s outlet. For experimental work hot wire 

anemometry technique was employed. 

 
(a) 

 
(b) 

Figure 6: Numerical and experimental axial velocity fluctuations time-traces. a) Numerical ReDh = 8000. b) Hot 

wire probe measurement, ReDh = 26500, 52100 and 86400. 
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Figure 7: FFT for streamwise velocity fluctuations component. 

First of all, quase-periodic velocity time traces were found as in our computations as in the 

experimental measurements, Fig. 6 (a) and (b). Furthermore, the computations was able to 

predict the excursion the velocity fluctuation as well, that was found to departure from w/Ub 

= -0.40 up to 0.40, regardless the Reynolds number. Fast Fourier Transform was applied to 

each velocity fluctuation time-trace, in order to calculate the fundamental frequency of the 

time-serie. In the computational result that one was found f = 0.182 Hz. However, higher 

frequencies were found in the experimental campaign as the Reynolds number increases, 

Fig.6 (b). Such fact was already expected, since the bulk velocity has increased as well. In 

order to compare the dynamic of the large motion for both experimental and numerical 

simulation, we make the frequency dimensionless as proposed by Guellouz and his co-

worker [9]. The Strouhal number is then written, 

b

fD
St

U
  (12) 

where, f is the main frequency attributed to the large periodic motions, Hz, D is rod’s 

diameter, and Ub, is the bulk velocity. At that time the experimental results for the same 

geometry and W/D – ratio 1.10 produced St = 0.17, according to the authors. Based on the 

same scales used by the authors we calculated the Strouhal number of the numerical results, 

that was found St = 0.15. Such value was quite similar to that one published years ago by the 

authors, despite the Reynolds number difference. It is important to remind the reader that the 

Reynolds number for experimental work is 108000, and, therefore, one order greater than 

ours, 8000. This result also suggests that the dynamic of the flow is slightly affected by the 

Reynolds number which, in some degree, corroborates with Melo’s work [30]. The 

experimental work published recently by Melo showed that the Strouhal number value is 

much more affected by the geometry of the compound channel than the Reynolds number 

itself. The gap width and the channel’s length were found to play a very important role in the 

large vortices appearance and the spectral detection in the time-trace velocities as well. 

We furthered our computational analysis by estimating the convective velocity, Uc and the 

wavelength number, λ, of the large vortices. Both characteristics were estimated through the 

velocity time series. The convective velocity is the velocity which the large vortices travel 

downstream the flow. It can be computed from the Eq. 13. 

cU f  (13) 

In eq. 13,  is the fundamental frequency of the large vortices and  is the average space 

between two consecutive vortices that rotate in same direction.  

The convective velocity was then calculated and is presented as a function of bulk velocity 
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yielding Uc/Ub = 0.51. Such value is lower than showed in the experimental work from 

Guellouz in 2000. According to the authors it should be about 0.78. However, the reader 

must take into account that the Reynolds number of the experimental work is one order 

greater than the present work and any direct comparison should be carefully evaluated. 

Furthermore, the dynamic characterization of the turbulent flow in this kind of geometry still 

needs reliable values for such Reynolds number range. 

From the computed Strouhal number, St, and the convective velocity, Uc, the wavelength 

could also be determined. In the present work the numerical code predicted λ/D = 3.6. This 

number is slighted lower than published by Guellouz in 2000 whose experimental work 

showed λ/D = 4.2. 

6 CONCLUSION 

A numerical and experimental study was carried out to investigate the structure of the 

turbulence in a channel containing a single -rod. The rod was apart from the channel’s top 

wall by a distance 6 mm, that yields W/D – ratio 1.10. Numerical computations were 

performed by using commercial code. The turbulence model was set to be k−ω SST for a 

Reynolds number 8000. The numerical data were compared, as much as possible, with the 

results released by [9], who carried out an experimental work on the same topic and using 

similar geometry. Hot-wire probes were also employed to captures the velocity fluctuations 

time-traces in order to know the dynamic of the flow. So, three different Reynolds, numbers 

were investigated by varying the bulk velocity of flow in the experimental campaign. The 

Reynolds number was set from 26500 up to 86400. 

Mean average quantities were predicted by k−ω SST satisfactorily. Numerical results on 

mean axial velocity and turbulent kinetic energy were found in good agreement in comparison 

with experimental data from [9], despite de Reynolds number difference. However, some 

discrepancy could be observed. The strongest difference between both results was 

concentrated at the gap region. At that region both mean axial velocity and the turbulent 

kinetic energy were found lower than the experimental work from Guellouz. As regards the 

last one, this was predicted k∗=0.001 as the experimental work showed k∗=0.012. On the 

other hand, good predictions were achieved for the dynamic characteristics of the turbulent 

flow in the narrow gap. 

The code was also able to predict, in very fair agreement, the wavelength, λ and the 

dimensionless convective velocity, Uc/Ub. Such values were compared to the experimental 

results released years ago by Guellouz [9], despite the Reynolds number difference. Among 

these three characteristics the worst case was the predicted convection velocity that was found 

Uc/Ub = 0.51 in our numerical simulation. 

As regards to experimental campaign velocity fluctuation time-traces in streamwise 

directions were acquired with hot-wire probes. Regardless the Reynolds number and the way 

that the data were gathered every time-trace presented quase-periodic flow. The fundamental 

frequency was found to increase with the bulk velocity increase. However, when the main 

frequency was made dimensionless, through the Strouhal number, this one was found to 

collapse in Strouhal 0.15. Such number is slightly lower that one predicted years ago by 

Guellouz and Tavoularis [9] in their experimental work under a Reynolds number 108000. 

Furthermore, this fact also showed us that the Reynolds number seems to produce a little 
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effect in the in the dynamic behavior of the turbulent flow. 
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