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Abstract: Heat transfer and turbulent flow characteristics between the ribbed plates have been numerically 

studied in the present paper. The ribs with the rectangular cross-section have been placed on the top and the 

bottom plates of the duct, symmetrically. It is assumed that the fluid at 300 K has entered the system while the 

walls kept at 400 K. All numerical analyses have been performed by k-ω Shear Stress Transport (SST) turbulence 

model for Re = 10000, 15000 and 20000. For the fixed rib width, the dimensionless height and the dimensionless 

spacing have been respectively varied as 0.1 ≤ h' ≤ 0.3 and 0.5 ≤ S' ≤ 1, and the results have been compared with 

the ones of the smooth plate. Even though there are twenty-seven cases obtained as a result of parametric 

combinations, the number of various cases has been reduced from twenty-seven to only nine different variations 

by applying the Taguchi method. Furthermore, the effects of all the considered parameters on the heat transfer and 

flow characteristics have been determined in terms of the influence degree. The optimum parameters for Nusselt 

number and pressure loss have been ascertained individually. What is more, the almost exact values for Nusselt 

number and pressure loss have also been attained by the confirmation test having an error percentage of 6%. The 

most dominant factor has been determined as the rib height due to its effect on both heat transfer and flow 

characteristics. Similarly, with respect to the numerical results, increasing the rib height, the rib spacing and 

Reynolds number has separately increased Nusselt number. Nevertheless, symmetrical flow structure has been 

disturbed as a result of ascending the rib height as clearly seen for h' = 0.3 from the charts. In the meantime, 

pressure loss has been augmented owing to the increment of the geometrical parameters and also Reynolds 

number. h' = 0.1 with S' = 0.5 at Re = 10000, h' = 0.2 with S' = 0.5 at Re = 15000 and h' = 0.1 with S' = 0.75 at Re 

= 15000 can be suggested for the heat transfer enhancement since the pressure loss of the system is tolerated. 

Keywords: CFD, heat transfer, Nusselt number, parallel plate, Reynolds number, rib, Taguchi approach, 

turbulent flow 

1. Introduction 

In general, various active and passive methods are 

used for the heat transfer enhancement. Energy is 
consumed for the active methods to increase the heat 
transfer. For example, in the smooth plates, heat transfer  
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Nomenclature   
CP Pressure coefficient U∞ Free-stream velocity/m·s-1 

DH Hydraulic diameter/m u Velocity component, streamwise velocity 
component/m·s-1

Dω Cross-diffusion term u* Friction velocity/m·s-1 
E Energy/J w Width, rib width/m 
f Friction factor w' Dimensionless rib width 
Gk Generation of turbulent kinetic energy Y Dissipation due to turbulence, resulting value

Gω Generation of dissipation rate y Distance to the nearest wall/m 
H Distance between the plates/m y+ Dimensionless wall distance 

h Height/m, rib height/m, heat transfer 
coefficient/W·m-2·k-1 Abbreviation 

h' Dimensionless rib height CFD Computational Fluid Dynamics 

k Thermal conductivity coefficient/W·m-1·k-1, 
turbulence kinetic energy/m2·s-2 N Noise 

L Length/m, numerical plan of the orthogonal 
array design method RANS Reynolds-Averaged Navier-Stokes 

L' Dimensionless length RNG Re-Normalization Group 
Nu Nusselt number RP Ribbed plate 
Nu0 Nusselt number of smooth plates SP Smooth plate 
P Pressure/Pa SST Shear Stress Transport 
ΔP Pressure loss/Pa Greek symbols 
ΔP0 Pressure loss of smooth plates/Pa Γ Effective diffusivity 
Pr Prandtl number η Signal/noise ratio/dB, thermal performance 
Re Reynolds number µ Dynamic viscosity/Pa·s 
S Rib spacing/m, user-defined source term, signal ν Kinematic viscosity/m2·s-1 
S' Dimensionless rib spacing ρ Density/kg·m-3 
T Temperature/K τij Turbulent stress tensor/Pa 
TKE Turbulence kinetic energy/m2·s-2 (τij)eff Effective stress tensor/Pa 
t Time/s ω Specific dissipation rate 

 
is augmented by increasing flow speed based on 
Reynolds number which needed additional energy supply 
[1–3]. However, it is possible to enhance the heat transfer 
by using the passive methods without needing any energy 
source. For this reason, passively applied methods are 
encountered in the literature more than other techniques.  

Convection heat transfer is augmented by using 
artificial surface elements inside the channels. This 
technique is applicable for various application fields such 
as heat exchangers, solar collectors, cooling parts of 
electronic devices, internal cooling passages of gas 
turbines. It is known that heat transfer is notably 
influenced in the regions of flow stagnation, separation 
and reattachment regions between the plates with the ribs. 
Mounting the ribs causing the flow separation is very 
effectual method for the heat transfer enhancement in the 
ducts. Thermal and hydrodynamic development lengths 
are disturbed by flow separation and rotational flow due 
to the ribs placed between the parallel plates. This is the 
step flow which is categorized into forward-facing step 

flow, cavity flow and backward-facing step flow. Each of 
these flows can be observed separately and there are also 
some circumstances where two or all of them can take 
place together for the considered problem. As in the 
present study, the forward flow-facing step flow, the 
cavity flow and the backward-facing step flow are clearly 
seen together for the flow past the ribs periodically 
placed on the plates.  

The studies including the smooth channel are very 
important for the analogy with the ribbed plates to 
understand the virtue of the heat transfer enhancement 
[4–8]. Experimental [9–11] and numerical studies [12,13] 
about the aforementioned case have been encountered in 
the literature. Different geometrical shapes for the ribs 
have been experimentally and/or numerically examined. 
It is observed that the rectangular cross-sectional ribs are 
particularly more common when compared with other 
geometrical shapes. The level of the heat transfer 
enhancement is affected by the rib arrangement 
depending on the situations. For instance, the effects of  
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the rectangular ribs on heat transfer characteristics have 
been taken into account in terms of the staggered 
arrangement [14–20]. In other respects, the rectangular 
ribs have also been scrutinized for the symmetrical 
arrangement [21–24]. For the comparison of different 
orientations, staggered and symmetrical arrangements 
have been considered together in the case of the 
rectangular ones [25–31]. When the studies are viewed in 
the literature, the triangular rib is the second common 
shape. Diversified arrangements such as staggered [32] 
and symmetrical arrangements [33,34] have also been 
encountered in the studies of the triangular 
cross-sectional ribs. What is more, the specific designs 
for the ribs have also been seen as in the past studies 
including convex-concave [19,35], semi-circular 
cross-sectional [32], sinusoidal [33], diamond-shaped 
[36,37], trapezoidal [38] ribs. It is observed that the ribs 
in the plates generally increase the pressure loss when 
compared to the smooth plates. For this reason, it is 
crucial to optimize the rib design and its arrangement to 
reduce the pressure loss while increasing the heat transfer 
for the maximum benefit. In line with this purpose, 
Taguchi method [39] is widely applied for the design of 
the analyses and the experiments in the engineering 
studies as encountered in the literature [40–46]. 

In the present paper, the contours of temperature, 
pressure and turbulence kinetic energy, Nusselt number 
and the pressure loss have been investigated in terms of 
different dimensionless rib heights, dimensionless rib 
spacing values and Reynolds numbers. Firstly, Taguchi 
approach has been used to reduce the total number of 
possible cases. After that, the effect of all considered 
factors on the performance with their degree of influence 
has been determined via both Taguchi method and 
Computational Fluid Dynamics.  

2. Methodology 

In this study, the effects of dimensionless rib heights, 
dimensionless rib spacing values and Reynolds numbers 
on Nusselt number (Nu = hDH/k) and pressure loss (ΔP = 
fLρU∞

2/2DH) have been mainly considered. The main aim 
of the present study is to find the optimal parameter set 
for the maximization of Nusselt number while the 
minimization of pressure loss by using Taguchi method.  

2.1 Numerical procedure via computational fluid 
dynamics  

There is a wide range of applications for 
Computational Fluid Dynamics (CFD) as a method used 
in fluid flow modeling. This technique is primarily 
utilized in the numerical modeling of the cases involving 
especially fluid mechanics, heat transfer and 
thermodynamic problems. The aim of CFD is to obtain 
the closest results to the real problem with the various 

equation systems embedded in the software. In this study, 
problem has been numerically analyzed via k-ω Shear 
Stress Transport (SST) turbulence model and then 
compared with the smooth plate. An example of the 
ribbed models has been shown in Fig. 1.   

 

 
 

Fig. 1  Two-dimensional schematic of a model for 9.5 ≤ L' ≤ 
18.5  

 

The duct height is H = 0.05 m for the system. All 
dimensions have been normalized with the height as done, 
L' = L/H = 20, for the length of the channel. Five ribs 
have been mounted after the point of L' = 10 that 
corresponds the fully developed flow region [47]. The rib 
width is given as w' = w/H =0.1 which has been kept 
constant in the numerical study. The height for the ribs 
varies from h' = h/H = 0.1 to 0.3 while the spacing 
between the ribs is from S' = S/H = 0.5 to 1. The models 
have been formed with respect to the aforementioned 
dimensions by considering the system capacity. 

Heat transfer and turbulent flow characteristics have 
been numerically researched for Reynolds numbers of Re 
= U∞DH/ν = 10000, 15000 and 20000. In the present 
study, U∞ is the free-stream velocity; the hydraulic 
diameter is expressed as DH = 2H [6] and ν is the 
kinematic viscosity. Thermophysical fluid properties 
have been taken as constant.  

After the flow volumes for different models drawn, 
the next step is to prepare the appropriate grid structure 
for the solution of the numerical analyses. The boundary 
conditions for the flow volume have also been defined in 
this section. The regions represented via the boundary 
conditions have been presented in Fig. 2. Uniform 
velocity inlet and pressure outlet have been defined at the 
inlet and the outlet of the duct, respectively. In the 
regions where the fluid contacts the parallel plates, wall 
boundary conditions have been used for the temperature 
of 400 K. In the case of the smooth plate, where no rib 
used, wall boundary condition is in use for the upper and 
lower plates. For the ribbed plate, the same boundary 
condition has been applied for all the surfaces including 
the ribs that the fluid contacted. The fluid has been 
assumed to enter the duct with the temperature of 300 K. 

 

 
 

Fig. 2  Boundary conditions 
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Grid structure is performed depending on many 
parameters. For this reason, the solution has to be 
independent of the grid structure. For this purpose, the 
correlation for the smooth parallel plate has been used for 
the comparison with the numerical result as given below 
[48]: 

0.5 0.80.021Nu Pr Re            (1) 
With this correlation for turbulent flow, Nusselt 

number has been attained as 84.19 for Re = 10000. Firstly, 
the results of the smooth plate have been compared with 
the result of the correlation at Re = 10000 by using 
different turbulence models. As an example, the result of 
the turbulence models has been presented in Table 1 for 
the grid number used in all analyses. The closest result to 
the correlation has been obtained via k-ω SST turbulence 
model. Even though the better results have been acquired 
via two types of k-ω turbulence models, k-ω SST 
turbulence model has been preferred to be used for all 
analyses since it presented the nearest result to the 
correlation. 

 
Table 1  Nusselt numbers obtained from different turbulence 
models at Re = 10000 

Turbulence model Nu 

k-ε Realizable 97.63 

k-ε Re-Normalization Group (RNG) 115.37 

k-ω Shear Stress Transport (SST) 86.43 

k-ω Standard 87.55 

 
In the numerical analyses, different Nusselt numbers 

have been found by using k-ω SST turbulence model 
depending on the grid numbers as indicated in Table 2. 
Although the results were very close to each other for all 
grid numbers, the optimum grid number has been 
obtained as 6.6×105. 

 
Table 2  Nusselt numbers attained for different grid numbers 
via k-ω SST turbulence model at Re = 10000 

Grid number Nu 

3×105 87.01 

4.3×105 86.46 

6.6×105 86.43 

8.6×105 86.52 

1.16×106 86.53 

 
The skewness (maximum value ≤ 0.95) and the 

orthogonal quality (minimum value ≥ 0.15) values have 
been obtained in the recommended intervals [49]. 
Thinner grid elements have been applied in the regions of 
the walls and the ribs to consider the boundary layer 
effect. Edge sizing for the grid structure has been 
performed and the total thickness inflation has been 

applied for the first ten layers. A meshed model has been 
presented in Fig. 3 with the detailed views. 

 

 
 

Fig. 3  The meshed model given as an example 
 
After determining the number of the grid structure and 

the appropriate turbulence model, all analyses have been 
performed with the solver of the software. The equations 
of the solver are very important in background. In the 
modeling of the turbulent flow, the continuity and the 
momentum equations have been solved. In the case of the 
turbulent flow, Reynolds-Averaged Navier-Stokes 
(RANS) equations are obtained with the time-averaged 
versions of these equations. For the incompressible flow 
condition, the continuity and the momentum equations 
have been given, respectively as [49]: 
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Here, ui and uj, are the velocity components through xi 
and xj Cartesian coordinates; p is the fluid pressure; ρ is 
the fluid density; ν is the kinematic viscosity and τij is the 
turbulent stress tensor. 

Energy equation, presented as below, is solved for the 
heat transfer problems [49]: 
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(4) 

In the equation, k is the thermal conductivity 
coefficient and E is the total energy. Also, (τij)eff is the 
effective stress tensor. Sh is the heat of chemical reaction, 
and any other volumetric heat sources defined.  

Additional terms are expressed as the turbulent 
stresses that have to be included in the solution process 
enabled by the turbulence model. In this study, firstly, 
four different turbulence models have been tested and 
k-ω SST turbulence model has been chosen as a result. 
The equations of the turbulence model have been given 
as [49]: 
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(6) 

In these equations, k is the turbulence kinetic energy 

and ω is the specific dissipation rate. Moreover, kG% 

stands for the generation of the turbulence kinetic energy 
owing to the average velocity gradients while Gω is the 
generation of the specific dissipation rate. The effective 
diffusivity values of k and ω are represented via Γk and 
Γω terms. Also, Yk and Yω are the dissipation of k and ω 
because of turbulence. The cross-diffusion term is given 
by Dω while Sk and Sω are the user-defined source terms. 

In the transient analyses, the time step has been taken 
as 0.0068 s and maximum twenty iterations per time step 
have been performed. The total number of the iterations 
changes with the required analysis duration depending on 
the residuals of the equations as 10−8, which is acceptable 
more precisely compared to the previous studies, for all 
analyses. As a result, the dimensionless wall distance has 
been found as y+ = u*y/ν ≅ 1 and matched with the criteria. 

2.2 Application of Taguchi method on the problem 

The combination of the parameters including different 
twenty-seven cases has been presented in Table 3. With 
respect to this case, the orthogonal array design method 
has been chosen for the determination numerical plan as 
L9 (33) depending on three parameters with three levels 
[50]. The total number of the numerical analyses has 
been reduced to only nine cases via the orthogonal array 
design method. Analysis of the influence of each 
parameter on heat transfer and flow characteristics has 
been performed by using MINITAB 17. 

 
Table 3  Parameters and their levels used in the present study 

Parameters 
Levels 

1 2 3 

A h' 0.1 0.2 0.3 

B S' 0.5 0.75 1 

C Re 10000 15000 20000 

 
The test is performed with respect to the numerical 

layout of Table 4 and the numerical results are converted 
to a Signal/Noise (η = S/N) ratio. S and N in the S/N ratio 
are explained as the signal and the noise factors, 
respectively. The S/N ratios are very crucial for the 
determination of which parameters used in the analyses 
are more dominant over the performance characteristics. 
The signal factors are the controllable parameters in the 
study and these parameters and their levels are eligible. 
On the other hand, the noise factors are defined as the 

external factors or uncontrollable ones influencing the 
results.  

 
Table 4  Numerical layout 

Run 
Parameters 

A B C 

1 1 1 1 

2 1 2 2 

3 1 3 3 

4 2 1 2 

5 2 2 3 

6 2 3 1 

7 3 1 3 

8 3 2 1 

9 3 3 2 

 
There are various options for S/N ratios based on the 

main objective of the result such as “smaller is better”, 
“nominal is best” or “larger is better” [38]. Since the aim 
of the present study is the maximization of Nusselt 
Number and the minimization of pressure loss, “larger is 
better” and “smaller is better” have been chosen, 
respectively. The equations used in the calculation of S/N 
ratios with respect to “smaller is better” and “larger is 
better” have been given, respectively as [38]: 
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here Y stands for the resulting value for the analyses [38]. 
In this approach, the aim is to maximize the S/N ratio 

which indicates the optimum value for the analyses. By 
increasing the numerator and decreasing the denominator 
of this ratio, the maximization is provided. This ratio is 
increased by controlling the parameters which 
corresponds to increasing signal factors; in the meantime, 
it is done by reducing the influence of noise factors on 
the considered characteristics [38]. 

3. Results and Discussion 

Heat transfer and turbulent flow characteristics 
between the parallel plates have been presented as a 
result of the numerical analyses via k-ω SST turbulence 
model. The comparison of the smooth and the ribbed 
plates have been done for Reynolds numbers of 10000, 
15000 and 20000 by considering the effect of the rib 
height values and the distance between the ribs. Although 
the twenty-seven numerical analyses should have been 
performed, the number of the numerical analyses has 
been decreased to only nine runs by applying Taguchi 
approach. The numerical layout and the results have been 
given in Table 5 after using the L9 orthogonal array. Here,  
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Table 5  Numerical layout and results using a L9 orthogonal array 

Run h' S' Re Nu/Nu0 ηNu /dB ΔP/ΔP0 ηΔP /dB 

1 0.1 0.5 10000 1.189 1.504 1.491 −3.47 

2 0.1 0.75 15000 1.189 1.504 1.936 −5.738 

3 0.1 1 20000 1.208 1.641 2.387 −7.557 

4 0.2 0.5 15000 1.370 2.734 3.944 −11.919 

5 0.2 0.75 20000 1.373 2.753 5.451 −14.73 

6 0.2 1 10000 1.488 3.452 5.202 −14.323 

7 0.3 0.5 20000 1.642 4.307 15.324 −23.707 

8 0.3 0.75 10000 1.845 5.32 15.764 −23.953 

9 0.3 1 15000 1.809 5.149 23.231 −27.321 

 
Nusselt numbers and pressure loss values have been 
normalized with the values of the smooth plates to 
consider the rib effect on the heat transfer and flow 
characteristics as Nu/Nu0 and ΔP/ΔP0. Furthermore, 
Signal/Noise ratios have been presented as ηNu and ηΔP for 
Nusselt numbers and pressure losses, respectively. Since 
“larger is better” has been applied for Nusselt number, 
the η = S/N ratios have increased with the increasing 
Nusselt numbers. On the other hand, the η = S/N ratios 
for pressure losses have reduced with the increasing 
pressure losses due to “smaller is better” option. For this 
reason, all η values for pressure loss have been attained 
with the negative signs. In the case of Taguchi method, 
the highest value for S/N ratio is always preferable under 
no circumstances. 

The main effects plots for Nusselt number and 
pressure loss have been indicated in Fig. 4 for the mean 
values of S/N ratios. The influence of all parameters on 
Nusselt number and pressure loss has been shown. As 
can be seen from Fig. 4, the effect of the rib height on 
both responses is more dominant when compared to the 
other parameters. The highest values of S/N ratios for 
Nusselt number and pressure loss have been obtained via 
h' = 0.3 and h' = 0.1, respectively. When the rib height 
has been increased, Nusselt number and the pressure loss 
have also been increased. It is also seen that the rib 
height has much influenced the pressure loss than Nusselt 
number according to Table 6. However, Reynolds 
number and the distance between the ribs have less effect 
on the performance. Second effective parameter on the 
heat transfer and flow characteristics is the rib spacing as 
observed from Table 6. The rib spacing has less effect on 
Nusselt number when compared to the pressure loss. For 
the distance between the ribs, there is a proportional 
change with Nusselt number and pressure loss. While 
Reynolds number has been increased, there is decrease 
for Nusselt number and increase for pressure loss. In 
common with the other factors, Reynolds number has 
much affected the pressure loss than Nusselt number. As 
interpreted from Table 6, the optimum levels have been 

obtained for both Nusselt number and pressure loss. With 
respect to these results, the optimal cases have been 
determined as A3B3C1 for Nusselt number and A1B1C1 
for pressure loss. 

In Fig. 5, the interaction plots for Nusselt number and 
pressure loss have been separately given in terms of η 
ratios. In these plots, the comparisons have been done 
two by two for all cases. In the case of Nusselt number, 
there are graphs for the consideration. When the rib 
heights and Reynolds numbers have been considered 
together, higher S/N ratios have been obtained for h' = 0.3 
according to the graph. However, the maximum value has 
been observed for the combination of the maximum rib 
height and minimum Reynolds number. The comparison 

 

 
 

Fig. 4  Main effects plots for Nusselt number and pressure loss 
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Table 6  The response values for Nusselt number and pressure loss 

Control parameters 
Average Signal/Noise ratios for Nusselt number/dB 

Level 1 Level 2 Level 3 

A Dimensionless rib height 1.55 2.98 4.925* 

B Dimensionless rib spacing 2.849 3.192 3.414* 

C Reynolds number 3.425* 3.129 2.901 

*Optimum level 

Control parameters 
Average Signal/Noise ratios for pressure loss/dB 

Level 1 Level 2 Level 3 

A Dimensionless rib height −5.588* −13.657 −24.994 

B Dimensionless rib spacing −13.302* −14.807 −16.401 

C Reynolds number −13.915* −14.993 −15.331 

*Optimum level 
 

 
 

Fig. 5  Interaction plots for Nusselt number and pressure loss 
 

of the rib height and the rib spacing has also been done; 
there is approximate proportionality between the 
parameters and the maximum value has been seen for the 

case of h' = 0.3 and S' = 0.75. While Reynolds number 
and the rib spacing have been considered for the analogy 
in terms of the η ratios, the maximum value has been 
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attained for Re = 10000 and S' = 0.75 as interpreted from 
the plot. As can be seen from the interaction plot for 
pressure loss, the η ratios in the plot of the rib height and 
Reynolds number tend to decrease for increasing rib 
heights and the maximum value has been observed for 
the lowest value of Reynolds number. When the 
comparison of the rib height and the rib spacing has been 
considered, higher S/N ratios have been obtained for h' = 
0.1 and the maximum value has been obtained for S' = 0.5. 
When Reynolds number and the rib spacing have been 
compared in terms of the η ratios, the maximum value 
belongs to the case of Re = 10000 and S' = 0.5 as seen. 

Time-averaged temperature contours have been given 
in Figs. 6, 7 and 8 for Re = 10000, 15000 and 20000, 
respectively. With respect to these contours, temperature 

fluctuations in the smooth plate can be observed only in 
the regions close to the wall. In this case, the only factor 
that increases the heat transfer is the increment of the 
Reynolds number as expected. In particular, the heat 
transfer coefficient is increased by increasing the flow 
velocity. For this reason, the ribs are used to increase heat 
transfer by convection. This leads to the deterioration of 
the hydrodynamic and thermal boundary layer 
thicknesses, especially in the region between the ribs. 
Thus, sudden changes in temperature values have been 
observed. As can be seen from these sudden temperature 
changes, an increase in convective heat transfer has been 
achieved compared to the smooth plates. However, the 
temperature change is less for the lowest rib height h' = 
0.1 as observed. In other words, the flow separation 

 

 
 

Fig. 6  Time-averaged temperature contours for smooth plates, h' = 0.1 with S' = 0.5, h' = 0.3 with S' = 0.75 and h' = 0.2 with S' = 1 
at Re = 10000 

 

 
 

Fig. 7  Time-averaged temperature contours for smooth plates, h' = 0.2 with S' = 0.5, h' = 0.1 with S' = 0.75 and h' = 0.3 with S' = 1 
at Re = 15000 
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Fig. 8  Time-averaged temperature contours for smooth plates, h' = 0.3 with S' = 0.5, h' = 0.2 with S' = 0.75 and h' = 0.1 with S' = 1 
at Re = 20000 

 
begins to become more effective as the channel height 
decreases regionally with the increase of the rib height. 
In this case, the local temperature change has been 
attained. With the narrowing of the cross-sectional area, 
the fluid temperature also has increased along the center 
line of the duct. What is more, by increasing the rib 
height, an increase in heat transfer has been provided in 
the upstream region of the first rib. Moreover, as the 
surface area of the heat transfer is widened by increasing 
the rib height, the local heat transfer enhancement has 
been seen. When the distance between the ribs has been 
enlarged, the heat transfer has also been augmented since 
flow can enter to the region between the ribs. This is 
because the distance between the ribs can affect the 
contact area for the flow reattachment to the surface. The 
augmentation of heat transfer also depends on the 
increment of Reynolds number, and it is known that this 
changes the flow characteristics. In particular, the 
turbulence intensity has been increased in this way, 
resulting in better mixing of the flow and an increase in 
the heat transfer coefficient has been provided. 

Time-averaged pressure contours have been presented 
by Figs. 9, 10 and 11 at Re = 10000, 15000 and 20000, 
respectively. Based on the given results, the pressure loss 
in the smooth plates for all Reynolds numbers is the 
lowest compared to the other models as expected. The 
pressure in the smooth plate gradually decreases along 
the channel. With the increase in Reynolds number, 
pressure loss has been increased. Furthermore, the rib 
orientation also causes pressure loss as observed with the 
pressure contours. In any case where the distance 
between the ribs and Reynolds number are kept constant, 
an increase for pressure drop has been seen depending on 
the rib height. In particular, by increasing the rib height 

from h' = 0.2 to h' = 0.3, a rapid climbing occurred for 
the pressure drop values. However, when increasing the 
rib height value from h' = 0.1 to h' = 0.2, the resulting 
increase in pressure drop values has been determined to 
be less. Similarly, when the rib height and Reynolds 
number value are considered as constant for the checking 
test, the relative pressure drop has been found to be less 
than S' = 0.5 and S = 1 in cases where the distance 
between the ribs for the models at Re = 10000. 
Nevertheless, this conclusion is not valid in some cases 
with the Reynolds numbers of 15000 and 20000. The 
region in which the sudden drop in pressure observed is 
generally the wakes of the first ribs. Due to the increase 
in Reynolds number and the distance between the ribs, it 
is observed that in some cases this region has shifted to 
the wake regions of the last ribs. However, when the 
upstream and the downstream regions of the first ribs are 
considered, the sudden pressure losses between these two 
zones have increased with the increment of the rib height. 
The reasons for this situation are the sharp narrowing of 
the cross-sectional area and the increment in the resulting 
velocity. On the other hand, after the wake regions of the 
first ribs where sudden pressure losses sighted, the 
pressure values have begun to return to the average ones 
from the second ribs and the flow recovery has been 
observed. This recovery has taken place earlier for S' = 
0.5, which is the narrowest distance between the ribs and 
its effect has been seen until the outlet. In other cases, the 
pressure drop has been seen again after the last rib.  

Kinetic energy is a valid definition for the average 
flow conditions. While obtaining the kinetic energy of 
the turbulent flow field, turbulence kinetic energy (TKE) 
is used and this term is directly related to the turbulence 
density of the flow conditions. Time-averaged contours 
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of turbulence kinetic energy have been shown in Fig. 12 
for Re = 10000, Fig. 13 for Re = 150000 and also Fig. 14 
for Re = 20000. For the smooth plate, the maximum 
values on the scale have been attained in the regions 
close to the wall where the boundary layer was effective, 
although there was not any flow disruption or increment 
of the turbulence density. Nevertheless, these values are 
quite lower compared to the cases where the ribs are used. 
The minimum values have been influenced by the core 
flow in the center line of the channel. In the cases where 
the effects of the ribs are investigated, different 
conditions can be observed depending on the rib height, 
the distance between the ribs and Reynolds number. With 
the effect of turbulence caused by flow separation, the 

highest values have been generally obtained in the wake 
regions of the first ribs. However, since the short-term 
periodic flow has been provided by the ribbed regions of 
the plates, the effect of maximum turbulence density after 
the first ribs has decreased by passing the rest of the ribs. 
This effect, which showed a decreasing trend, has been 
eliminated in a shorter time with the increase of the rib 
height. Then, the core flow in the center line was affected. 
In addition to this situation, as a result of the jet flow 
effect by increasing the rib height, the non-symmetrical 
flow structure has been formed after the last ribs. Since 
the growth of Reynolds number in the present study is 
due to the increase of the flow velocity, the values of the 
turbulence kinetic energy have also shown increase. 

 

 
 

Fig. 9  Time-averaged pressure contours for smooth plates, h' = 0.1 with S' = 0.5, h' = 0.3 with S' = 0.75 and h' = 0.2 with S' = 1 at 
Re = 10000 

 

 
 

Fig. 10  Time-averaged pressure contours for smooth plates, h' = 0.2 with S' = 0.5, h' = 0.1 with S' = 0.75 and h' = 0.3 with S' = 1 at 
Re = 15000 
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Fig. 11  Time-averaged pressure contours for smooth plates, h' = 0.3 with S' = 0.5, h' = 0.2 with S' = 0.75 and h' = 0.1 with S' = 1 at 
Re = 20000 

 

 
 

Fig. 12  Time-averaged contours of turbulence kinetic energy for smooth plates, h' = 0.1 with S' = 0.5, h' = 0.3 with S' = 0.75 and h' 
= 0.2 with S' = 1 at Re = 10000 

 
In general, however, similarity has been observed in 
terms of flow patterns. The turbulence kinetic energy 
values have also been ascended as a result of the increase 
of the distance between the ribs, but in general there is 
not much difference observed. 

Nusselt numbers of the ribbed plates have been 
normalized with the ones of the smooth plates and also 
these values have been compared with the results of 
similar studies in terms of the parameters used in the 
present study. In these studies, the authors have 
investigated the similar rib designs having various 
geometrical parameters for different Reynolds numbers. 
The comparison of Nusselt numbers has been indicated 
in Table 7. 

As a result of the numerical study, Nusselt numbers 
have also been given for both ribbed and smooth plates in 
the same charts. These graphics of Nusselt numbers have 
been separately presented in Figs. 15–17, for the top and 
the bottom plates. In these charts, Nusselt numbers of the 
smooth plates have also been indicated to observe the rib 
effect on heat transfer characteristics. The ribbed plates 
have been symbolized by “RP”, also “SP” has been used 
instead of the smooth ones. Nusselt numbers have been 
given for the whole length of the channel as L' = 20. The 
ribbed region of the plates is 10 ≤ L' ≤ 12.5 for the rib 
spacing of S' = 0.5, 10 ≤ L' ≤ 13.5 for S' = 0.75 and 10 ≤ 
L' ≤ 14.5 for S' = 1. Heat transfer has been augmented by 
placing the ribs on the plates since Nusselt number has 
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Fig. 13  Time-averaged contours of turbulence kinetic energy for smooth plates, h' = 0.2 with S' = 0.5, h' = 0.1 with S' = 0.75 and h' 
= 0.3 with S' = 1 at Re = 15000 

 

 
 

Fig. 14  Time-averaged contours of turbulence kinetic energy for smooth plates, h' = 0.3 with S' = 0.5, h' = 0.2 with S' = 0.75 and h' 
= 0.1 with S' = 1 at Re = 20000 

 

Table 7  The comparison of Nusselt numbers 

 h' S' w' S'/h' S'/w' Re Nu/Nu0 

Han [51] 
    10 

10000 
30000 

1.25 
1.2 

    20 
10000 
30000 

1.2 
1.15 

Present study     10 
10000 
20000 

1.488 
1.208 

Lorenz et al. [52] 1/3 2/3 2/3   12000 1.52 

Present study 0.3 0.5 0.1   10000 1.642 

Watanabe and Takahashi [53] 0.15   10  117000 2.48 

Present study 0.3   2.5  10000 1.845 

 

been increased. The level of the heat transfer 
enhancement has varied based on the rib height and the 
spacing between the ribs. Since the rib height has been 

increased, Nusselt number has also ascended, but better 
enhancement has been provided when the rib height 
increased from h' = 0.2 to h' = 0.3. What is more, the 
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increase of Nusselt number owing to ascending rib height 
has been more obviously seen at Re = 10000.  Therefore, 
the rib height interval as 0.2 ≤ h' ≤ 0.3 could be 
recommended at lower Reynolds numbers for the 
maximum benefit. Nusselt number has been increased by 
increasing the spacing between the successive ribs; 
however, this enhancement was weaker when compared 
to the increase due to ascending the rib height. If it is 
required to give an optimal interval for the rib spacing, 
the interval of 0.5 ≤ S' ≤ 0.75 for Re = 10000 is very 
dominant over the others. According to the results, the 
best enhancement for Nusselt number has been provided 
via the case including the maximum rib height and 
spacing between the ribs as well as the minimum 
Reynolds number in the present study. The worst 
performance among the considered cases has been 
observed for the minimum rib height and rib spacing as 
well as the maximum Reynolds number. Since there is 
not any obstacle that disturbs the flow structure before 
the ribbed region, the same condition with the smooth 
plate is more effective. As can be seen from all graphics, 
the distributions of Nusselt numbers before the ribbed 
section are overlapped for the cases with the ribbed and 
the smooth plates. However, there is a decrease for the 
coefficients in the region of 9 ≤ L' ≤ 10 due to flow 

approaching to the ribbed section. When Reynolds 
number has been increased, the point that Nusselt 
number starts to reduce has come close to the inlet of the 
parallel plate channel. There is vaulting for the value of 
Nusselt number around the first rib. However, the 
vaulting in the coefficients in the vicinity of the first one 
is weaker than the other ribs. From the first rib to the last 
rib, the maximum point that achieved by any rib exceeds 
the point of the previous one. There is local decrease 
observed for Nusselt numbers between the successive 
ribs. The local increases for Nusselt number have boosted 
the mean values of the system and as a result, the heat 
transfer has been enhanced in this way. In the wake 
regions of the last rib, the sudden drop for Nusselt 
number has been obtained and then these values 
reincreased for a last time. From the last rib to the outlet 
of the duct, the flow recovery has begun and the values 
have approached to those of the smooth plates. The 
recovery for Nusselt numbers was very late depending on 
the increase for the rib height, the rib spacing and 
Reynolds number. Increasing the rib height, the rib 
spacing and Reynolds number has separately increased 
Nusselt number. However, symmetrical flow structure 
has been and this situation has been clearly seen in the 
case of h' = 0.3 as a result. 

 

 
 

Fig. 15  Nusselt numbers along the top and the bottom plates for the ribbed and the smooth plates in terms of h' = 0.1 
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Fig. 16  Nusselt numbers along the top and the bottom plates for the ribbed and the smooth plates in terms of h' = 0.2 
 

 
 

Fig. 17  Nusselt numbers along the top and the bottom plates for the ribbed and the smooth plates in terms of h' = 0.3 
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Pressure coefficients (CP = 2ΔPρ−1U∞
−2) obtained via 

the numerical analyses have been compared for both 
ribbed and smooth plates. These graphics including the 
pressure coefficients have been individually given in Figs. 
18–20 for the top and the bottom plates. In the 
aforementioned graphics, the pressure coefficients of the 
smooth plates have also been presented to understand the 
rib effect on the values. The ribbed plates have been 
represented by “RP” while “SP” stands for the smooth 
ones. The distribution graphics of the pressure 
coefficients have been given for the whole length of the 
channel as L' = 20. The ribbed region of the plates is 10 ≤ 
L' ≤ 12.5 for the rib spacing of S' = 0.5, 10 ≤ L' ≤ 13.5 for 
S' = 0.75 and 10 ≤ L' ≤ 14.5 for S' = 1. Even though there 
is not any obstacle before the ribs, the values at the inlet 
region of the ribbed plates are different from the values 
belonging to the smooth ones according to the charts in 
Figs. 18–20. The inlet values for the pressure coefficients 
represent the maximum points in the graphics in terms of 
the considered cases. There is a decrease in the values of 
the pressure coefficient from the inlet to the outlet of the 
duct. For this reason, pressure loss between the inlet and 
the outlet has been observed. When the ribbed and the 
smooth plates have been examined, the pressure loss for 
the interval of 0 ≤ L' ≤ 9 has been obtained as nearly the 

same as for both cases. However, there is an increase for 
the values in the section of 9 ≤ L' ≤ 10 since flow 
approaches to the ribbed region. After this circumstance, 
local pressure coefficients have sharply dropped under 
the thumb of the first ribs. The decrease for the values 
owing to the first rib is very much when compared to the 
other ribs and the minimum point in the case of the 
considered condition has been attained with this aspect. 
This is because of the decreasing flow cross-sectional 
that flow speed suddenly increases. Pressure coefficients 
have shown an increase after the second ribs and even the 
coefficient has tended to exceed the limit value of the 
smooth plates as a result of increasing the rib spacing. 
After the second ribs, the pressure coefficients have 
begun to reduce as seen from the charts. This decrease of 
the values has been observed until the last ribs. Then 
reincrease for the values were obtained and the recovery 
in the pressure coefficients to the smooth plate conditions 
has been attained. This recovery situation for the pressure 
coefficients was very late depending on the increase for 
the rib height, the rib spacing and Reynolds number. 
Nevertheless, the additive effect on the pressure 
coefficient is related with the rib height when analogized 
with the other parameters. Reynolds number and the rib 
spacing are relatively ineffective for this reason. 

 

 
 

Fig. 18  Pressure coefficients along the top and the bottom plates for the ribbed and the smooth plates in terms of h' = 0.1 
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Fig. 19  Pressure coefficients along the top and the bottom plates for the ribbed and the smooth plates in terms of h' = 0.2 
 

 
 

Fig. 20  Pressure coefficients along the top and the bottom plates for the ribbed and the smooth plates in terms of h' = 0.3 
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Thermal performance values (η) of the ribbed plates 
have been calculated and compared with Reynolds 
numbers in Fig. 21. Here, η = (Nu/Nu0)(f/f0)

−1/3 is 
obtained and represents the optimum value with respect 
to the heat transfer enhancement and pressure loss. For 
the thermal performance values are η ≥ 1, the ribbed 
model can be recommended for the heat transfer 
enhancement since the pressure loss of the system is 
tolerated. In respect to Fig. 21, h' = 0.1 with S' = 0.5 at 
Re = 10000, h' = 0.2 with S' = 0.5 at Re = 15000 and h' = 
0.1 with S' = 0.75 at Re = 15000 are the potential models 
of the ribbed plates for the suggestion in the heat transfer 
enhancement. 

In Table 8, the confirmation results done via Taguchi 
method have been presented. With respect to these results, 
the value prediction has been completed by using the 
optimal parameters stated in Fig. 4 and Table 6. The 
predicted values for both Nusselt number and pressure 
loss have been confirmed by the numerical analyses 
performed. The error in the prediction is much for the 
pressure loss while Nusselt number has been almost 
exactly predicted. 

 

 
 

Fig. 21  Variation of thermal performance values with 
Reynolds numbers for all ribbed channels 

 
Table 8  The confirmation results for Nusselt number and 
pressure loss 

  
Optimal parameters 

Analysis Prediction

Level A1B1C1 A3B3C1 A3B3C1 

Nusselt number (Nu/Nu0) 1.189 1.881 1.874 

S/N ratio/dB 1.504 5.501 5.461 

  
Optimal parameters 

Analysis Prediction

Level A1B1C1 A1B1C1 A1B1C1 

Pressure loss (ΔP/ΔP0) 1.491 1.491 1.401 

S/N ratio/dB −3.47 −3.47 −3.043 

4. Conclusions 

In the present paper, heat transfer and turbulent flow 
characteristics between the parallel plates have been 
numerically investigated by considering the influence of 
the rectangular ribs. The effects of the rib heights, the rib 
spacing values and Reynolds numbers on the heat 
transfer and flow characteristics have been obtained via 
Taguchi approach. The concluding remarks have been 
given as: 

 Although twenty-seven numerical analyses in total 
should have been performed with respect to the 
parametric combinations, the number of various 
cases has been decreased from twenty-seven to only 
nine different variations via Taguchi approach. 

 The optimal parameters have been separately 
determined in terms of Nusselt number and pressure 
loss. In the case of Nusselt number, A3B3C1 has 
been obtained as the optimum situation as a result of 
the method. On the other hand, A1B1C1, which is 
the optimum case, has been attained for the pressure 
loss. 

 The confirmation test has given almost exact values 
for Nusselt number and the value for pressure loss 
has also been attained with an error percentage of 
6%. 

 The most dominant factor over the heat transfer and 
the flow characteristics has been found as the rib 
height in the present study. However, the rib height 
has much affected the pressure loss than Nusselt 
number. 

 As the surface area of the heat transfer is widened 
and flow fluctuations have been escalated by 
increasing the rib height, the local heat transfer 
enhancement has been seen. When the spacing 
between the ribs has been enlarged, the heat transfer 
has also been augmented since flow can enter to the 
region between the ribs. 

 When the upstream and the downstream regions of 
the first ribs are considered, the sudden pressure 
losses between these two zones have been observed 
owing to the increment of the rib height. 

 With the effect of turbulence caused by flow 
separation, the highest values of turbulence kinetic 
energy have been generally obtained in the wake 
regions of the first ribs. 

 Increasing the rib height, the rib spacing and 
Reynolds number has separately increased Nusselt 
number. However, symmetrical flow structure has 
been disturbed by the increase of the rib height as 
clearly seen for h' = 0.3 from the charts.  

 In the meantime, pressure loss has been augmented 
due to increasing the rib height, the rib spacing and 
Reynolds number. 
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 For the recommendation, h' = 0.1 with S' = 0.5 at Re 
= 10000, h' = 0.2 with S' = 0.5 at Re = 15000 and h' 
= 0.1 with S' = 0.75 at Re = 15000 are the potential 
ribbed plates for the heat transfer enhancement due 
to acceptable thermal performance values. 
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