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 The fluid flow over two backward-facing steps (BFS) in series, called the double backward-
facing step (DBFS), is a quintessential geometry in industrial applications. An improved 
mixing and heat transfer performance is often essential, and this is accomplished by applying 
passive flow-control methods. In this paper, the thermal-hydraulic performances of using 
ND/water nanofluid (NF), ZrO2/water NF, water-based rGO/ND hybrid NF (HyNf) with the 
temperature-dependent properties in a horizontal DBFS channel equipped with an adiabatic 
baffle placed vertically downward from the top wall are evaluated. The k-ω SST model in 
OpenFOAM is employed to solve the governing equations for the single-phase turbulent 
forced convection heat transfer problem.   For the pure water in the DBFS0 channel (without 
a baffle), as the velocity of the incoming flow raises from 0.11 to 0.2, the friction factor abates 
by 20%. At Re=9900, when the adiabatic baffle is installed over the first downstream wall 
(DBFS1), the values of 𝑁𝑢𝑚𝑎𝑥 over the first and second downstream walls enhance by 72% 
and 30%, respectively, compared to the BFS0 channel. Inserting an adiabatic baffle over the 
second heated downstream wall significantly enhances the average Nu number (by 28-31%) 
in contrast to the canonical case. In the DBFS1 and DBFS2 channels, the friction factor is 
higher than that in the canonical case by 43.24% and 304%, respectively. When the pure 
water is substituted with the above NFs (with ϕ=0.004 or 0.01), the value of the performance 
evaluation criterion (PEC) is lower than 1.0 in the turbulent separated flow. The use of an 
adiabatic baffle in an effective position (DBFS1) enhances the thermal efficacy of the system 
where a disadvantageous working fluid (with FOM1<1.0) is used. The simultaneous 
substitution of the base fluid in the DBFS0 channel with the single/hybrid NF in the DBFS1 or 
DFS2 channel is ineffective. 
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1. Introduction 

The separated flows, which are apparent in 
several technological applications such as cooling 
of electronic modules, microchannel heat sinks, 
automotive systems, heat exchangers, and 
diffusers, proved to be advantageous in terms of 
heat transfer improvement. Heat exchange and 
fluid mixing are boosted due to the appearance of 

turbulent structures in such flows. For the BFS 
flow, there is a separation region created by the 
abrupt contraction (expansion). It creates a 
recirculation region (recirculating vortices) 
behind the step. Nevertheless, regions of 
separated flows are not always in isolation, and 
complex interactions between various regions 
occur. A DBFS channel is an arrangement of 
double steps with the distance between them in 
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the streamwise direction as a changeable 
variable. Regarding the double-step 
arrangement, various recirculation zones are 
formed that modify the thermal-hydraulic 
features of the energy systems.  

Tinney and Ukeiley [1] examined the flow 
characteristics over a 3D DBFS utilizing a particle 
image velocimetry (PIV) device and qualitative 
oil-flow visualizations. Compared to the typical 
2D BFS flows, the fluctuating turbulent energy 
was found to be higher. The horseshoe vortex 
was produced instantly downstream of the first 
step by joining two spiral separation points. The 
unsteady shedding events were transmitted 
downstream along the shear layer toward the 
reattachment point. Due to the existence of 
counter-rotating vortices formed by negative 
stream-surface bifurcation, they were discarded 
from the surface.  

Using a wall-resolved LES, Rao et al. [2] 
scrutinized the air-wake of a generic ship model 
(as a DBFS) at Re=8×104. It was found that the 
mean flow topology on the first step was anti-
symmetrical to the flow topology on the second 
one, and the two flow states were anti-
symmetrical to each other. The asymmetrical 
flow was generated by dissimilarity in the 
strength of longitudinal vortices along the edges 
of the first one. 

Utilizing the FVM-based k-ε model, 
Abdulrazzaq et al. [3] explored the heat transfer 
enhancement in a double backward-facing 
expanding channel filled with water, ammonia 
liquid, and ethylene glycol at 98.5<Re<512. The 
top and bottom walls of the upstream region 
were assumed thermally insulated, whereas the 
walls of both steps were heated with a uniform 
heat flux q=2000.0 W/m2. Compared to water 
and ammonia, the highest Nuave (representing 
the thermal performance) was achieved when EG 
was used and the dimensions of both steps were 
identical. An intensification in the local skin 
friction coefficient at both steps was reported 
because of the channel expansion (generated 
separation).  

McQueen et al. [4] experimentally confirmed 
that the fluid flow over a DBFS with equal-height 
steps can be split into three flow regimes called 
single, intermediate, and double reattachment. 
For separations of less than four step heights, a 
single reattachment regime was detected, and 
there was an insignificant variation in 
fundamental flow characteristics compared to a 
single BFS response. For a separation of four step 
heights, an intermediate regime was recognized. 
Finally, for larger separations, a double 
reattachment regime with reattachment on both 
steps was detected. There was a downstream 
impact of the first recirculation region on the 
second one. As a result, the length of the second 

region was reduced. The dynamic characteristics 
of the second region were affected by the large-
scale structures created in the upstream 
recirculation region that persisted downstream 
of the second step. Furthermore, there was an 
upstream effect of the second zone on the first 
one. It resulted in a decrease of the first-step base 
pressure.  

Mohankumar and Prakash [5] applied a finite 
element method (FEM)-based code to analyze the 
fluid flow and heat transfer in a DBFS channel 
with/without elliptical obstacles adjacent to 
steps. The motivation was to modify the corner 
recirculation (diminishing the impact of hotspots 
engendered by recirculation zones in convective 
flows with separation) to attain higher heat 
transfer performance. From a heat transfer point 
of view, the highest amplification in the local Nu 
number close to the steps was reported when the 
vertical location of the obstacles was equal to 
0.769 with the axis ratio of 1.0 at Re=1000.0. The 
lowest size of the recirculation zone was 
recorded for the vertical location of 0.385. 

Efforts to control separated flows have been 
commonly demanded for decades. The main goal 
is to increase the heat transfer and fluid-dynamic-
related performances. Passive flow-control 
methods include the application of a magnetic 
field [6], ribbed/grooved channels [7], surface 
roughness [8], baffles/obstacles [9-12], rotating 
plate [13], and dispersion of NPs [14-15].  

Hameed and Saha [16] numerically 
researched the hydro-thermal properties of 
water/FMWCNT NF flow in a BFS channel 
equipped with a baffle under a constant heat flux. 
Moreover, at a weight percentage of 0.25 and  
Re = 150, the percentage increase in the average 
Nu number and friction factor was equal to 47.37 
and 11, respectively, for the BFS channel with a 
plane obstacle compared to the smooth channel 
(without a baffle). The increment of the Re 
number caused an augmentation in the boundary 
layer (BL) thickness; as a result, the value of the 
friction factor was reduced.  

Nie et al. [17] numerically investigated the 3D 
laminar forced convection flow in a rectangular 
BFS channel with a baffle at Re=343. The value of 
𝑁𝑢𝑚𝑎𝑥  for D=1.0 (normalized streamwise 
distance of the baffle from the step or inlet 
region) was about three times of the one for the 
BFS channel without a baffle. Furthermore, the 
friction coefficient on the stepped wall was 
reduced as the baffle distance (D) was increased.  

Heshmati et al. [18] numerically simulated 2D 
laminar mixed convection flow over a BFS 
equipped with different slotted baffles on the top 
wall for the water-based SiO2, Al2O3, CuO and ZnO 
NFs (1.0%≤ 𝜙 ≤4% and 20nm≤𝑑𝑝≤50.0 nm). It 

was reported that the inclined baffle gave the 
highest Nu number for 50≤Re≤400, although it 
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imposed the highest pressure drop which was a 
drawback for this configuration. On the other 
hand, the inclined slotted baffle gave a lesser Nu 
number while it gave the minimal pressure drop 
as the Re number was increased. All types of NF 
possessed a higher Nu number than the base fluid 
(water). More specifically, the water/SiO2 NF 
provided the highest local Nu number. Compared 
to the base fluid, the value of 𝑁𝑢𝑚𝑎𝑥  was 
enhanced by 69% by using the water/SiO2 NF 
with 𝜙=4% and 𝑑𝑝=20nm. Regarding the 

pressure drop and skin friction coefficient, there 
was a minimal difference between SiO2 and other 
NFs. Heshmati et al. [18] concluded that NFs with 
high density and low specific heat gave a higher 
Nu number, while NFs with low density and high 
specific heat gave a lower Nu number.  

Alkumait et al. [19] numerically examined the 
influence of baffle position on the laminar forced 
convection flow over a 3D BFS in terms of Nu 
number and skin friction. It was discovered that 
the maximum Nu number was shifted in the 
downstream direction as the distance between 
the baffle and the inlet section increased. The 
highest Nu number and skin friction were 
achieved when the distance between the step and 
baffle was equal to 40 mm. The lowest ones were 
obtained by using the BFS channel without a 
baffle. Moreover, the highest rise of the average 
Nu number was about 213% at d=40 mm 
compared to the BFS channel without a baffle.  

Li et al. [20] numerically studied the heat 
transfer characteristics for the laminar forced 
convective flow over a BFS in a rectangular 
horizontal channel equipped with a porous baffle. 
By increasing the Re number from 100 to 500, the 
value of 𝑁𝑢𝑚𝑎𝑥  was enhanced by 2.5 times. Li et 
al. [20] found that in the best condition, the 
average Nu number was improved by 35%, while 
the pressure drop boosted about eight times. It 
must be stressed that this increment of the 
pressure drop was never reported by other 
researchers.  

Eslami and Karbalaei [21] analyzed the steady 
incompressible laminar fluid flow (Pr=0.71) over 
a 2D BFS channel with ER = 2.0 (the bottom wall 
was partially heated at a constant heat flux) at 
Re=100.0. To satisfy the maximum temperature 
constraint (MTC), it was necessary that the fluid 
flow was not separated from the heated wall or 
the re-separation was sufficiently postponed. 
Eslami and Karbalaei [21] evaluated the merits of 
the baffle installation technique by computing a 
parameter called the performance evaluation 
parameter (PEP). Since the baffle installation did 
not satisfy the MTC (as a shortcoming), a small 
gap between the installation point of the inclined 
baffle and the top wall was imposed. Considering 
the simultaneous effects of a single solid baffle on 
the heat transfer and the required pumping 

power, the case (X, Y, angle) = (0.3, 0.9, 30°) was 
the recommended one (PEP = 1.257). 

The laminar forced convection flow of 
Cu/water NF over a BFS with a baffle installed on 
the top wall was explored numerically by 
Moayedi et al. [22]. By enhancing the Re number 
and diminishing the concentration of copper NPs, 
the value of PEC was improved. It was reported 
that the Nuave and PEC were higher when the 
width of the baffle was equal to twice the height 
of the entrance region (H) compared to other 
widths (H, 3.0×H, 4.0×H). At Re<400.0, using two 
baffles was preferred over one, three, or four 
baffles considering the PEC and the ratio of Nuave 
between NF and base fluid.  

Rana et al. [23] examined the thermal-
hydraulic characteristics of CuO/water NF 
(0.0≤ϕ≤0.05 and dp=20.0 nm) in a micro-scale 
BFS channel with/without a baffle at 
100.0≤Re≤389.0. The increment of the volume 
fraction and Re number boosted the Nu number. 
Nevertheless, the skin friction coefficient was 
reduced with the augmentation of the Re number. 
Rana et al. [23] proposed that there is an 
optimum position and height of the baffle in 
specific flow conditions while the heat transfer is 
considerably enhanced. When the baffle was 
elongated, the Nu number was steadily improved. 
Also, the elongated baffle decreased the primary 
recirculation zone formed behind the step, while 
it enlarged the size of the secondary recirculation 
region behind the baffle. As the distance between 
the baffle and the step increased, the Nu number 
was reduced, while the size of the primary 
recirculation region was enlarged. Rana et al. [23] 
concluded that the improved heat transfer was 
accompanied by the penalty of augmented 
pumping power requirements. 

It should be emphasized that the thermal 
performance (represented by FOM and PEC) of 
the working NFs is verified when the 
thermophysical properties of NFs are carefully 
evaluated at different temperatures and NP 
loadings. The primary variables required to 
explore the convection heat transfer 
characteristics are the viscosity, thermal 
conductivity, density, and specific heat. Sharma et 
al. [24] used the experimental data of the NF 
dynamic viscosity for ϕ≤3.7% and 
20nm≤dp≤150nm from various works in the 
literature, and they were subjected to regression. 
Finally, a temperature-dependent correlation for 
the dimensionless effective dynamic viscosity of 
water-based NF was recommended. Sharma et al. 
[24] also developed regression correlation for the 
determination of thermal conductivity of water-
based NFs based on available experimental data 
(252 data points) for spherical NPs with a size of 
20-150 nm, temperature of 20≤T≤70°C, and 
ϕ≤0.04. The influence of NP material on the NF 
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thermal conductivity data was considered 
through the thermal diffusivity ratio of NPs to the 
base fluid (water).  

Palm et al. [25] stated that the resulting 
correlations obtained from the polynomial curve-
fitting on experimental records of properties 
were applicable for specific types of NFs within 
certain temperature ranges. 

2. Research Gap and Objective  

It is worth noticing that no one has 
investigated the accuracy of existing semi-
empirical models to estimate the NF properties 
compared to relevant experimental data in terms 
of the temperature-dependent FOM. To precisely 
verify the heat transfer benefits of NFs, Sundar et 
al. [26] suggested that an experimental study is 
needed. Accordingly, the temperature-dependent 
thermophysical properties of NFs can be 
precisely estimated, and a more dependable 
outcome is established. On the other hand, 
Prabakar et al. [27] proposed that the passive 
flow control techniques (baffles) can be 
employed to modify the recirculation regions in 
the separated flows. Then, less effective working 
fluids (for example, NFs with a FOM lower than 
1.0) could become a preferable alternative.  

Table 1 provides a valuable summary of the 
previous works that reported the values of FOM 
(Mo number-based) for the single/hybrid NFs. To 
the best knowledge of authors, there is no 
research in the literature investigating the effects 
of adiabatic baffle and single/hybrid NF with 
temperature-dependent properties on the single-
phase turbulent forced convection heat transfer 
in a horizontal DBFS channel in terms of FOM and 
PEC.   

In this paper, the benefits of using 
single/hybrid NFs (ϕ=0.004, 0.01) and an 
adiabatic baffle placed vertically downward from 
the top wall of a horizontal DBFS channel (with 
ER=3) are evaluated based on the value of PEC. 
The channel contains two equal-sized steps 
spaced up to thirty step sizes apart. A constant 
heat flux (q=3000 W/m2) is imposed at the first 
and second downstream walls of the channel 
while the velocity of the incoming flow is in the 
range of 0.11≤Uref≤0.2. The thermophysical 
properties of ND/water NF, ZrO2/water NF and 
water-based rGO/ND HyNF are temperature-
dependent, and they are obtained from the 
available lab-scale measurements in the 
literature. Additionally, to check the validity of 
theoretical predictions of the NF properties, the 
value of FOM (based on the Mo number and a 
constant flow velocity comparison) is assessed.  
The validities of correlations given by Sharma et 
al. [24] are checked. The RANS and energy 
equations for the single-phase turbulent forced 
convection heat transfer in the separated flow are 
solved using the k-ω SST model in the open-
source code OpenFOAM [36-38]. Moradi et al. 
[39] compared the results derived from single-
phase (homogeneous) and two-phase (VOF) 
approaches with the experimental data for the 
laminar flow of Cu/water NF through BFS 
channels affected by a transverse magnetic field. 
Moradi et al. [39] found that except for strong 
magnetic fields, the single-phase approach 
remained suitable for predicting the 
hydrothermal behavior of NF flow in a BFS 
channel. Moreover, Sekrani et al. [40] concluded 
that the single-phase SST k-ω model can be used 
to well account for the heat transfer close to the 
walls while appropriate correlations for the 
thermophysical properties of NFs at low volume 
fractions (ϕ≤0.008) should be implemented. 

Table 1. Summary of works that reported the values of PECnf and FOM1 for NFs. 

Ref. Type of NF Range of variables FOM1 PECnf 

Sundar et al. 

[26] 

W/EG-based rGO/ND HyNf 0.2%≤ ϕ ≤1.0% and 

20◦C≤T≤60◦C 

FOM<1.0 - 

Prabakar et al. 

[27] 

Al2O3/W, TiO2/W NF 0.05%≤ ϕ ≤0.2% 

and 20◦C≤T≤60◦C 

FOM>1.0 

at T>30◦C 

1.0≤PEC≤1.18 

Leena and 

Srinivasan [28] 

W/EG mixture-based TiO2 NF 0.1%≤ ϕ ≤0.8% and 

10◦C≤T≤70◦C 

FOM>1.0 - 

Bianco et al. 

[29] 

Al2O3/W NF 0.0%≤ ϕ ≤6.0% - PEC<1.0 

Xuan et al.  

[30] 

Al2O3-Cu-CuO/W ternary NFs ϕ=0.02% - 1.1≤PEC≤1.7 

Rejvani et al. 

[31] 

SiO2/WNF 0.0%≤ ϕ ≤1.5% and 

25◦C≤T≤50◦C 

FOM<1.0 - 
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Ahmad et al. 

[32] 

CuO/W, Al2O3/W and TiO2/W 

NF, Al2O3-CuO/W and Al2O3-

TiO2/W HyNf  

1.0%≤ ϕ ≤3.0% 1.2≤FOM≤1.25 1.1≤PEC≤1.67 

Colla et al.  

[33] 

Fe2O3/W NF 0.05%≤ ϕ ≤0.2% 

and 10◦C≤T≤70◦C 

FOM<1.0 - 

Ho et al.  

[34] 

Al2O3/W NF 0.0%≤ ϕ ≤0.9% and 

25◦C≤T≤50◦C 

- PEC<0.99 

Kumar et al. 

[35] 

MWCNT/W-based Al2O3, TiO2, 

ZnO and CeO2 HyNf 

0.25%≤ ϕ ≤2.0% 

and 25◦C≤T≤50◦C 

Maximum FOM=1.16 

for CeO2 HyNf  

- 

 

3. Numerical Model 

3.1. Flow Geometry and Boundary Conditions  

The horizontal DBFS channels investigated 
here are depicted in Figure 1. In the first channel 
called DBFS0, there is no adiabatic baffle. In the 
DBFS1 configuration, there is an adiabatic baffle 
(with a length of 0.041m) over the first 
downstream wall. In the DBFS2 channel, there is 
an adiabatic baffle (with a length of 0.082m) over 
the second downstream wall. In other words, 
compared to the DBFS1 channel, the adiabatic 
baffle is elongated and moves in the streamwise 
direction (moves further downstream) in the 
DBFS2 channel. The height of steps is equal to 
s=0.041m, and the height of the inlet region is 
equal to s=0.041m.  

According to Jokari et al. [29], the 
reattachment length in flows over a BFS is 
changed by both the Re number and ER. In this 
study, the ER of the DBFS channel is fixed (3.0) 
and the streamwise step separation is constant 
(30×s). The temperature of the incoming fluid is 
T=293.0K. A constant heat flux of q=3000 W/m2 
is imposed at two downstream walls and the 
second vertical step. All walls of the channel are 

assumed smooth. The remaining walls, including 
the baffle, are assumed adiabatic. The operating 
fluids are the pure water and ND/water NF, 
ZrO2/water NF and water-based rGO/ND HyNF 
with 0≤ϕ≤0.01. 

For the pure water flow in DBFS channels, 
three different Reynolds numbers (5800, 7100, 
and 9900) are considered. The Re number is 
defined based on the step height and streamwise 
velocity at the center line of the upstream section. 
Based on the literature, the bulk flow is 
fundamentally 2D at Reynolds numbers Re < 400 
and Re > 6000. Between these Re numbers, the 
flow is strongly 3D but continuously symmetric 
about the center plane of the test section.  

The streamwise velocity at the center line is 
obtained at X=4.346m. The length of the inlet 
region is equal to L1=110×s. Note that the 
incoming flow (the inflow condition) is a fully 
developed turbulent flow [41], and hence, no 
numerical computation suffers from the 
incompleteness or ambiguity in the upstream 
region.  

According to the literature review presented 
above, the width of the baffle mainly affects the 
flow field and heat transfer over the top wall, and 
hence, it is fixed in this study. 

(a) 

 

(b) 
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(c) 

 
Fig. 1. Physical model of the present study considering various positions of  

the adiabatic baffle, (a) DBFS0, (b) DBFS1 and (c) DBFS2 

 
3.2. Flow Geometry and Boundary Conditions 

The horizontal DBFS channels investigated 
here are depicted in Figure 1. In the first channel 
called DBFS0, there is no adiabatic baffle. In the 
DBFS1 configuration, there is an adiabatic baffle 
(with a length of 0.041m) over the first 
downstream wall. In the DBFS2 channel, there is 
an adiabatic baffle (with a length of 0.082m) over 
the second downstream wall. In other words, 
compared to the DBFS1 channel, the adiabatic 
baffle is elongated and moves in the streamwise 
direction (moves further downstream) in the 
DBFS2 channel. The height of steps is equal to 
s=0.041m, and the height of the inlet region is 
equal to s=0.041m.  
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+
1

𝜌𝑛𝑓

𝜕 (−𝜌𝑛𝑓𝑇́𝑢́𝑗)

𝜕𝑥𝑖

 

(3) 

In this study, the single-phase model (mixture 
continuum formulation) is adopted for the 
turbulent forced convection heat transfer in 
single/hybrid NFs.  

The following assumptions are considered:  
(1) The shape of dispersed NPs is spherical with 

a homogeneous size, and they are neutrally 
buoyant in NFs. 

(2) The water-based NFs are homogenous, 
behaving as a Newtonian fluid.  

(3) The flow inside the DBFS ducts is supposed 
to be incompressible with insignificant 
viscous dissipation.  

(4) Local thermodynamic equilibrium is 
considered between NPs and water.  

(5) All thermophysical properties of NFs are 
temperature-dependent.  

(6) The conduction effect within the walls of the 
channel is disregarded.  

3.3. SST k- ω Model 

Park [33] found that although the RANS model 
could not produce the turbulent fluctuations in 
BFS flows, the time-averaged velocity profile 
showed a reasonable agreement with the 
experimental data. 

The difference between the SST k-ω model 
[43-44] and the original k-ω model is that an 
extra cross-diffusion term appears in the specific 
dissipation rate equation and, the constants are 
dissimilar. The Wilcox k-ω model is then 
multiplied by a function 𝐹1 and transformed one 
by a function (1-𝐹1), and then we sum them. The 
function Fl is equal to one close to the wall 
(activating the Wilcox k-ω model) and zero away 
from the surface.  

The blending operation is considered in the 
wake region of the BL, and the model constants 
are evaluated using interpolation of appropriate 
inner and outer variables [45-47], 

Γ = 𝐹1Γ1 + (1.0 − 𝐹1)Γ2 (4) 

Note that 𝜞𝟏 is any constant in the Wilcox k-ω 
model and 𝜞𝟐 is any constant in the transformed 
k-ɛ model, and hence, 𝜞 is the corresponding 
constant in the SST k-ω model. The eddy viscosity 
is defined by [45-47], 

𝜈𝑡 =
𝜇𝑡

𝜌𝑛𝑓

=
𝑘

𝜔
 (5) 

In the concept of eddy viscosity (Boussinesq 
hypothesis), the turbulence stress tensor is given 
by [45-47],   

𝜏𝑖𝑗 = 𝜌𝑛𝑓𝑢́𝑖𝑢́𝑗   ,  

𝜏𝑖𝑗 = −
2

3
𝛿𝑖𝑗 + 𝜇𝑡 (

𝜕𝑢𝑖

𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖

) 
(6) 

For the wake region of the BL (with the 
adverse pressure gradient), the eddy viscosity is 
modified to account for the transport of the 
turbulent shear stress, 

𝜈𝑡 =
𝑎1𝑘

𝑚𝑎𝑥(𝑎1𝜔, 𝑆𝐹2)
, 𝑎1 = 0.31,   

 𝑆 = √𝑆𝑖𝑗𝑆𝑖𝑗  

(7) 
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Note that S is the characteristic magnitude of 
the mean velocity gradients. The governing 
equations for the turbulence kinetic energy 

(TKE) and specific dissipation rate (𝜔) in the SST 
k-ω model are written as [45-47],   

𝜕(𝜌𝑛𝑓𝑘)

𝜕𝑡
+

𝜕(𝜌𝑛𝑓𝑢𝑗𝑘)

𝜕𝑥𝑗

= 𝑚𝑖𝑛 (2.0 × 𝜇𝑡𝑆𝑖𝑗 . 𝑆𝑖𝑗 −
2

3
𝜌𝑛𝑓𝑘

𝜕𝑢𝑖

𝜕𝑥𝑗

𝛿𝑖𝑗 , 10.0 × 𝛽∗𝜌𝑛𝑓𝑘𝜔) 

+
𝜕

𝜕𝑥𝑗

[(𝜇𝑛𝑓 + 𝜎𝑘𝜇𝑡)
𝜕𝑘

𝜕𝑥𝑗

] − 𝛽∗𝜌𝑛𝑓𝑘𝜔 

(8) 

𝜕(𝜌𝑛𝑓𝜔)

𝜕𝑡
+

𝜕(𝜌𝑛𝑓𝑢𝑗𝜔)

𝜕𝑥𝑗

=
𝜕

𝜕𝑥𝑗

[(𝜇𝑛𝑓 + 𝜎𝜔𝜇𝑡)
𝜕𝜔

𝜕𝑥𝑗

] + 𝛾 (2.0 × 𝜇𝑡𝑆𝑖𝑗 . 𝑆𝑖𝑗 −
2

3
𝜌𝑛𝑓𝜔

𝜕𝑢𝑖

𝜕𝑥𝑗

𝛿𝑖𝑗) 

−𝛽𝜌𝑛𝑓𝜔2 + 2.0 × (1.0 − 𝐹1)𝜎𝜔2

𝜌𝑛𝑓

𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗

 

(9) 

Note that 𝑺𝒊𝒋, F1 and F2 are the strain rate tensor, and blending functions, respectively. In Table 2, all the 

coefficients of the numerical model are given. 

Table 2. List of constants in the SST k-ω turbulence model [43-44]. 

𝜷∗ 𝝈𝒌𝟏 𝝈𝝎𝟏 𝜷𝟏 𝜷𝟐 𝜿 𝝈𝐤𝟐 𝝈𝝎𝟐 𝜸𝟏 𝜸𝟐 

0.09 0.5 0.5 0.075 0.0828 0.41 1.0 0.856 0.55 0.44 

 

The other constants are defined as follows, 

𝛾1 =
𝛽1

𝛽∗
−

𝜎𝜔1𝜅2

√𝛽∗
, 𝛾2 =

𝛽2

𝛽∗
−

𝜎𝜔2𝜅2

√𝛽∗
 (10) 

The blending functions F1 and F2 are 
calculated based on [45-47], 

𝐹1 = tan ℎ(Φ1
4),     𝐹2 = tan ℎ(Φ2

2)  (11) 

Φ1

= 𝑚𝑖𝑛 [𝑚𝑎𝑥 (
√𝑘

𝛽∗𝜔𝑦
,
500𝜈𝑛𝑓

𝑦2𝜔
) ,

4𝜌𝑛𝑓𝜎𝜔2𝑘

𝐶𝐷𝑘𝜔𝑦2
] 

(12) 

𝐶𝐷𝑘𝜔

= 𝑚𝑎𝑥 (2𝜌𝑛𝑓𝜎𝜔2

1

𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗

, 10−20) 
(13) 

Φ2 = 𝑚𝑎𝑥 (
2√𝑘

0.09𝜔𝑦
,
500𝜈𝑛𝑓

𝑦2𝜔
) (14) 

Keep in mind that 𝒚 is defined as the distance 
to the closest wall and 𝑭𝟏 is equal to zero away 
from the surface, and it is equal to unity inside the 
BL.  

4. Thermophysical Properties of NFs 

In this study, the objective is to realize the 
effects of ND/water NF, ZrO2/water NF and 
water-based rGO/ND HyNF on the turbulent 
forced convection heat transfer over a DBFS 
channel with/without an adiabatic baffle.  

To achieve it, the thermophysical properties 
of the above NFs must be carefully predicted and 
then included in numerical simulations. The 
thermophysical properties of all NPs in this study 
are provided in Table 3. 

4.1. Semi-Empirical Model   

The regression correlations were proposed by 
Sharma et al. [24] for predicting the dynamic 
viscosity and thermal conductivity of water-
based NFs, 

Table 3. Thermophysical properties of single/hybrid NPs at T=20.0◦C [26, 48-49] 

Properties ND  ZrO2  rGO rGO/ND (70:30%) 

k (W/m K) 1000.0~2200.0 1.70 4000.0 3460.0 

ρ (kg/m3) 3100.0 5680.0 1910.0 2267.0 

cp (J/kg K) 516.0~610.0 420.0 710.0 680.0 
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𝜇𝑛𝑓 =  𝜇𝑏𝑓 [(1.0 + 𝜙)11.3 (1.0 +
𝑇𝑛𝑓

70.0
)

−0.038

(1.0 +
𝑑𝑛𝑝

170.0
)

−0.061

] (15) 

𝑘𝑛𝑓 =  𝑘𝑏𝑓 × 0.8938 × [(1.0 + 𝜙)1.37 (1.0 +
𝑇𝑛𝑓

70.0
)

0.2777

(1.0 +
𝑑𝑛𝑝

150.0
)

−0.0336

(
𝛼𝑛𝑝

𝛼𝑏𝑓

)

0.01737

] (16) 

 

4.1. Experimental Data  

With the inherent restrictions associated with 

the theoretical predictions, the thermophysical 

properties of the above NFs were evaluated 

experimentally in the literature. The effects of the 

temperature and volume fraction of NPs on the 

thermophysical properties of various NFs are 

shown in Figure 2. The thermophysical 

properties of the base fluid (water) are 

temperature-dependent and given by ASHRAE 

[50].  

Sundar et al. [26] experimentally evaluated 
the thermophysical properties of rGO-ND/water 
HyNf as well as their FOM at different particle 
volume loadings and temperatures.  

Alklaibi et al. [48] experimentally predicted 
the thermophysical properties (thermal 
conductivity, viscosity, specific heat, and density) 
of the ND/water NF.  

Sundar et al. [49] experimentally analyzed the 
thermophysical characteristics (thermal 
conductivity, viscosity, dynamic density, and 
specific heat) of ZrO2/water NFs in the range of 
0.002≤ϕ≤0.01 and 20◦C≤T≤60◦C.  

  

(a) (b) 

  

(c) (d) 

Fig. 2. Variations of the thermophysical properties of water-based NFs with the temperature 
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5. CFD Modeling 

5.1. Pre-Processing  

The turbulent kinetic energy and specific rate 
of dissipation at the walls are calculated by [44], 

𝑘 =
3

2
(𝐼|𝑢𝑟𝑒𝑓|)

2
,         𝜔 =

𝑘0.5

𝑙 × 𝐶𝜇
0.25 (17) 

Note that 𝐼 represents the turbulence 
intensity, 𝑢𝑟𝑒𝑓 is reference velocity, which is the 

centerline velocity at the four nodes upstream of 
the first adiabatic step, 𝐶𝜇 is a constant (0.09), and 

𝑙 is the appropriate length scale. At the outlet, the 
pressure is uniform and fixed. The types of 
outflow velocity and temperature are inletOutlet 
and turbulence variables as zeroGradient.  

5.2. Numerical Solver 

OpenFOAM as an FVM-based open-source 
CFD software, is applied to solve the governing 
equations. With a completely open code and 
continuously improving algorithms, OpenFOAM 
is becoming a very prevalent and effective 
platform for CFD computations.  

The pressure-velocity coupling problem is 
solved by using buoyantSimpleFoam in the object 
controlDict (for the steady-state fluid flow and 
heat transfer). In the object fvSchemes, the 
ddtSchemes, gradSchemes and divSchemes are 
set to Euler, Gauss linear and bounded Gauss 
upwind, respectively. In the object fvSolution, the 
residualControl and relaxationFactors are equal 
to 10-7 and 0.4, respectively. All simulations are 
accomplished using a Windows-based Desktop 
computer with a CPU Intel(R) Core i5, 2.9 GHz, 
and 8.00 GB RAM. 

5.3. Post-Processing  

The surface Nu number and average Nu 
number (Nuave) on the heated walls including the 
second step and two downstream walls are 
calculated as, 

𝑁𝑢(𝑥) =
ℎ𝑠

𝑘
=

𝑞 × 𝑠

𝑘 (𝑇ℎ − 𝑇𝑟𝑒𝑓)
 (18) 

𝑁𝑢𝑎𝑣𝑒 =
∫ 𝑁𝑢(𝑥)𝑑𝑥

𝐿2

𝐿1

𝐿2 − 𝐿1

+
∫ 𝑁𝑢(𝑦)𝑑𝑦

𝑠

0

𝑠
 

+
∫ 𝑁𝑢(𝑥)𝑑𝑥

𝐿

𝐿2

𝐿 − 𝐿2

 

(19) 

The friction factor inside various DBFS 
channels with/without a baffle is estimated by, 

𝑓 =
2.0 × ∆𝑃

𝜌𝑛𝑓𝑢𝑟𝑒𝑓
2

𝑠

𝐿
 (20) 

For fully developed internal turbulent flow 
(electronic cooling), the value of FOM1 is 
determined as [51]. 

𝐹𝑂𝑀1 =
𝑀𝑜𝑛𝑓

𝑀𝑜𝑏𝑓

=
𝜌𝑛𝑓

0.8𝑘𝑛𝑓
0.67𝑐𝑝,𝑛𝑓

0.33

𝜇𝑛𝑓
0.47

×
𝜇𝑏𝑓

0.47

𝜌𝑏𝑓
0.8𝑘𝑏𝑓

0.67𝑐𝑝,𝑏𝑓
0.33 

(21) 

Vajjha and Das [52] estimated the relative 
heat transfer rate (FOM2) versus temperature for 
different NFs and the base fluid as follows: 

𝐹𝑂𝑀2 =
𝑀𝑜𝑛𝑓

𝑀𝑜𝑏𝑓

∝
ℎ𝑛𝑓

ℎ𝑏𝑓

 

=
𝜌𝑛𝑓

0.8𝑘𝑛𝑓
0.5𝑐𝑝,𝑛𝑓

0.5

𝜇𝑛𝑓
0.3 ×

𝜇𝑏𝑓
0.4

𝜌𝑏𝑓
0.8𝑘𝑏𝑓

0.6𝑐𝑝,𝑏𝑓
0.4  

(22) 

Yu et al. [53] defined the heat transfer 
enhancement criteria for NFs over their base 
fluids based on three distinct considerations: Re 
number, flow velocity, and pumping power. The 
constant Re number comparison is commonly 
used in the literature for the NF heat transfer 
enhancement and it implies the following flow 
velocity ratio, 

𝑈𝑛𝑓

𝑈𝑏𝑓

= (
𝜌𝑏𝑓

𝜌𝑛𝑓

) × (
𝜇𝑛𝑓

𝜇𝑏𝑓

),      𝑅𝑒𝑛𝑓~𝑅𝑒𝑏𝑓 (23) 

This ratio for the constant Re number 
comparison is greater than unity, and it is a 
misleading characteristic in the heat transfer 
comparison. Yu et al. [53] claimed that it distorts 
the physical situation, and therefore, should not 
be used. 

For the constant flow velocity comparison, 
FOM3 is defined as the Mo number ratio, and it is 
expressed as, 

𝐹𝑂𝑀3 =
𝑀𝑜𝑛𝑓

𝑀𝑜𝑏𝑓

=
𝜌𝑛𝑓

0.8𝑘𝑛𝑓
0.6𝑐𝑝,𝑛𝑓

0.4

𝜇𝑛𝑓
0.4  

×
𝜇𝑏𝑓

0.4

𝜌𝑏𝑓
0.8𝑘𝑏𝑓

0.6𝑐𝑝,𝑏𝑓
0.4 , 𝑈𝑛𝑓~𝑈𝑏𝑓 

(24) 

𝑃𝐸𝐶𝑏𝑎𝑓𝑓𝑙𝑒 =

𝑁𝑢𝐷𝐵𝐹𝑆1,2

𝑁𝑢𝐷𝐵𝐹𝑆0
|

𝜙=𝑐𝑜𝑛𝑠𝑡

[
𝑓𝐷𝐵𝐹𝑆1,2

𝑓𝐷𝐵𝐹𝑆0
]

1
3

|

𝜙=𝑐𝑜𝑛𝑠𝑡

 
(25) 

𝑃𝐸𝐶𝑛𝑓 =

𝑁𝑢𝑛𝑓

𝑁𝑢𝑏𝑓
|

𝐷𝐵𝐹𝑆0,1,2

[
𝑓𝑛𝑓

𝑓𝑏𝑓
]

1
3

|

𝐷𝐵𝐹𝑆0,1,2

 
(26) 
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𝑃𝐸𝐶𝑡𝑜𝑡 =

𝑁𝑢𝑛𝑓,𝐷𝐵𝐹𝑆1,2

𝑁𝑢𝑏𝑓,𝐷𝐵𝐹𝑆0

[
𝑓𝑛𝑓,𝐷𝐵𝐹𝑆1,2

𝑓𝑏𝑓,𝐷𝐵𝐹𝑆0
]

1
3

 (27) 

6. Results and Discussion  

6.1. Validations and Mesh Independence Test 

Rana et al. [54] numerically studied the effects 
of various water-based NFs on the laminar forced 
convection flow in a DBFS channel under fixed 
heat flux imposed at lower walls. In Figure 3, a 
comparative analysis of the influence of the 
volume fraction of ZnO nanoparticles on the 
surface Nu number is done at Re=225. The 
maximum discrepancy between the present 
study and Rana et al. [54] is less than 11.0%.  

Applying a 3D particle-tracking velocimeter 
(PTV), Kasagi and Matsunaga [55] measured all 
three velocity components in turbulent separated 
and reattaching flow (isothermal) downstream of 
a BFS channel.  

 
Fig. 3. Validation of the laminar forced convection flow in 

a DBFS channel without a baffle in terms of  
surface Nu number at Re=225 

In Figure 4, we apply the LES in OpenFOAM to 
validate the vertical distribution of mean 
streamwise velocities at various horizontal 
stations.  

 
Fig. 4. Validation of the mean streamwise velocity for the 

turbulent isothermal flow of water over a BFS channel 

Avancha and Pletcher [56] numerically 
examined the heat transfer and fluid mechanics 
of a turbulent separating and reattaching flow 
over a BFS. Near-wall region plots of spanwise 
and time-averaged temperature at various 
streamwise locations are validated in Figure 5 by 
applying the LES in OpenFOAM.  

 

 
Fig. 5. Validation of the mean temperature in the near-

wall region for turbulent forced convective heat transfer 
 of air over a BFS channel 

In Figure 6, the grid optimization tests for the 
turbulent forced convective heat transfer of the 
base fluid (pure water) over the DBFS0 
configuration (with no baffle) are visualized in 
terms of the surface Nu number. It is seen that as 
the number of grids increases from 76846 
(medium mesh) to 136044 (fine mesh), the Nuave 
is changed by less than 1.0%.  

 
Fig. 6. Mesh independence tests for the pure water 

 fluid flow in the DBFS0 channel 
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Accordingly, the medium mesh size is selected 
in current computations. The details of the mesh 
refinement are given in Figure 7. 

 
(a) 

 
(b) 

Fig. 7. Grid resolution in the streamwise (x) and wall 
normal (y) directions adjacent to the (a) first adiabatic 

step and (b) second hot step 

6.2. FOM 

In Figure 8, the temperature-dependent 
values of FOM1 for the water-based ND, ZrO2, and 
rGO/ND single/hybrid NFs are obtained based on 
the correlation proposed by Sharma et al. [24] 
and experimental data.  

When the value of FOM1 is higher than 1.0, the 
zone of beneficiary for using NF in the single-
phase turbulent forced convection flow is 
assured. As the NP loading increases from 
ϕ=0.004 to 0.01, the value of FOM1 diminishes.  

It indicates that the low-concentration NFs 
(ϕ=0.004) present superior heat transfer 
potential compared to their high-concentration 
counterparts (ϕ=0.01).  

The relatively lesser dynamic viscosity and 
higher specific heat are obtained using the low-
concentration NFs. It substantially enhances the 
value of FOM1. For the high-concentration NFs, 
however, the high thermal conductivity is 
balanced by a significant augmentation in the 
viscosity and density and a decline in the specific 
heat. Therefore, the value of FOM1 for the high-
concentration NFs decreases compared to the 
low-concentration ones.  

Additionally, using the ND/water NF, 
ZrO2/water NF and water-based rGO/ND HyNf 
deteriorates the thermo-hydrodynamic 
performance (FOM1<1.0) compared to the pure 
water when the experimental data on the 
thermophysical properties are applied.  

When the properties of water-based 
single/hybrid NFs are estimated by the 
regression (semi-empirical) correlations given 
by Sharma et al. [24], the value of FOM1 is 
overestimated. 

 

(a) 

 

(b) 

 

(c) 

Fig. 8. Temperature-dependent variations of FOM1 for 
(a) ND/water NFs, (b) ZrO2/water NF, and 

 (c) water-based rGO/ND HyNf 

The temperature-dependent variations of 
FOM2 and FOM3 for the above single/hybrid NFs 
are illustrated in Figure 9. Note that the 
thermophysical properties of NFs are obtained 
from the above experimental works. 
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(a) 

 

(b) 

Fig. 9. The temperature-dependent values of  
(a) FOM2, and (b) FOM3. 

It is observed that the graphs of FOM2 
proposed by Vajjha and Das [52] never cross the 
disadvantageous area for the single-phase 
turbulent forced convection heat transfer.  

6.3. Pure Fluid 

For the pure water, Figures 10a and 10b show 
the local variations of the Nu number along the 
heated surfaces due to the adiabatic baffle at 
Re=5800 and 9900, respectively. Close to the 
reattachment point, the flow collides with the 
bottom walls as a jet where isotherms compact. It 
results in the increased energy transfer.  

In the downstream region from the 
reattachment point (on each hot wall), the heat 
transfer coefficient diminishes as the thickness of 
the TBL enlarges. The position of the impinging 
flow (jet-like) appears close to the streamwise 
position of 𝑵𝒖𝒎𝒂𝒙, as elucidated by Nie et al. [17]. 

 

(a) 

 

(b) 

 

(c) 

Fig. 10.  Surface Nu number for the pure water flow over 
various DBFS channels at    (a) Re=5800,    (b) Re=9900 
and (c) percentage of Nuave increment due to existence 

 of baffle on the top adiabatic wall 

In the present study, in the canonical case, the 
maximum Nu number develops close to the first 
adiabatic step. As the adiabatic baffle is installed 
over the first downstream wall (DBFS1) at 
Re=9900, the values of 𝑵𝒖𝒎𝒂𝒙 over the first and 
second downstream walls enhance by 72% and 
30%, respectively, compared to the BFS0 
channel.  
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This is due to the phenomenon of the 
intensified vortex encapsulation generated by 
baffles in regions adjacent to steps (the first or 
second one). At Re=9900, the maximum Nu 
number over the first downstream wall moves 
downstream (along the streamwise direction 
from X=4.75m to X=5.0m) as the adiabatic baffle 
is added to the separated flow (DBFS1). In 
accordance with the result of Nie et al. [17], as the 
adiabatic baffle moves toward the first BFS, the 
magnitude of  𝑵𝒖𝒎𝒂𝒙 enhances. Note that the 
presence of the adiabatic baffle over the second 
downstream wall does not increase the heat 
transfer capability (the heat exchange) of the 
forced convection flow over the first downstream 
wall. It is observed that by increasing the Re 
number, the local Nu number on the heated 
surfaces improves. As the Re number augments, 
the strength of the impinging jet on the bottom 
walls is intensified.  

Considering the forced convection flow of the 
pure water in the DBFS1 channel, the increment 
of the Re number from 5800 to 9900 augments 
the value of 𝑵𝒖𝒎𝒂𝒙 over the first downstream 
wall by 22%.  

In Figure 10 c, the increment percentage of 
the average Nu number for the pure water due to 
the presence of an adiabatic baffle is determined. 
As can be observed, adding an adiabatic baffle 
enhances the heat transfer rate. Inserting an 
adiabatic baffle over the second heated 
downstream wall (the DBFS2 channel) 
significantly enhances the average Nu number 
(by 28-31%) in contrast to the canonical case. As 
discussed above, this improved heat transfer 
capability of the single-phase separated flow is 
only attributed to the intensified heat exchange 
over the second downstream wall.  

As the baffle is positioned over the first 
downstream wall, the average Nu number 
improves by 12-14% compared to the DBFS0 
channel. 

Besides, the increment percentage of the 
average Nu number due to the adiabatic baffle is 
not sensitive to the range of the Re number 
investigated in this study. 

6.4. Single/Hybrid NF 

Figure 11 depicts the variations of the average 
Nu number for the single/hybrid NFs (ND, ZrO2, 
and rGO/ND) in various horizontal DBFS 
channels at various reference velocities (of the 
mainstream channel flow).  

 
(a) 

 
(b) 

 
(c) 

Fig. 11. Variations of the average Nu number for the  
(a) ND/water NF, (b) ZrO2/water NF, (c) water-based HyNf 

As can be detected, the increment of the NP 
loading from ϕ=0.0 to 0.004 or 0.01 declines the 
heat transfer capability of the base fluid due to 
the negative effect induced by the increased 
viscosity on the forced convection performance. 
For example, in the canonical case (without a 
baffle), as the volume fraction of ND NPs in the 
base fluid increases from 0.0 to 0.004 and 0.01, 
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the average Nu number declines by 4.7% and 
6.8%, respectively, at Uref=0.11 m/s. Similarly, at 
Uref=0.2 m/s, adding ND NPs reduces the average 
Nu number by 6.34% and 9%, respectively, in the 
DBFS0 channel. 

It is realized that the average Nu number for 
the pure water or water-based single/hybrid NFs 
increases by increasing the velocity of the 
incoming flow in all DBFS channels.  

For example, for HyNf with ϕ=0.004 or 0.01, 
the average Nu number improves by 51-52% 
when the velocity of the incoming flow boosts by 
70%. The flow interruption intensifies at higher 
velocities, and the swirling zone enlarges as well 
as the circulation region close to the baffle. The 
mixing of hot and cold fluids (the effectiveness of 
the heat dissipation) is intensified by increasing 
the velocity of the forced convection flow at the 
inlet.  

The effects of baffle position and volume 
fraction of single/hybrid NPs on the friction 
factor at Uref=0.14 m/s are demonstrated in 
Figure 12. It is detected that the existence of an 
adiabatic baffle (positioned vertically downward 
from the top wall of the channel) noticeably 
augments the friction factor. 

Considering the pure water flow, the 
application of an adiabatic baffle over the first 
(DBFS1) and second (DBFS2) downstream hot 
walls increases the friction factor by 43.24% and 
304%, respectively, compared to the DBFS0 
channel (without a baffle). It is due to the 
increment of the pressure drop imposed by the 
baffles. For the pure water flow in the DBFS0 
channel, as the velocity of the incoming flow 
raises from 0.11 to 0.2, the friction factor abates 
by 20%. For the ZrO2/water NF with ϕ=0.01 in 
the canonical channel, a 70% increment of the 
inlet velocity results in a 27% reduction in the 
friction factor.  

Additionally, when the concentration of 
ND/water NF enhances from ϕ=0.0 to 0.004 and 
0.01 in the DBFS2 channel, the friction factor 
increases by 14.56% and 17.88%, respectively. 
Since the penalty of increased pressure drop can 
lower the perks of using baffles and single/hybrid 
NFs in engineering and industrial systems, the 
value of PEC must be analyzed. 

In Figure 13, the variations of PECbaffle for the 
pure fluid and single/hybrid NFs at various 
reference velocities are illustrated. For the pure 
water or single/hybrid NF flows, substituting the 
DBFS0 configuration with the DBFS2 
configuration is not advantageous (0.7< 
PECbaffle<0.9).  

 

(a) 

 

(b) 

 

(c) 

Fig. 12. Effects of baffle position on the friction factor for 
the pure water and single/hybrid NFs at Uref=0.14 m/s  
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Fig. 13. Variations of PECbaffle for the   (a) ND/water NFs in DBFS1, (b) ND/water NFs in DBFS2, (c) ZrO2/water NFs in DBFS1,  
(d) ZrO2/water NFs in DBFS2, (e) HyNf in DBFS1,  and (f) HyNf in DBFS2  

at various velocities of the incoming flow 

It indicates that the favorable effect (the 
intensified heat transfer) due to the addition of an 
adiabatic baffle over the second downstream wall 
cannot offset the negative effect (the rise in the 
pressure drop penalty). 

• For the ND/water and ZrO2/water NFs, HyNf 

with ϕ=0.004 and the pure base fluid, when 

the DBFS0 configuration is replaced with the 

DBFS1 channel, favourable outcomes 

(PECbaffle>1.0) are achieved.  

• For the water-based rGO/ND HyNf with 

ϕ=0.01, even the DBFS1 channel cannot be 

prescribed because the viscosity of HyNf is 

the most dominating factor when the 

concentration slightly increases.  

It is observed that the use of an adiabatic 
baffle in an effective position enhances the 
thermal efficacy of the separated forced 
convection flow where a disadvantageous heat 
transfer fluid (single/hybrid NF with a 
FOM1<1.0) is used. 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Fig. 14. Variations of PECnf for the   (a) ND/water NFs with ϕ=0.004,  (b) ND/water NFs with ϕ=0.01,  (c) ZrO2/water NFs  
with ϕ=0.004,  (d) ZrO2/water NFs with ϕ=0.01,   (e) HyNf with ϕ=0.004,   (f) HyNf with ϕ=0.01    

 at various velocities of the incoming flow 

 

Moreover, for the ND/water NF with ϕ=0.004, 
0.01, ZrO2/water NF with ϕ=0.004, 0.01, and 
water-based rGO/ND HyNf with ϕ=0.004, the 
application of a baffle over the first downstream 
hot wall is more beneficial (imposing a higher 
PECbaffle) compared to the base fluid. So, adding an 
adiabatic baffle is more advantageous for less 
effective working fluids (with a FOM1<1.0). 

The effects of adding single/hybrid NPs on the 
thermal performance of DBFS channels 
with/without a baffle are characterized by the 
PECnf, and they are visualized in Figure 14.  

When the pure base fluid is substituted with 
the ND/water NF, ZrO2/water NF and water-
based rGO/ND HyNf with ϕ=0.004 or 0.01 in the 
turbulent separated flow, the value of PECnf is 
lower than 1.0. 

Besides, consistent with the results of FOM1, 
the thermal performance of ND/water NF is 

significantly less than that of ZrO2/water NF and 
water-based rGO/ND HyNf at all concentrations 
due to the higher viscosity of the ND/water NF.  

The integrated effects of single/hybrid NPs 
and adiabatic baffles on the forced convection 
heat transfer in the DBFS channels are 
represented by PECtot, and they are given in 
Figure 15.  

The simultaneous substitution of the base 
fluid in the DBFS0 configuration with the 
single/hybrid NF (with ϕ=0.004 or 0.01) in the 
DBFS1 or DFS2 channel is ineffective since the 
value of PECtot is lower than 1.0. 

At the end, more numerical/experimental 
works must be performed to examine the 
convective heat transfer enhancement over 
complicated separated flows due to the 
introduction of appendages [57].  
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Fig. 15. Variations of PECtot for the   (a-b) ND/water NFs, (c-d) ZrO2/water NFs, and (e-f) HyNf  
at various velocities of the incoming flow 

 

7. Conclusions  

The outcomes of this research offered 
necessary insight into the sensitivity of a DBFS 
flow (with a fixed streamwise step separation) to 
adiabatic baffle and water-based single/hybrid 
NFs. The thermophysical properties of NFs were 
temperature-dependent, and they were acquired 
from the available lab-scale experiments in the 
literature. We showed the real possibility to 
enhance the heat transfer performance over this 
important configuration.  

The key findings were established as follows: 

(1) When the semi-empirical correlations were 
used for estimating the thermal conductivity 
and viscosity of single/hybrid NFs, the value 
of FOM1 became higher than 1.0. However, 
the NFs were not a good working fluid 
because the value of PECnf was lower than 
1.0.  

(2) The current study demonstrated how an 
irrelevant FOM (FOM2) confused us from the 
main message (disqualification of above 
single/hybrid NFs). 

(3) There was the phenomenon of the 
intensified vortex encapsulation generated 
by baffles in regions adjacent to steps (the 
first or second one). As the adiabatic baffle 
moved toward the first step, the magnitude 
of  𝑵𝒖𝒎𝒂𝒙 was enhanced. 

(4) The mixing of hot and cold fluids (the 
effectiveness of the heat dissipation) was 
intensified by increasing the velocity of the 
forced convection flow. On the other hand, a 
70% increment of the velocity of the 
incoming flow resulted in a 20-27% decrease 
in the friction factor. 
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(5) At concentrations ϕ=0.004 or 0.01, the PECnf 
substantiated that the thermal performance 
of the ND/water NF was significantly lesser 
than that of other NFs. It was due to the 
higher viscosity of the ND/water NF. 

(6) The favorable effect (the intensified heat 
transfer performance) due to the addition of 
an adiabatic baffle over the second 
downstream wall did not offset the negative 
effect (the rise in the pressure drop penalty). 

(7) It was highly crucial to find the optimum 
position of the adiabatic baffle on the 
opposite wall even though the working fluids 
(NFs) with temperature-dependent 
properties were not a good coolant based on 
the value of the FOM1. 

Future directions: We will explore the thermal 
efficacies of NFs in more complicated separated 
flows, such as shallow cavity flows with 
asymmetrical walls. 

Nomenclature 

𝑐𝑝  Specific heat (J/kg⋅K)  

𝑑 Distance between step and baffle (m) 

𝑑𝑝  Nanoparticle diameter (m)  

𝐷 Normalized distance of baffle 

𝐹1, 𝐹2 Blending function 

𝑓 Friction factor  

𝐻 Inlet height (m) 

ℎ𝑏𝑎𝑓𝑓𝑙𝑒  Baffle length (m) 

ℎ Heat transfer rate (W/(m2K))  

𝐼 Turbulence intensity  

𝑘 TKE (m2⋅s−2)  

𝑘 Thermal Conductivity (Wm-1K-1)  

𝑙 Length scale of problem (m)  

𝐿 Total length (m) 

𝐿1  Length of the inlet region (m) 

𝐿2 Location of second step (m) 

𝑀𝑜 Mouromtseff number  

𝑁𝑢 Nusselt number 

𝑃 Pressure (N/m2) 

𝑃𝑟 Prandtl number  

𝑞 Heat flux (W/m2) 

𝑅𝑒 Reynolds number 

𝑠 Step height (m) 

𝑆𝑖𝑗 Strain rate tensor (1/s)  

𝑇 Temperature (K) 

𝑢 Velocity (m/s) 

𝑈𝑐 Upstream centerline velocity (m/s) 

𝑋 Distance in streamwise direction (m) 

Subscripts  
 

𝑎𝑣𝑒 Average  

𝑚𝑎𝑥 Maximum  

𝑚𝑖𝑛 Minimum  

𝑏𝑓 Base fluid  

𝑛𝑓 Nanofluid  

𝑡 Turbulent  

𝑟𝑒𝑓 Reference  

𝑡𝑜𝑡 Total  

Greek symbols 

𝛼 Thermal diffusivity (m2.s-1) 

Γ1, Γ2 Constants  

𝛿𝑖𝑗 Kronecker delta 

𝜀 Turbulence dissipation (m2/s3)  

𝜇 Dynamic viscosity (kg.m-1.s-1) 

𝜈 Kinematic viscosity (m2/s) 

𝜌 Density (kg/m3) 

 𝜏 Turbulent shear stress (Kg/m.s2) 

𝜙 Volume fraction of NP 

𝜔 Specific dissipation rate (s-1)  

Abbreviations  

BFS Backward facing step 

CFD Computational fluid dynamics 

DBFS Double backward facing step 

ER Expansion ratio 

FEM Finite element method  

FOM Figure of merit 

FVM Finite volume method  

HyNf Hybrid nanofluid  

LES Large eddy simulation  

MTC Maximum temperature constraint  

MWCNT Multi-walled carbon nanotubes  

ND Nanodiamond 

NF Nanofluid  

NP Nanoparticles  

PEC Performance evaluation criterion 

PEP Performance evaluation parameter  

PIV Particle image velocimetry 

PTV Particle-tracking velocimeter 

RANS Reynolds-Averaged Navier-Stokes 

rGO Reduced graphene oxide 

SSA Specific surface area 

SST Shear stress transport  

TBL Thermal boundary layer  

TKE Turbulent kinetic energy  

UDD Ultra-dispersed diamond  
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