
Heat transfer enhancement via passive methods is 
accepted as a popular subject in the engineering 

disciplines since it draws interests for the power expen-
diture reduction of the system while improving ther-
mal performance. For instance, mechanism in ribbed 
channels is a challenging issue for the development of 
high-performance cooling or heating units requiring 
less cooling working fluid (Sundén, 2011). However, the 
working fluid having lower thermal diffusivity is a po-
tential restrictive component for the thermal system in 
some cases as also pointed out by Kashyap et al. (2018). 
Therefore, the main goal is to increase the amount of 
convective heat transfer via various techniques depen-
ding on the conditions. It is possible to emphasize that 
all passive techniques are almost based on the extensi-
on of wetted surface area by mounting artificial surfa-
ce elements or the interruption of both hydrodynamic 
and thermal boundary layers by escalating the flow 
mixing. What is more, the interruption of these layers 
makes compactness higher in the duct (Yang and Chen, 

2015). On that note, a rib is not only preferred as an ar-
tificial surface element for heat transfer enhancement 
but also it is used to boost the turbulence intensity for 
the increment of the thermal performance in the ducts. 
As stated by Alfarawi et al. (2017), passive heat transfer 
enhancement method is fundamentally applied for the 
disruption of the profiles near to the plates as well as 
the production of recirculation regions in the vicinity of 
the artificial surface elements. Furthermore, it is known 
that the vortices tend to follow swirling paths provoking 
the fluid displacement between the core zones and the 
plates (Tiggelbeck et al., 1993). Thus, the amount of con-
vection heat transfer is enhanced by dispatching more 
fresh fluid towards the plates with respect to the study 
done by Abdollahi and Shams (2015). These aforemen-
tioned situations cause the increment of the local heat 
transfer coefficient. The rectangular cross-sectional 
ribs have been placed on the plates in this study for this 
reason. Although various kinds of vortex generators are 
encountered in the previous works studies done by Ki-
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In terms of multifarious technical applications, various kinds of passive methods are pre-
ferred to the active techniques when it comes to increase the amount of convection heat 

transfer via less energy consumption. As a vortex generator within the scope of the passive 
method, rib is usually employed to induce the heat transfer enhancement. In this study, the 
rectangular cross-sectional ribs have been placed to increase the amount of the heat transfer 
for the staggered arrangement between the horizontal parallel plates. Numerical simulations 
have been conducted by using k-ω  SST turbulence model at Re = 10000. The rib effect has 

been comparatively investigated in case of thermal and hydraulic performance presented via 
the numerical results. Time-averaged results for temperature, pressure, streamwise velocity 
component and streamline patterns have been presented in terms of contour graphics. Fur-
thermore, heat transfer enhancement by using the ribs has been given depending on the in-
crement ratio of Nusselt numbers. Including friction losses due to the ribs mounted on the 
plates, the values of thermal performance factor for all ducts have been calculated. According 
to these results for heat transfer augmentation at Re = 10000, h' = 0.1 with S' = 0.5 having η  
= 1.049 and h' = 0.1 with S' = 0.75 having η  = 1.019 have been recommended rather than 
the smooth duct.
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plates of the horizontal duct for the staggered arrange-
ment. Heat transfer augmentation due to the ribs has 
been examined for two dimensional analyses by emp-
loying k-ω SST model. One of the ribbed channels was 
indicated in Fig. 1 as an example.  

The distance between the plates, H, is taken as 0.05 
m. All dimensions in the study have been given in the 
non-dimensional form, L' = L/H = 20, as dividing by the 
channel height for its length. The constant rib width is w' 
= w/H = 0.1 as shown. The range for the rib height values 
is 0.1 ≤ h' = h/H ≤ 0.3 while the spacing between two suc-
cessive ribs is from S' = S/H = 0.5 to 1. What is more, a rib 
of any wall has been centered in compliance with the ones 
on the opposite wall. The ribs were placed after L' = 10 
for the effect of fully developed flow (Cengel and Cimbala, 
2006). Ten different models have been used by taking the 
aforementioned dimensions into consideration.

Thermal and hydraulic characteristics of the paral-
lel plates have been discussed at Re = U∞DH / ν = 10000 
for constant thermophysical properties. Computational 
Fluid Dynamics (CFD) is widely used for the engineering 
applications including problems of fluid mechanics, heat 
transfer and thermodynamics.

The flow domains for ten models have been utili-
zed for the numerical analyses. For the following pace, 
the proper grid system is constituted by considering 
the reference parameters. The boundary conditions for 
the flow field have been defined as represented in Fig. 2. 
Uniform velocity inlet for the fluid at 300 K and pressu-
re outlet were determined. No-slip boundary condition 
has been defined for the plates which are kept at 400 K 
as can be seen.    

Generation of the grid structure depends on vari-
ous components and parameters. Accordingly, a corre-

licaslan and Sarac (1998), Sripattanapipat and Promvonge 
(2009), Manca et al. (2011), Wongcharee et al. (2011), Ah-
med et al. (2013) and Aslan et al. (2016) on the augmentati-
on of heat transfer, the rib having the rectangular shape is 
one of the most frequently used elements in terms of heat 
transfer augmentation. As the rib design is crucial for the 
level of heat transfer enhancement, also its orientations 
and arrangements affect the thermal performance for the 
considered problem. Another supportive study prepared by 
Moon et al. (2014) reaches a conclusion over the improve-
ment of thermal performance via the ribs. What is more, it 
has been explained with the influence of the rib shape and 
its arrangement on the separation bubble and the fluctua-
tions triggering the turbulent kinetic energy. If it is briefly 
stated, staggered arrangement has been found useful to 
place the rectangular ribs on the horizontal plates. It does 
not matter that cooling or heating is aspired in the ducts 
where the working fluid is used, the staggered baffles are 
placed to improve the efficiency of thermal process as simi-
lar approach proposed by Kaewkohkiat et al. (2017). Stagge-
red rib configuration is applicable for the thermal systems 
needing periodical flow conditions as in the leading study 
discussed by Patankar et al. (1977). Consecutive studies for 
the staggered arrangement of the rectangular ribs have been 
done about convective heat transfer (Webb and Ramadhya-
ni, 1985, Mayle, 1991, Liu and Wang, 2011, Wongcharee et 
al., 2011, Desrues et al., 2012, Xie et al., 2013, Marocco and 
Franco, 2017). In comparison studies done by Promvonge 
and Thianpong (2008), Skullong et al. (2015), Vanaki and 
Mohammed (2015), Yang et al. (2017); the staggered and 
symmetrical formations have been given together for the 
same rib design.

Different channels having both various rib heights 
and rib spacings have been considered for the comparison 
at Re = 10000. The contour graphics of heat transfer and 
flow characteristics were occasionally encountered in the 
past studies. For this reason, the graphics for temperature 
(T) contours, pressure (P) distributions, streamwise velo-
city components (u) and streamline patterns (Ψ) have been
presented for understanding the problem. The aim of the
study is to obtain the ducts having acceptable thermal per-
formance factor values by taking Nusselt numbers and pres-
sure coefficients into account depending on the graphics for 
thermal and hydraulic characteristics.

COMPUTATIONAL STUDY
The rectangular ribs have been mounted on the opposite 

Figure 1. The schematic of the duct with the staggered ribs

Figure 2. Boundary conditions 
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lation of Eq. 1 has been utilized for the result validation 
in the smooth duct (Matsubara et al., 2016). Therefore, 
the numerical solution has to have no dependence of the 
grid system.

0.5 0.80.021Nu Pr Re= (1)

Nusselt numbers have been obtained by employing k-ω 
SST turbulence model as shown in Table 2 for the nume-
rical analyses with different grid numbers (Goktepeli et al., 
2020). Although the numerical results were approximate 
for the considered grid numbers, the nearest result has been 
provided by using 6.6 x 105 elements based on that of the 
correlation.

The values for mesh quality are agreeable with the ones 
of the proposed ranges (Anonymous, 2009). Thinner grid 
elements have been intensified in the vicinity of the ribbed 
section to consider boundary layer. Total thickness inflation 
for the first ten layers and edge sizing has been implemented. 
A meshed flow domain including the detailed views of Fig. 3 
was presented.

Once both appropriate grid structure and turbulence 
model were ascertained, all of the numerical simulations 
were conducted based on the results of the independence 
studies. Continuity and momentum equations have been 
solved. Reynolds-Averaged Navier-Stokes (RANS) equa-
tions are attained with the time-averaged versions of the 
aforementioned equations. For the incompressible flow, 
the continuity and the momentum equations were seen 
in Eqs. (2) and (3), respectively (Anonymous, 2009):

0i

i

u
x
∂

=
∂

(2)

( ) 1i j iji i

j i j j j

u uu p u
t x x x x x

τ
ν

ρ
∂  ∂∂ ∂ ∂ ∂

+ = − − +   ∂ ∂ ∂ ∂ ∂ ∂ 
   (3)

Energy equation, also in Eq. (4), is solved for heat trans-
fer cases (Anonymous, 2009):

( ) ( ) ( )Pr
p t

i i ij heff
i j t j

C TE u E p k u S
t x x x

µ
ρ ρ τ

  ∂ ∂ ∂ ∂
 + + = + + +   ∂ ∂ ∂ ∂   

   (4)

The terms are turbulent stresses included in the soluti-
on via turbulence modeling where Eqs. (5) and (6) are used 
(Anonymous, 2009):

( ) ( )i k k k k
i j j

kk ku G Y S
t x x x
ρ ρ

 ∂ ∂ ∂ ∂
+ = Γ + − + 

∂ ∂ ∂ ∂  
  (5)

( ) ( )i
i j j

u G Y D S
t x x xω ω ω ω ω

ωρω ρω
 ∂ ∂ ∂ ∂

+ = Γ + − + + 
∂ ∂ ∂ ∂  

   (6)

Based on the equations, k and ω are turbulent kinetic 
energy and specific dissipation rate, respectively. What is 

more, kG  is the generation of the turbulent kinetic energy 

resulting from the mean velocity gradients and the speci-
fic dissipation rate generation is given as Gω. The effecti-
ve diffusivity values for k and ω are Γk and Γω, respectively. 
Furthermore, Yk and Yω are dissipation of k and ω as a 

Table 1.Nusselt numbers attained from different turbulence models 
(Goktepeli et al., 2020)

Turbulence model Nu

k-ε Realizable 97.63

k-ε Re-Normalisation Group (RNG) 115.37

k-ω Shear Stress Transport (SST) 86.43

k-ω Standard 87.55

The result of the correlation for Nusselt number (Nu = 
h DH / k) gives the value of Nu = 84.19 for Reynolds number 
of the present study. The obtained value has been taken as 
reference for the smooth duct. The numerical results of va-
rious turbulence models at Re = 10000 have been compared 
with that of the aforementioned correlation (Goktepeli et al., 
2020). The results from the independence test of turbulence 
models have been indicated in Table 1. The closest result to 
that of the reference correlation has been attained via k-ω 
Shear Stress Transport (SST) turbulence model.
Table 2.Nusselt numbers obtained for different grid numbers via k-ω 
SST turbulence model (Goktepeli et al., 2020)

Grid number Nu

3 x 105 87.01

4.3 x 105 86.46

6.6 x 105 86.43

8.6 x 105 86.52

1.16 x 106 86.53

Figure 3. The meshed model  
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result of turbulence. The cross-diffusion term is Dω while 
Sk and Sω are the user-defined source terms (Goktepeli et 
al., 2020).

For the simulations, the maximum number of iterati-
ons per time step was twenty for the time step of 0.0068 s. 
However, the iterations terminate for the analysis when the 
residuals of the equations are balanced to 10-8. The dimensi-
onless wall distance was y+ = u* y/ν ≅ 1 (Goktepeli et al., 
2020).

RESULTS AND DISCUSSION
Heat transfer and fluid flow characteristics have 

been presented for Re = 10000 in Figs. 4–13 and Table 3 
after conducting the numerical analyses. These afore-
mentioned results have been discussed for relevant sub-
headings of temperature (T) contours, pressure (P) distri-
butions, streamwise velocity components (u), streamline 
patterns (Ψ), normalized mean Nusselt numbers ( Nu ) 

together with local Nusselt numbers (Nu), local pressure 
coefficients (CP) and thermal performance factor (η) va-
lues. The top-down arrangement for the figures of tem-
perature (T) contours, pressure (P) distributions, stream-
wise velocity components (u), streamline patterns (Ψ) is 
smooth channel, the ribbed channel with S' = 0.5 and h' = 
0.1, the ribbed channel with S' = 0.5 and h' = 0.2, the rib-
bed channel with S' = 0.5 and h' = 0.3, the ribbed channel 
with S' = 0.75 and h' = 0.1, the ribbed channel with S' = 
0.75 and h' = 0.2, the ribbed channel with S' = 0.75 and h' 
= 0.3, the ribbed channel with S' = 1 and h' = 0.1, the rib-
bed channel with S' = 1 and h' = 0.2 and the ribbed chan-
nel with S' = 1 and h' = 0.3.

Temperature Contours

Time-averaged results of temperature <T> distributions 
have been given based on the numerical analyses in Fig. 4. 
Fluid at 300 K has been supposed to enter the horizontal 
parallel plates of duct maintained at 400 K. The maxi-
mum and the minimum values of temperature contours 
were as 400 K and 300 K, respectively for the investigated 
problem. Due to the fact that the temperature distribu-
tions have been differently observed in terms of various 
types of the ducts, changes of the heat transfer charac-
teristics are obviously sighted. Nonetheless, the ribbed 
ducts are more dominant over the smooth plates from 
the point of heat transfer. In the general sense, this situ-
ation is explained by temperature alterations seen in the 
vicinity of to the wall. Due to this reason, the channels 
with the ribs are very effective in terms of heat transfer 
when compared to the smooth duct. As a result of the 
interaction between fluid and solid regions, flow separa-
tion has been seen because of the first rib at the upstream. 
Another explanation on this case is the breaking down 
of both hydrodynamic and thermal boundary layers with 

the effect of the ribs. Instantaneous changes in tempe-
rature values have been seen due to complex flow struc-
ture in these zones. Heat transfer has been substantially 
augmented as explained. It has been beheld for all cases 
including the ribbed channels. Increase of fluid tempera-
ture along the centerline has been occurred by virtue of 
the reduction of cross-section triggering the flow mixing. 
What is more, surface area for heat transfer has been be-
come wider by the ribs. It is known that this circums-
tance positively affects heat transfer enhancement. Even 

Figure 4. Temperature (T) contours at Re = 10000 

Figure 5. Pressure (P) distributions at Re = 10000 
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though placing the longer rib to enhance the effect of 
flow separation, the rib height is limitative in terms of the 
margin of both plates. Another constraint to be born in 
mind is pressure drop for the design of the heat transfer 
system. In the present case, changing the distance bet-
ween two successive ribs has been considered to augment 
the heat transfer. Based on the present results, heat trans-
fer has been increased with the increment of the margin 

between the ribs owing to the fact that fluid flow simply 
steps in the gap to generate recirculation. It has been 
observed with temperature distributions presented in 
Fig. 4. Moreover, the contact zones between fluid and 
solid regions have been enlarged by ascending the mar-
gin thereafter the flow reattachment. For instance, it is 
difficult for fluid flow to move in the region covered by 
two ribs due to narrower spacing. It can be observed in 
Fig. 4 that only one circulation zone occurs when the 
ribs are closer enough to each other. While the distance 
is increased, two circulation zones can be observed and 
heat transfer coefficient is increased with this manner. 
As seen in Fig. 7, recirculating regions have also been 
observed via streamline patterns.

Pressure Distributions

Time-averaged results for pressure distributions have 
been indicated in Fig. 5. Pressure drop for the smooth 
duct was less when compared to the ribbed model as 
anticipated. There is gradual drop for pressure values 
through the smooth channel. Furthermore, pressure 
values have been increased by mounting the ribs on the 
plates. However, the effect of the rib spacing on pressu-
re values is less than that of other parameters. For this 
reason, there is strong decrease in pressure values for all 
cases with the ribbed ducts. The section that rapid dec-
rement of pressure values took place is broadly the wake 
region of the first rib on the upper plate. Especially, this 
is the minimum pressure region for S' = 0.5. When the 
rib spacing has been increased step by step, the secon-
dary minimum pressure regions have been seen in the 
wakes of different ribs based on the position. After the 
second ribs, the increment of pressure values has been 
observed and the values approached to the average ones 
of the legend bar. Accordingly, transitional recovery for 
pressure values has been obtained due to the flow rate 
decrement resulting from the second ribs. The recovery 
in pressure values was earlier for S' = 0.5 and its trend 
was effectual up to the end of the ribbed section. Ho-
wever, pressure values decreased around the last rib of 
the lower plate. After passing the ribbed zone, average 
pressure values were dominant.

Streamwise Velocity Components

Time-averaged results of streamwise velocity compo-
nents <u> have been presented in Fig. 6. The maximum 
values for the streamwise velocity components have 
been attained at the outside of boundary layer for the 
smooth duct. There is decrement in the velocity valu-
es for the regions affected by the boundary layer owing 
to no-slip condition on the plate. Rotational flow has 
not been obtained in the absence of the ribs. As can 
be seen from the graphics, the channel cross-section 
is downsized by the virtue of the ribs mounted on the 

Figure 6. Streamwise velocity components (u) at Re = 10000 

Figure 7. Streamline patterns (Ψ) at Re = 10000 
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Figure 8. Local Nusselt numbers (Nu) through the channels for varying rib heights of S' = 0.5 at Re = 10000

Figure 9. Local Nusselt numbers (Nu) through the channels for varying rib heights of S' = 0.75 at Re = 10000
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Figure 10.Local Nusselt numbers (Nu) through the channels for varying rib heights of S' = 1 at Re = 10000

Figure 11. Local pressure coefficients (CP) through the channels for varying rib heights of S' = 0.5 at Re=10000
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Figure 12. Local pressure coefficients (CP) through the channels for varying rib heights of S' = 0.75 at Re = 10000

Figure 13. Local pressure coefficients (CP) through the channels for varying rib heights of S' = 1 at Re = 10000



15

I. 
G

ok
te

pe
li 

an
d 

U
. A

tm
ac

a.
./ 

H
itt

ite
 J 

Sc
i E

ng
, 2

02
1, 

8 
(1

) 0
7–

17

walls. Due to this reason, negative velocity components 
have been attained in the ribbed region. Thus, there is 
increase for the velocity values observed because of the 
decrement of the cross-sectional area in the duct. It is the 
result of the flow separation triggered by the first rib on 
both upper and lower walls. Asymmetrical flow structu-
re has been obtained as a result of staggered arrangement. 
In case of the forward-facing step flow where after the 
flow separates from the walls, it reattaches to the upstre-
am corner of the rib and it is again separated from that 
point (Goktepeli et al., 2021). In the regions where flow 
separated, the rotational flows have been seen at the ups-
tream of the rib. This is the forward-facing step flow at 
the upstream of the rib, the cavity flow between the ribs 
and the backward-facing step flow at the downstream of 
the rib (Yemenici and Umur, 2016). When it comes to ca-
vity flow, rotational flow that is more energetic between 
the first two ribs comparatively has lost its effect for the 
gap between the other ones. In terms of the most cases, 
the regions for the maximum velocity values obtained 
were formed by the first two ribs and the upper side of 
the centerline. Nevertheless, there is not much alteration 
for the velocity values while the spacing between the ribs 
is enlarged. The region of maximum streamwise velocity 
values observed was between the other ribs with respect 
to the increase of rib spacing.

Streamline Patterns
Time-averaged results of streamline patterns <Ψ> have 
been exhibited in Fig. 7. Uniform flow structure has been 
obtained without the additional elements diminishing 
the flow for the smooth channel. Chaotic flow struc-
ture has been considerably obtained in the existence of 
the ribs mounted on the walls of the duct. However, the 
width between the ribs has effect on complexness degree 
of flow field.

Rotational flow has been seen between first ribs in a 
row due to flow separation considerably affected by them. 
Since the leading element to distort the flow was the first 
rib, larger vortices have been attained in the wake of the first 
one for both plates. The separated flow produces a lower 
pressure region at the downstream of the first ribs as in Fig. 
7. Periodical flow has been seen because of the rib arrange-
ment and the intensity of eddies was less than the first ones.
What is more, the required distance for the flow recovery
does not vary with the rib spacing.

Local And Mean Nusselt Number Values
Nusselt number values through both ribbed and smooth 
channels have been given for the comparison in Figs 8-10. 
On the graphics, the abbreviations of “RP” and “SP” are 
for the ribbed and smooth channels, respectively. Nusselt 
number values have been presented for the overall duct 

length. Moreover, in Table 3, Nusselt numbers for the rib-
bed channels have been compared by using the values of 
the smooth plate.

As given in Figs. 8-10, Nusselt number values of both 
smooth and ribbed plates coincided for 0 ≤ L' ≤ 9. The values 
of Nusselt numbers tend to increase suddenly after the first 
rib. The value around the first rib is relatively lower than 
those of the rest of the ribs. Nonetheless, the values have 
decreased between the successive ribs. The peak values due 
to each rib have increasing effect on the mean Nusselt num-
ber. Therefore, heat transfer has been augmented. After pas-
sing the fifth rib, the values of Nusselt numbers have sharply 
dropped and re-increased. Flow recovery has been observed 
in the vicinity of the outlet. This recovery delays owing to 
increasing all parameters. As clearly seen for all of the cases, 
the asymmetrical distributions have been observed because 
of the staggered arrangement. The minimum values have 
been seen at the reattachment points between the ribs.

Moreover, the mean Nusselt numbers of the ribbed 
ducts have also been compared with that of smooth chan-
nel in terms of normalized values. Heat transfer has been 
enhanced by mounting the ribs as can be seen in Table 3 
where mean Nusselt numbers for the ribbed ducts against 
the value of the smooth plate have been given. Heat trans-
fer increment varies based on the effect of the geometrical 
dimensions related with the ribs such as height, spacing etc. 
Nusselt numbers have been attained at higher values for inc-
reasing rib height and the highest increment has been ob-
served when it is from h' = 0.2 to h' = 0.3, respectively. The 
relative change for the Nusselt number values are % 25 for S' 
= 0.5, % 28.3 for S' = 0.75 and % 29.4 for S' = 1 when the rib 
heights are increased from h' = 0.2 to h' = 0.3. In this study, 
another parameter enhancing the convective heat transfer 
is the rib spacing in terms of Nusselt number values. The 
spacing effect on Nusselt number values is clearly seen from 
S' = 0.5 to S' = 0.75 as can be seen in the chart. The relative 
changes for the Nusselt numbers are % 2.1 for h' = 0.1, % 2.3 
for h' = 0.2 and % 4.6 for h' = 0.3 when the rib spacing values 

Table 3.Normalization of mean Nusselt numbers ( Nu ) at Re = 10000

Ribbed channels Re=10000

S' = 0.5 and h' = 0.1 1.198

S' = 0.5 and h' = 0.2 1.414

S' = 0.5 and h' = 0.3 1.775

S' = 0.75 and h' = 0.1 1.223

S' = 0.75 and h' = 0.2 1.446

S' = 0.75 and h' = 0.3 1.856

S' = 1 and h' = 0.1 1.229

S' = 1 and h' = 0.2 1.443

S' = 1 and h' = 0.3 1.867
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are increased from S' = 0.5 to S' = 0.75, respectively. However, 
these changes are relatively less than those of the rib height. 
In other words, the effect of the rib height is much more 
than that of the rib spacing in terms of Nusselt number va-
lues. The results show that the highest increase of Nusselt 
number has been obtained for the maximum rib height of h' 
= 0.3 and the maximum rib spacing of S' = 1 based on that 
of the smooth plate.

Local Pressure Coefficients
Local distributions of pressure coefficients have been gi-
ven as presented in Figs. 11-13. Even though there is no 
rib mounted for 0 ≤ L' ≤ 9, noteworthy difference betwe-
en the pressure coefficients of both ribbed and smooth 
plates has been observed. Maximum pressure coefficient 
was at the duct inlet and the values started to decrease up 
to the duct outlet. The drop is nearly similar for both pla-
tes with 0 ≤ L' ≤ 9. After the first rib, the local values have 
suddenly decreased. The initial point of the recuperati-
on region for the pressure coefficients can be postponed 
with the increment of the rib height and the rib spacing. 
Enormous influence that increases the pressure coeffici-
ents is arisen from the increase of the rib height. It can be 
induced that the effect of the rib spacing on the pressure 
coefficients is relatively less.

Values For Thermal Performance Factor
Although the ratio of Nusselt numbers indicates that how 
much heat transfer enhancement is obtained, it is not 
enough for the system design since it does not include any 
pressure loss term that has to be considered for the envi-
sagement. For this reason, the values for thermal perfor-
mance factor (η) of the ribbed plates have been 
calculated. Here, η = (Nu/Nu0)(f/f0)-1/3 states the optimum 
value with respect to the heat transfer augmentation 
over pressure loss. If the thermal performance factor is η 
≥ 1, it means that the ribbed duct can be proposed for 
increment of heat transfer as pressure drop for the 
system is tolerated. In the present study, h' = 0.1 with S' = 
0.5 at Re = 10000 having η = 1.049 and h' = 0.1 with S' = 
0.75 at Re = 10000 having η = 1.019 are the potential 
ribbed channels for the recommandation in terms of heat 
transfer enhancement.

CONCLUSION
Heat transfer and fluid flow characteristics for the plates 
have been considered via the staggered ribs at Re = 10000, 
in the present study. By keeping the rib width of w' = 0.1 
constant, the rib height and the rib spacing have been res-
pectively changed as 0.1 ≤ h' ≤ 0.3 and 0.5 ≤ S' ≤ 1. The 
results have been summarized as:

• More chaotic flow structure has been observed 
by using the ribs for the staggered arrangement. Therefo-
re, heat transfer has been augmented as a result of incre-
asing heat transfer coefficient due to the flow mixing.

• Increasing the height of the rib and the spacing
between the ribs separately, has an increasing effect on
Nusselt number. Here, the rib height is more dominant
than the rib spacing in terms of heat transfer enhance-
ment.
• Pressure drop has been observed owing to the
increment of the rib height and the spacing between
the ribs. However, as in Nusselt number, the rib height
is more effective than the rib spacing when it comes to
pressure loss.
• Since increasing the rib height and the rib spa-
cing increases both heat transfer by convection and pres-
sure drop, performance criterion has to be calculated for
the optimization. To sum up, h' = 0.1 with S' = 0.5 having
η = 1.049 and h' = 0.1 with S' = 0.75 having η = 1.019 have
been advised since thermal performance factor values
are η ≥ 1, in the present study at Re = 10000.
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NOMENCLATURE
CFD	 :	 Computational Fluid Dynamics
CP	 :	 Pressure coefficient
DH	 :	 Hydraulic diameter [m]
Dω	 :	 Cross-diffusion term
E	 :	 Energy [J]
f	 :	 Friction factor
Gk	 :	 Generation of turbulence kinetic energy
Gω	 :	 Generation of dissipation rate
h	 :	 Height, rib height [m]
H	 : Distance between the plates [m]
k	 :	 Thermal conductivity coefficient [W/mK], 	

turbulence kinetic energy [m2/s2]
L	 : Length [m]
Nu	 :	 Nusselt number
P	 :	 Pressure [Pa]
RANS     :	 Reynolds-Averaged Navier-Stokes
Re	 :	 Reynolds number
RNG	 : Re-Normalization Group
RP	 :	 Ribbed plate
S	 :	 Rib spacing [m], user-defined source term
SP	 :	 Smooth plate
SST	 :	 Shear Stress Transport
t	 :	 Time [s]
T	 : Temperature [K]
u : Streamwise velocity component [m/s]
U∞	 :	 Free-stream velocity [m/s]
w	 :	 Width, rib width [m]
y+	 :	 Dimensionless wall distance
Y	 :	 Dissipation due to turbulence
Γ	 :	 Effective diffusivity
η	 :	 Thermal performance factor
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µ	 :	 Dynamic viscosity [Pas]
ν	 :	 Kinematic viscosity [m2/s]
ρ	 :	 Density [kg/m3]
τ	 :	 Stress [Pa]
Ψ	 : Streamline pattern
ω	 : Specific dissipation rate

Supercript
'	 : Dimensionless

Subscript
0	 : Smooth plate
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