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A B S T R A C T   

Thermal stresses encountered in the production of steel rod is a challenging problem arising from the irregular 
temperature distribution along the circumference of the rod. This study investigates the cooling process of a hot 
cylinder with a uniform surface temperature. The concept of the problem is a rotating cylinder immersed in an 
annular porous medium under the impact of two impinging jets. The jets are confined and act upward and 
downward. The rotational speed of the cylinder, the eccentricity of the surface porous layer and its Darcy number 
and Reynolds number are varied to organize the feasibility of the suggested problem. The parameters are 
controlled to be within the laminar mathematical system, which is solved computationally using the finite 
element method. The results show a promising role of the porous surface layer as it raises the Nusselt number, 
where it elevates 78% greater than a bared cylinder for a Darcy number Da = 10− 2 and a Reynolds number Re =
400. It was found that although the rotation of the cylinder reduces the Nusselt number, it contributes highly to 
the uniformity of the surface temperature of the cylinder. It was found also that the eccentricity of the porous 
layer increases the average Nusselt number by 28% for Re = 300 and Da = 10− 2. The porous layer and the 
cylinder rotation increase slightly the pressure drop.   

1. Introduction 

The metallurgists strictly recommend a uniform surface temperature 
of hot steel during the continuous heat treatment. Thus, the production 
of steel needs special efforts in optimizing the cooling process because of 
its low thermal diffusivity [1]. The uniform surface temperature ensures 
the uniformity of the temperature throughout the entire steel product 
[2], which in turn reduces the possibility of forming thermal stresses. 
Other examples of uniform temperature demands are encountered in 
cooling the turbine shaft [3] and cooling a work-piece under a grinding 
process [4]. Impinging jet spraying water drops on the hot surface is one 
of the diversities technical methods followed in ensuring uniform 
cooling of continuous heat treatment of heated products. Despite the 

temperature uniformity of hot cylinders being the main demand in heat 
treatment, but the augmentation of convective heat transfer is also one 
of the most important requirements. In the late 1980′s, some experi
mental works arose to boost the convective heat transfer from hot bodies 
by embedding them in a layer of a porous medium. Nasr et al. [5] cited 
most of these works and endorsed their results by experiments on cross- 
flow over a hot cylinder embedded in diverse porous media. They 
employed different solid matrices by changing the type and size of 
spheres forming the porous media and proposed smaller sizes and higher 
thermal conductivity to get a heat transfer coefficient seven times 
greater than bared cylinder exposed to the same cross-flow. Layeghi and 
Nouri-Borujerdi [6] performed a parametric numerical study to show 
the augmentation of the heat transfer of a heated cylinder embedded in a 
Darcian porous medium and subjected to low Reynolds numbers flow. 
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They did not focus their attention on the existence of the porous me
dium, but they indicated lower porosity in order to get a higher Nusselt 
number. Al-Sumaily et al. [7] extended the conditions of Layeghi and 
Nouri-Borujerdi [6] by considering higher Nusselt numbers (up to 250) 
and so that non-Darcian model became mandatory to be used. Moreover, 
their study was unsteady and took into consideration the local thermal 
non-equilibrium LTNE between the solid matrix of the porous medium 
and the entrained fluid. They invoked two roles of the porous medium, 
the first is the augmentation of the Nusselt number, and the second is the 
elimination of the separation flow along the hot cylinder. The LTNE 
model has resulted in a different key parameter governing the Nusselt 
number in the fluid phase. Sayehvand et al. [8] extended the problem of 
Al-Sumaily et al. [7] by embedding a pair of cylinders in a horizontal 
channel saturated with a porous medium. They endorsed the 

enhancement of heat transfer due to the presence of the porous medium 
and attributed this enhancement to the wake region behind the cylinders 
as in the clear channel. However, the drawback of the porous medium is 
the increase in the total pressure drop. The horizontal distance between 
the two cylinders was a strong parameter affecting the heat released 
from the cylinders. The experiments of Al-Salem et al. [9] on a heated 
cylinder wrapped by a porous annular sheet and subjected to cross-flow 
have recorded a positive role of the annular porous sheet in augmenting 
the Nusselt number. According to their findings, the pressure drop 
arising from the porous layer is not so considerable, while its thickness 
should not be too high in order to avoid air trapping within it. In the 
same topic, Rashidi et al. [10] inspected two types of spheres forming a 
porous ring surrounding a hot cylinder and subjected to a low flow of 
water. Relative to the thermal conductivity of the cooling fluid (water), 
the spheres of higher thermal conductivity gave a higher Nusselt number 
than the spheres of lower thermal conductivity. The length of the wake 
extended with decreasing the Darcy number. They proposed a porous 
medium of high thermal conductivity and high permeability for perfect 
heat transfer. Tumes et al. [11] investigated the role of the magnetic 
field and the ferrofluid volume fraction on the hydrodynamic, thermo
dynamic and thermal behaviors of a cylindrical body subjected to a 
stream of water-Fe3O4 ferrofluid inside a horizontal channel. They re
ported that the magnetic field augments the Nusselt number and reduces 
the entropy generation. Howsoever, their proposed parameters that give 
optimum performance implied to zero magnetic field and 4% volume 

Nomenclature 

Cf Friction coefficient of Forchheimer term 
d Diameter of the annular porous layer (m) 
D Diameter of the cylinder (m) 
Da Darcy number (K.D− 2) 
H Height of the channel 
K Permeability (m2) 
k Thermal conductivity (W.m− 1.K− 1) 
Kr Conductivity ratio (keff/kf) 
L Length of the channel (m) 
Nu Nusselt number, local 
n Normal vector 
P Pressure (N.m− 2) 
Pe Peclet number (Re*Pr) 
Pr Prandtl number (ϑ/α) 
q“ Heat flux (W.m− 2) 
Re Reynolds number (ρVinD/ μ) 
S Distance along the cylinder (m) 
U Velocity vector 
U,V Velocities, dimensionless 
u, v Velocities, dimensional (m.s− 1) 

u, v Velocities (m.s− 1) 
Vin Jet velocity (m.s− 1) 
W Width of slot jet (m) 
X,Y Dimensionless Cartesian coordinates 
x, y Cartesian coordinates (m) 

Greek Symbols 
α Thermal diffusivity (m.s− 2) 
δ Eccentricity (m) 
ε porosity 
λ Switching parameter 
μ Dynamic viscosity (kg.m− 1.s− 1) 
ρ Density (kg.m− 3) 
Ψ Streamfunction, dimensionless 
Ω Rotational speed, dimensionless 

Subscripts 
av average 
C cold 
eff effective 
f Fluid 
p porous  

Fig. 1. Schematic illustration of the problem.  

Table 1 
Test of numerical solution dependence against the size of mesh for Re = 400, Ω 
= 15, Da = 10− 2, δ/D = 0.15.  

Mesh Mesh size Average Nusselt number Percentage error 

M1 13,874  4.4165  – 
M2 25,464  5.1686  14.5 
M3 59,518  6.5078  20.5 
M4 141,118  6.9006  5.7 
M5 269,658  6.9187  0.26  
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fraction of the ferrofluid. 
Covering bluff bodies by a porous ring has been investigated deeply 

in the field of aerodynamics. This is because the porous layer plays a 
major role in controlling the length of the wake, the formation of the 
vortex shedding and hence, the acoustic noise in environmental 

applications. Moreover, the passive nature of this strategy has attracted 
the attention of researchers on this topic. A common conclusion among 
most works is that the porous cover layer regularizes the fluctuations in 
the velocity and pressures behind the bluff bodies (Naito and Fukagata 
[12]), and this action is more pronounced in circular than rectangular 
bluff bodies (Sadeghipour et al. [13]). The porous layer reduces the drag 
in the covered square bluff body and inversely increases the drag in the 
case of circular cylinders (Showkat et al. [14]). A very interesting role of 
the porous layer is the coating of linkage arms used in the mechanism of 
obtaining the electricity from the mains to drive the high-speed train 
(Liu et al. [15]); this is a very important demand in reducing the noise 
raised from the strong turbulence around the linkages cylindrical arms. 

To enhance the heat removal from an object, a controllable flow 
direction can be achieved by applying an impingement jet to carry the 
coolant on that object (Farzad et al. [16]). When the object is a porous 
block of different geometries placed on a heat source, Fu and Huang [17] 
recommended the concave geometry to achieve higher spacing between 
the jet and the porous block. Chen and Cheng [18] suggested double 
concave porous layers covering a curved grove made on a copper block. 
The concave bilayer is subjected to a nanofluid impingement jet. To get 
more heat transfer, they advised that the porosity of the upper layer 
should be higher than that of the lower layer. The study of Fischer and 
Lemos [19] revealed that the jet impinging on a heated plate covered by 

Fig. 2. Test of numerical solution dependence against the size of mesh for Re = 400, Ω = 15, Da = 10− 2 and δ/D = 0.15.  

Fig. 3. Mesh topography of G4 (141118 elements) for Re = 400, Ω = 15, Da = 10− 2, δ/D = 0.15.  

Table 2 
Comparison of the average Nusselt number along the cylinder between the 
present numerical solution and experimental results of Nasr et al. [5] and nu
merical solution of Al-Sumaily [47].  

Pe Experimental, 
Nasr et al. [5] 

Numerical, Al- 
Sumaily [47] 

Present- 
constant 
heat flux 

%Error =

⃒
⃒NuPresent − Nu[3]

⃒
⃒

Nu[5]

103  11.56  13.16  13.645 18 
120  12.30  14.42  14.266 16 
125  12.80  14.90  14.480 13 
139  14.00  15.56  14.991 7 
150  14.88  16.54  15.350 3.2 
181  16.07  18.40  16.447 2.3 
192  17.34  19.11  16.830 3 
201  17.75  19.70  17.140 3.5 
211  18.58  –  17.480 6  
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a porous layer not only enhances the heat removal but also suppresses 
the Nusselt number’s peaks at the stagnation region. Choo et al. [20] 
proved experimentally the benefit of inclining the impingement of jet on 
the Nusselt number presuming the spacing between the jet and the hot 

plate is equal to or less than the nozzle diameter. Bentarzi et al. [21] 
assumed two jets impinging with different configurations; parallel 
(oblique and perpendicular), divergent and convergent. They indicated 
that no inclination configuration gave the Nusselt number more than the 

Fig. 4. Comparison between the outcomes of the present solution with experimental results of Nasr et al. [5] and numerical results of Al-Sumaily [47].  

Fig. 5. Streamlines around still cylinder (Ω = 0) for three different eccentricities and Re = 300.  
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perpendicular jets. This was because they were not aware of the spacing 
between the jets and the hot wall, namely, they assumed a distance of 
eight times of jet width, which is so large that it causes losses of mo
mentum of the wall jet [20]. Besides the benefit of inclining the jet of the 

heat transfer, Benmouhoub and Mataoui [22] inspected the effect of 
moving the hot wall also. Their findings showed that the movement of 
the hot wall is useful when its speed is greater than the jet velocity; 
otherwise, the movement of the wall decreases the Nusselt number. 

Fig. 6. Isotherms of stationary cylinder (Ω = 0) for three different eccentricities and Re = 300.  
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Contrarily, Chattopadhyay and Saha [23] showed that the heat transfer 
from the knife or axial jets decreases with increasing the velocity of the 
hot surface. However, the knife jets showed better heat transfer from the 
axial jets when the surface velocity is about one-half the jet velocity. 
Sharma and Sahu [24] observed experimentally an increase and 
decrease of the heat flux with the Reynolds number of impinging jet and 
the speed the moving steel foil, respectively. Lai et al. [25] focused their 
experiments on the flow characteristics of an inclined jet impinging on a 
rotating disk. They proved a crucial role in the centrifugal force 
imparted by the rotating disk to the fluid, where the excessive rotational 
speed pushes the jet away from the target. Moreover, when the 

rotational Reynolds number is 38 times the jet Reynolds number, the 
flow is governed by rotation. Dutta and Chattopadhyay [26] studied the 
annular turbulent jet impinging upon a circular hot disc and presented 
significant details about the fluid circulation and its kinetic energy. They 
presented the prominent role of the Reynolds number on the shape and 
size of the reverse zone. Hosseinalipour et al. [27] used a local thermal 
non-equilibrium model to investigate laminar pulsed impinging jet in 
the existence of porous metallic blocks. They, first, evaluated the steady 
impinging jet on porous blocks, and then examined the impact of the 
porous blocks on the puled impingement jet. They also examined the 
impact of various pulse frequencies and amplitudes. They concluded 

Fig. 7. Local Nusselt number for Re = 300, Ω = 0, and (a) Da = 10− 5, (b) Da = 10− 2.  
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that the Nusselt number was not affected by lower values of pulse fre
quencies and amplitudes, while the existence of porous blocks resulted 
in a more flat distribution of the Nusselt number. 

Concerning the cylindrical target, there are two purposes of the 
impingement jet; the first is for cooling or heating, in which case the 
cylinder is stationary [28]. The second purpose is heat treatments such 
as quenching or annealing where the cylinder is rotating [29,30]. The 
rotation of the cylinder eliminates the extreme values of the local Nus
selt number rising from the stagnation points. Nada [31] demonstrated 
experimentally the virtue of the multiple jets distributed along a line 
parallel to the axis of a hot cylinder resulting in a uniform Nusselt 
number better than a single slot jet extended along the same line. Singh 
et al. [32] revealed experimentally the benefit of confining a stationary 
hot cylinder, subjected to a circular air jet, by a bottom semi-circular 
plate. Where the gain of the average Nusselt number was found to be 
17% greater than the unconfined cylinder, then they promoted their 
findings by numerical simulation to get an increase of 24% in the local 
Nusselt number when the confining plate is split to form a longitudinal 
vent. In another study, Singh et al. [33] utilized the concave confining 
plate in the case of double circular jets. In this case, the gain of the 
average Nusselt number due to the confining was 16%. However, the 
separation between the jets had a positive impact on the total average 

Nusselt number. Pachpute and Premachandran [34] compared the per
formance of cooling a hot cylinder by the impingement jet with and 
without upper confinement. Their numerical results stated that the ef
fect of the confining is negligible when its length is six times greater than 
the cylinder diameter. Alizadeh et al. [35] examined the impact of 
transpiration, permeability and porosity on the flow field and thermal 
performance of an external impinging jet around a cylinder. It was found 
that non-uniform transpiration remarkably influenced the field and 
thermal performance, while the impact of permeability and porosity was 
negligible. 

Regarding the heat treatment applications, the experiments of Jahedi 
and Moshfegh [36] of using a row of inline circular jets on quenching 
heat transfer of a hollow, rotating shaft showed that the rotational speed 
of the shaft significantly affected the quenching process. They detected 
that the high rotational speed reduces the contact time between the jets 
and the shaft, thus resulting in poor quenching, while the low speed 
provides not only efficient cooling but it also produces uniform heat 
transfer. Jeng et al. [37] utilized the infrared technique and smoke to 
visualize the flow around a rotating hot cylinder subjected to a planner 
slot jet. Their results endorsed the role of cylinder rotation in getting a 
uniform Nusselt number along the circumferential of the cylinder, and 
the increase of the jet based Reynolds number led to increase the Nusselt 
number for rotating and stationary cylinder, while the rotation based 
Reynolds number led to increase the Nusselt number in case of no flow 
from the jet. However, when a hot cylinder rotates with no impingement 
jet, the rotation here causes a non-uniform distribution of the local 
Nusselt number as indicated by Ma et al. [38]. Bijarchi et al. [39] sug
gested a swinging-like pendulum slot jet to perform uniform cooling of a 
hot flat surface. They indicated that their suggested strategy accom
plishes the uniform cooling provided that the jet to target ratio is be
tween 0.35 and 0.5. Li et al. [40] considered the scarfing defects of the 
steel slabs cooled by a multiple jets. They imposed an inclination to a 
large number of multi-jet impingement with long jet-to-target spacing 
and investigated the problem numerically and visualized the flow fields 
experimentally. According to their results, Coanda effect was the main 
cause that triggers grooves on the slab, thus, the obliquely impingement 
parallel jets, spacing between them and the spacing between jets and the 
target were the key parameters that inspected to limit such a problem. 

In summary, the use of impingement jets in cooling or heat-treating 
of circular cylinders or shafts is a viable strategy. Most studies have 
focused on the cooling of hot surfaces, and few studies addressed the 
homogenizing of the surface temperature. However, there is no indi
vidual work, to the best of our knowledge, which has focused on 
enhancing and getting uniform heat transfer of a heated cylinder. 
Moreover, impingement jets applied to a cylinder wrapped by a porous 
layer are not widely known and still need more understanding. There
fore, the aim of this paper is to introduce an approach to enhancing the 
cooling rate of a hot cylinder with uniform distribution of its surface 
temperature. The proposed approach is to cover the cylinder with an 
eccentric porous surface layer and apply two jets, upward and down
ward, with possible rotation of the cylinder. It is believed that this 
approach will contribute to new promising findings in heat treatment, 
which is an essential stage in the production of steel shafts. 

2. Description of the model 

The schematic diagram of Fig. 1 shows a hot cylinder of diameter D 
rotates with angular speed Ω and covered by an annular porous layer of 
outer diameter d. There is an eccentricity between the centers of the 
cylinder and the porous layer, assigned by δ. The covered cylinder is 
confined inside a horizontal channel of length L and height H. Two jets 
spout from the walls of the channel and impinge cold water upward and 
downward onto the covered cylinder. The width of each jet is W. Based 
on the cylinder diameter, the dimensions of the geometry are set as; d/D 
= 1.5, H/D = 2.5, W/D = 0.15 and L/D = 30. All dimensions are selected 
arbitrarily, except the channel length (L/D) and jet to target ratio (W/D). 

Fig. 8. Variation of Nusselt number with the eccentricities and different Darcy 
number for Re = 300 and Ω = 0. 

Fig. 9. Pressure drop with the eccentricity and the Rotational speed for Re =
100 and Da = 10− 3. 
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The L/D is selected to provide the condition of the fully developed flow 
at the two outlets of the cross-flow, where the value 30 is suitable for 
Reynolds number up to 500 according to the constraint L/D = 0.06Re. 
The W/D is adjusted to meet the affective distance between the jet 
opening and the target, which is the horizontal peaks of the rotating 
cylinder [41]. Considering an incompressible Newtonian fluid, steady 
laminar flow, and assuming too long a cylinder along with the slot jets, 
the variations in the thermal and flow fields in the direction normal to 
the X-Y plane are marginal and can safely be ignored. Owing to the 
strong inertia of the two jets, the buoyancy effect is ignored. Within the 
annular porous layer, the viscous and drag effects are taken into 
consideration by adopting the Darcy-Forchheimer model. Thus, the 
problem can be posed in terms of the following dimensionless equations. 

∂U
∂X

+
∂V
∂Y

= 0 (1)  

(

U
∂U
∂X

+V
∂U
∂Y

)

= − ε2∂P
∂X

+
ε

Re

(
∂2U
∂X2 +

∂2U
∂Y2

)

− λε2
(

1
ReDa

U +
Cf
̅̅̅̅̅̅
Da

√ |U|U
)

(2)  

(

U
∂V
∂X

+V
∂V
∂Y

)

= − ε2∂P
∂Y

+
ε

Re

(
∂2V
∂X2 +

∂2V
∂Y2

)

− λε2
(

1
ReDa

V +
Cf
̅̅̅̅̅̅
Da

√ |U|V
)

(3)  

U
∂θ
∂X

+V
∂θ
∂Y

=
(1 + λ(Kr − 1) )

RePr

(
∂2θ
∂X2 +

∂2θ
∂Y2

)

(4) 

The value of λ is switched between 1 for the porous annular region 
and 0 for the remainder domain filled only with fluid. The equations 
above are derived from the original dimensional equations with the aid 
of the following parameters. 

(U,V) =
(u, v)
Vin

, P =
p

ρV2
in
, θ =

(T − Tc)

q˝D/kf
, (X,Y) =

(x, y)
D

Re =
ρVinD

μ , Pr

=
μ

ρα, Da =
K
D2,Kr =

keff

kf 

The term Cf in equations (2) an 3 is given by [42]; 

Cf =
1.75
̅̅̅̅̅̅̅̅̅̅̅̅
150ε3

√ (5)  

where ε is the porosity. 
The equivalent thermal conductivity in the porous region is given by: 

keff = ks(1 − ε)+ εkf (6) 

At the surface of the outer porous annular layer, the interface is 
represented by: U,V, θ|f = U,V, θ|p,

( ∂U
∂Y + ∂V

∂X

)

f =
( ∂U

∂Y + ∂V
∂X

)

p and kf
∂θ
∂Y

⃒
⃒
f 

=.keff
∂θ
∂y

⃒
⃒
⃒
p 

The boundary conditions are as follows: 
1) At the jets, θ = U = 0, and V =+1 for the upward jet and V = − 1 

for the downward jet. 
2) At the outlets of the cross-flow, P = 0,∂U/∂X = ∂V/∂X = ∂θ/∂X =

0 
3) At the surface of the cylinder, ∂θ

∂n = − 1, U = Ω
(
Y − H

2
)
, V =

Ω(L
2 − X)
4) Along the remainder solid boundaries,.∂θ/∂Y = U = V = 0 
The thermal field can be quantified locally and globally using the 

local and average Nusselt numbers along the hot surface of the cylinder 
as computed from the followings: 

Nu = −
keff

kf

∂θ
∂n

(7) 

Fig. 10. Streamlines around stationary cylinder (Ω = 0) with Darcy number for Re = 100, 400 and δ/D = 0.15.  
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Fig. 11. Isotherms of stationary cylinder (Ω = 0) with Darcy number for Re = 100, 400 and δ/D = 0.15.  
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Nuav =
1
S

∫S

0

Nu (8) 

The flow field is quantified by the streamlines, which are the lines 
tangent to the velocity vectors and represented by U = ∂Ψ

∂Y and V = − ∂Ψ
∂X. 

3. Numerical solution 

The domain of the problem is divided into a number of elements, and 
the equations (1) to (4) are discretized according to the finite element 
method FEM. By exploiting this method, it is possible to deal with 
curved and straight boundaries with high accuracy. In this method, the 
unknown variables are defined on the nodes of each element using basis 
functions. The basic functions result from interpolating the velocity, 
temperature and pressure by selecting a basis function 

[
Φk

i
]M

i for 

implementing approximation solutions for these three variables. 

U,V ≈
∑M

i
(U,V)k

i Φk
i (X,Y),

θ ≈
∑M

i
θk

i Φk
i (X,Y),

P ≈
∑M

i
Pk

i Φk
i (X,Y)

(9)  

the subscripts i, k and M represent the node number, time iteration and 
number of nodes, respectively. 

The finite element technique (FEM) was used in this work to solve 
the governing equations and boundary conditions. In particular, a weak 
version of the governing equations was integrated across mesh elements 
to yield residual equations, which were then solved using a second-order 
algorithm. These equations were solved using the PARDISO solver 
[43–45]. PARDISO, which stands for Parallel Direct Solver, is a package 
for directly solving large sparse linear systems of equations. It leverages 
parallelism to solve the problems concurrently on several processors, 
which may drastically cut the calculation time. In addition, the coupled 
equations were solved using the Newton technique with a damping 
factor of 0.80 and a relative error criterion of less than 10− 3. For the sake 
of the stability, we implemented the second order up-wind and cross- 
wind stabilization schemes, which overcome the numerical in
stabilities arising from the convective and diffusive terms. Moreover, the 
cross-wind scheme obviates the numerical over and under-shooting. 

The physical domains are discretized in the unstructured form to 
permit adaptive refining of the mesh within the steep gradients of ve
locity and temperature close to the surfaces of the rotating cylinder and 
the channel walls. To test the mesh dependency solution, several meshes 
were inspected for the case of Re = 400, Ω = 0, Da = 10− 2, and δ/D =
0.15. It is deduced from this test that the suitable mesh is composed of 
141,118 elements (M4) as depicted in Table 1 and Fig. 2, which is 
selected as it is comparable between the accuracy and the time taken in 
the numerical solution. A close-up view of the M4 mesh is portrayed in 
Fig. 3. 

Fig. 12. Variation of Nusselt number with the Reynolds number and different Darcy number for δ/D = 0.15 and Ω = 0.  

Fig. 13. Pressure drop with Re and Da for Ω = 5 and δ/D = 0.15.  
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Fig. 14. Streamlines around stationary and rotating cylinder for two different rotational speeds and Re = 300 and Da = 10− 3.  

Fig. 15. Isotherms of stationary and rotating cylinder for two different rotational speeds and Re = 300 and Da = 10− 3.  
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4. Results and discussion 

4.1. Parameters and validation 

The results are collected by varying the eccentricity between the 
porous surface layer and the cylinder by δ/D = 0 – 0.175; Darcy number 
by 10− 5 – 10− 1 to inspect the effect of the drag of the porous upon the 
jets; Reynolds number from 100 to 500 to inspect the ability of the jets 
on penetrating the porous layer and also to be within the laminar region. 
To inspect the effect of rotation speed, Ω was varied from 0 to 20 
clockwise. The counterclockwise has not been considered because of the 
symmetry about a vertical line joining the centers of the two jets, cyl
inder and the porous surface layer. The porous surface layer is assumed 
to be composed of fine sandstone with thermal conductivity of ks =

2.507 W/m.K and porosity of 0.1331 [46]. The cooling fluid is water at 
24 ◦C; thus, Prandtl number is equal to Pr = 6.2. 

To ascertain the reliability of the used numerical code, a special case 
of a hot cylinder ingrained in a porous medium and packed in an open- 
ended vertical vessel was solved. This case is one of the several experi
ments done by Nasr et al. [5]. The porous medium was composed of 
glass beads of 2.85 mm diameter, 1.01 W/m.K thermal conductivity and 
0.37 porosity. The diameter of the hot cylinder was D = 12.7 mm. Al- 
Sumaily [47] explained that this case could be treated as a non- 
dimensional problem, where the domain was confined by 12D height 
and 10D width. The inlet boundary conditions are set as θ = 0 and V =
-1, on the cylinder ∂θ/∂n = -1, while at outlet, the pressure is set at P = 0. 
The side boundaries were set as infinity boundaries. The fluid was air, Pr 
= 0.7. Results of the comparison show good agreement, especially at a 
high Peclet number (Pe = Re * Pr), as shown in Table 2 and Fig. 4. The 
higher percentage errors indicated at low Peclet numbers may refer to 
the imperfect value of the drag coefficient Cf (Eqn. (5)) of the Darcy- 
Forchheimer model for low velocities. The present comparison con
firms what was reported by Al-Sumaily [47], who solved the same 
problem using finite volume method. Table 2 presents the quantified 
error between the present numerical computations and the experimental 
results of Nasr et al. [5]. 

4.2. Impact of the eccentricity of the porous layer 

The impact of the eccentricity is examined in the case of non-rotating 
cylinder (stationary cylinder, Ω = 0) and a Reynolds number Re = 300, 
Fig. 5 displays the streamlines for different eccentricities for two values 
of the Darcy numbers. The figure portrays that the jets do not penetrate 
into the porous layer when is relatively small (Da = 10− 5), even at δ/D 
= 0.175, i.e. when the downward jet impinges upon a very thin porous 
sector. This implies that the inertia of the two jets at Re = 300 is unable 
to overcome the drag of the porous layer. Nevertheless, for Da = 10− 2 

(low drag layer) the jets penetrate into the porous annulus for all values 
δ/D. The streamlines show two secondary vortices on both sides of each 
jet. These vortices disappear from the effective zone of the upward jet 
(underneath the cylinder) when δ/D = 0.175, i.e., when the portion of 
the porous layer facing the upward jet becomes thicker; thus, it restrains 
the upward jet in the early distance. 

The impact of δ/D on the distribution of dimensionless temperature 
is presented in Fig. 6, which elucidates that the thermal boundary layers 
shift upward with increasing δ/D for a little drag porous layer (Da =
10− 2). This reveals the combined actions of water jets and the effective 
thermal conductivity of the porous layer, which becomes more effective 
in thick porous sectors as shown when δ/D = 0.175. It is worth 
mentioning that the asymmetric thermal boundary layer leads to higher 
temperature gradients resulting in cylinder subject to thermal stresses, 
the issue that led us to suggest the rotation of the cylinder. For δ/D = 0, 
the thermal boundary layer is symmetric around the hot cylinder. It can 
be deduced, hence, that the eccentricity can serve in widening the cold 
zone along the circumference of the cylinder, but since Ω = 0, the uni
formity of the temperature of the surface is still absent. 

In order to understand the variation of the thermal boundary layer 
with the eccentricity δ/D and Darcy number, the local Nusselt number 
Nu along the circumference of the hot cylinder was calculated, as 
depicted in Fig. 7. The figure reveals that Nu is maximal at the stagnation 
zones and for all values of δ/D. Having a concentrated look at Fig. 7 (a) 
for Da = 10− 5, it is possible to notice that the eccentricity δ/D con
tributes to the weakening of the local Nusselt number within the upper 
half of the cylinder and strengthens it along the lower half. The expla
nation of this trend refers to the fact that at Da = 10− 5, the drag of the 
porous surface layer restricts the motion of the fluid and hence, the role 
of the inertia on the local heat transfer diminishes. On the other hand, 
the local heat transfer depends on the thermal conductivity of the porous 
layer. Therefore, Nu is proportional to the quantity of the porous me
dium. As Da = 10− 2 (Fig. 7 (b)), the jets meet low drag from the porous 
layer; therefore, the inertial of the impinging jet overcomes the gain 
arising from the effective thermal conductivity. Thus, the Nu is inversely 
proportional to the amount of the porous medium surrounding the 
cylinder. Comparing the scales of Fig. 7 (a) and (b), it is observed that 
the Nu values of Da = 10− 2 are more than twice of Da = 10− 5 values. 

To comprehend the global effect of the δ/D with Darcy number, 
Fig. 8 displays a clear positive role of δ/D on the average Nusselt number 
Nuav. The trend of increasing Nuav with δ/D becomes stronger because of 
the combination of the freely penetrating jets into the porous layer and 
its effective thermal conductivity. The percentage increase of Nuav when 
δ/D is shifted from 0 to 0.175 are 4.6%, 14% and 28% for Da = 10− 5, 
10− 4 and 10− 2, respectively. 

Fig. 9 elucidates that the eccentricity elevates the drop of the 
dimensionless pressure (ΔP) for a rotating cylinder. This pattern is 

Fig. 16. Local Nusselt number for Re = 300, Da = 10− 3 and (a) δ/D = 0, (b) δ/D = 0.125.  
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referred to the excessive resistance of the large thickness due to the 
eccentric porous layer, which resists the upward jet. Whereas the vari
ation of the pressure drop with eccentricity is marginal for non-rotating 
cylinder. 

4.3. Impact of Darcy and Reynolds numbers 

To comprehend the insight into the influence of the Darcy number, 
the streamlines and isotherms for low and high Reynolds number were 
pursued as depicted in Figs. 10 and 11. The streamlines of Fig. 10 
portray that the secondary vortices formed with stronger jets (Re = 400) 
expand in the zone of the upward jet when Da = 10− 2. This can be 

ascribed to the separation phenomenon in the strong jet when it en
counters little drag. For Da = 10− 5, the main-stream of the upward jet is 
evenly turned to cross-flow due to the considerable drag of the porous 
layer, thus, there is no space viable for the separation. The distribution 
of the isotherms in Fig. 11 indicates how the temperature drops with 
Darcy and Reynolds numbers. This drop in temperature is supported by 
the increase of the average Nusselt number, as shown in Fig. 12. This 
figure highlights the more pronounced role of Re with higher Da, where 
the percentage increase of Nuav when Re increases from 100 to 500 are 
87% and 314% for Da = 10− 5 and 10− 4, respectively. 

The drop of the dimensionless pressure with Reynolds number 
(Fig. 13) shows the well-known pattern of the decreasing pressure drop 

Fig. 17. Temperature distribution along the hot cylinder for Re = 300, δ/D = 0 and (a) Da = 10− 3 and different rotational speeds, (b) Ω = 10 and different 
Darcy numbers. 
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with Reynolds number. This is explicated by the decrease of the viscous 
effect at higher Reynolds number. 

4.4. Impact of cylinder rotation 

One of the main topics of this study is the role of rotating the hot 
cylinder, which is covered by the porous surface layer. This effect is 
illustrated in Fig. 14 for concentric and eccentric layers. The figures 
disclose an important topic, that is, the cross-flow is disturbed evenly on 
both outlets for the concentric layer, while in the eccentric case, the 
downward jet is guided by the rotating cylinder due to the shorter path 
in a low drag zone. This process is mainly caused by the friction effect. 
Most of the guided stream is brought to encounter the upward jet and 
then turns to the left cross-flow, leading to asymmetric outlet flows. 
Moreover, a secondary vortex on the right of the annulus blocks the 
channel leading to pushing most of the fluid towards the left outlet. This 
scenario of cross-flow makes the water leaving the left outlet hotter than 
other zones, as depicted in Fig. 15 for eccentric annulus. 

To inspect the thermal field closely, the distribution of the Nu with 
the rotational speed Ω is exhibited in Fig. 16. For an eccentric layer 
(Fig. 16 (a)), the symmetric oscillation of Nu decreases and flattens 
strongly when Ω increases to a non-zero value. The same effect is noticed 
with the eccentric layer (Fig. 16 (b)), but with asymmetric distribution 
of Nu at Ω = 0 because of the eccentricity of the porous layer. However, 
with a rotating cylinder, the distribution flattens vastly due to the steep 
reduction of Nu. It can be deduced from the figure that the rotation of 
the cylinder serves to uniform the boundary layer along the circumfer
ential path of the cylinder, but it deviates the impinging jets and leads to 
scattering the stagnation zones, thus weakening the local Nusselt num
ber. The uniformity of the boundary layer around the rotating cylinder 
means that the surface temperature of the cylinder becomes uniform. 
This can be observed in Fig. 17 (a), which implies the uniformity of the 
surface temperature with non-zero values of Ω. This uniformity of the 
temperature is one of the main demands in steel production to avoid 
surface thermal stresses. However, pumping more fluid through the jets 
can compensate for the concomitant increase of temperature with Ω. 
Fig. 17 (b) discovers that the role of rotation in temperature uniformity 
is more pronounced in a porous medium of high permeability, i.e., high 
Darcy number. The global impact of the rotation is presented in Fig. 18, 
where the average Nusselt number declines with Ω in concentric (Fig. 18 
(a)) and eccentric (Fig. 18 (b)) porous layers. This is because, as 
mentioned above, due to the deviation of the two jets when they 
approach the rotating cylinder. This explanation is demonstrated by 
having a glance at the Nuav of Da = 10− 5. It is uninfluenced by Ω because 
the inertia of the jet dissipates in the porous layer before they reach the 
rotating cylinder. The reduction in Nuav at 10− 3 when Ω varies from 0 to 
25 is 38% for δ/D = 0 and 48% for δ/D = 0.125. 

Fig. 19 depicts an increase in the pressure drop with increasing the 
rotational speed of the cylinder. The boosted frictional effect between 
the impinging jet and the rotating surface is behind this pattern. 

4.5. Demonstration of the benefit of the porous surface layer 

In order to examine the role of the porous surface layer, the bared 
cylinder is compared with another covered by a porous surface of Da =
10− 3 and δ/D = 0 for Ω = 0 and 10. The results of this comparison are 
plotted in Figs. 20 – 23. The rotation affects the streamlines of the bared 
cylinder greater than the covered cylinder, as can be seen in Fig. 20. In 
the bared cylinder, two big vortices circulate on the sides of the cylinder. 
These vortices prevent the rotating heated water from discharging to 
outlets. While for covered cylinders, substantial zones of heated water 
leaving the channel are observed (Fig. 21). More precisely, Figs. 22 and 
23 demonstrate the positive job of the porous surface layer in both still 
and rotating cylinders on the Nuav. This job becomes more effective with 
increasing Da number. Nevertheless, the lower Darcy number produces 
an adverse action on Nuav, as shown in Fig. 23 for Da = 10− 5. However, 

(a) /D = 0

/D = 0.125

Fig. 18. Variation of Nusselt number with the rotational speeds and different 
Darcy number for Re = 300 and (a) δ/D = 0, (b) δ/D = 0.125. 

Fig. 19. Pressure drop with Re and the rotational speed for Da = 10− 3 and δ/D 
= 0.15. 
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Fig. 20. Streamlines around bared and covered cylinders for Re = 100.  

Fig. 21. Isotherms around bared and covered cylinders for Re = 100.  
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at Re = 400, Ω = 0 and δ/D = 0.15, the Nuav increases by 78% when the 
cylinder is covered by a porous layer of Da = 10− 2 and decreases by 25% 
when Da = 10− 5. Contrarily, the porous layer causes a pressure drop 
higher than that of the Bared cylinder as presented in Fig. 24. This is 
obviously exemplified by the added drag coefficient existing in the 
Darcy-Forchheimer model (Eqns. (2) and (3)). Howsoever, the effect of 
the porous layer on the pressure drop vanishes at higher Reynolds 
number. 

5. Summary and conclusions 

This paper has given an account to the idea of covering a rotating hot 
cylinder with an eccentric porous layer undergoing two upward and 
downward impinging jets. The problem is solved numerically and the 
used numerical method has been confirmed with experimental data. In 
this study, comparisons between the bared and covered cylinder and 
between the still and rotating cylinder were achieved. This problem is 
encountered in steel production and how to avoid thermal stresses. In 
summary, the conclusions drawn from our results are;  

i) The existence of the porous surface layer augments the average 
Nusselt number if the Darcy number of this porous layer is large 
enough. For instance, at Re = 400 and stationary cylinder, the 
average Nusselt number of the covered cylinder is larger than the 
bared cylinder by 78% when Darcy number is 10− 2 and lower 
than the bared cylinder by 25% when Darcy = 10− 5.  

ii) Globally, the eccentricity of the porous layer provides a positive 
role in augmenting the average Nusselt number, but it elevates 
the pressure drop. At Re = 300, increasing the eccentricity from 
0 to 0.175 enhances the Nusselt number by 28% when Da = 10− 2.  

iii) The rotation of the cylinder plays two roles, it brings the surface 
temperature of the hot cylinder uniform; and diverts the 
impinging jets, which in turn declines the Nusselt number. The 
reduction in the average Nusselt number when the rotation is 
raised to 25 is about 38 % and 48% for concentric and eccentric 
porous surface layers, respectively. The pressure drop increases 
with the rotation.  

iv) For non-rotating cylinders, the maximal local Nusselt numbers 
are recorded in the stagnation zones. 

v) For the low Darcy number, the local Nusselt number is propor
tional to the size of the porous zone, while for the high Darcy 
number, the local Nusselt number is inversely proportional to the 
size of the porous zone.  

vi) As such, the optimum parameters that removes the thermal 
stresses from the cylinder is its rotational speed, but it declines 
the heat transfer. The heat transfer can be enhanced practically 
by immersing the rotating cylinder in a porous layer with a non- 
dimensional permeability of about Da = 10− 3. 
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