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Abstract: This study explores the impact of humped 

roughness elements on heat transfer (HT) in the context of 

jet impingement. The roughness elements are widely 

employed across various industrial applications. Numerical 

simulation using the Re-Normalizations Group (RNG) k-ε 

turbulence model investigates the HT characteristics of a 

circular air jet directed onto a surface featuring a circular 

arrangement of humped roughness elements. The 

investigation covers a Reynolds number (Re) ranged from 

7000 to 35000. The roughness elements are strategically 

positioned at distances relative-to-jet diameter (s/d) of 1.5, 

2, 2.5, and 3. The study evaluates the local Temperature 

distribution (T), the average HT coefficient (havg) and its 

relative enhancement compared to a smooth plate (havg.r). 

The findings underscore a significant augmentation in HT 

performance with the humped configuration, showing havg.r 

values reaching up to 1.2 times that of the smooth plate 

case. This enhancement is primarily attributed to the 

increased HT area and heightened turbulence intensity 

induced by the presence of the humped roughness elements, 

thereby facilitating more efficient HT rates. 

Keywords: Humped elements, Heat transfer coefficient, Jet 

impingement, Roughness elements. 

 

1 Introduction 

Jet impingement heat transfer (JIHT) is a widely used 

method in numerous cooling applications [1]–[3]. To 

extend the operational lifetime of thermal components, it is 

necessary to achieve an efficient cooling process. One 

prevalent passive method involves altering the geometry 

and roughness of the target surface, often in combination 

with other modifications [4][5].  
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Using roughness parameters is common in heat transfer 

enhancement in many applications [6]–[8]. Previous studies 

have focused on several aspects of HT resulting from jet 

impingement. Attalla et al. [9] experimentally examined the 

average cooling rate of a target plate cooled by an 

impinging jet (IJ) with different degrees of roughness. The 

results indicated that increasing the roughness degree led to 

an improvement in the average Nusselt Number (Nuavg). 

Wan et al. [10] examined the thermal characteristics of an 

air IJ on a surface roughened by various sizes of square pin-

fins numerically. They reported that the highest HT rates 

were obtained by small pin-fins. Buzzard et al. [11] 

analyzed the thermal characteristics of IJs cooling a 

roughened target plate with a small-scale rectangle array of 

various patterns experimentally. They revealed that the 

roughness of the target plate augmented the Nu. 

Hadipour et al. [12] investigated the influence of micro-pins 

on fluid flow structure and HT characteristics by directing 

a round jet onto a target plate. They found that the pin-fins 

significantly affected the fluid flow, creating a sub-

atmospheric pressure region downstream of the pins, which 

also improved the cooling rates. Secchi et al. [13] studied 

the influence of turbulent of a jet on the wall region for a 

smooth and rough target plate at a Re of 10000 numerically. 

It was observed that the outer layer velocity was not 

affected by the surface roughness. Zhang et al. [14] 

numerically investigated the flow structure and cooling 

rates on minor concentric ribs rough plate using Shear 

Stress Transport (SST) with transition model. For thermal 

analysis, the HT rates were better for small values of pitch-

to-height ratios than that for higher values. Abdelfattah et 

al. [15] ensured that the small roughness elements that have 

curved edges enhanced the HT rates rather than other 

roughness elements shapes, principally the droplet shape. 

Rakhsha et al. [16] examined the impact of a circular 

arrangement of micro-pins on HT characteristics under both 

steady and pulsed flow conditions. The results revealed that 

employing a circular row of micro-pins enhanced Nuavg up 

to 34%. Froissart et al. [17] studied the HT rates for a 
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smooth and rough-coned target plate cooled by an IJ. The 

surface induced a couple HT transition zones, which 

enhanced HT rates up to 11%. Forming the transition zone 

did not happen on the flat sheet nor the smooth sheet. 

Lu et al. [18] studied the hydrodynamic and thermal 

characteristics of a target surface with micro-rectangular 

and pentahedron pins-fins cooled by arrays of jets. They 

studied the influence of pin-fin heights of 0.05, 0.2, and 0.4 

of nozzle diameter. The results revealed that the best HT 

rates were made with the rectangular pin-fin. Tang et al. [19] 

numerically analyzed the HT rate of an IJ on a waved plate 

within a channel. Based on the control volume finite 

difference method, they applied the governing equations 

and the standard k-ε turbulence model. They found that 

when the wavelength of the corrugated plate gradually 

decreased, the Nuavg significantly enhanced by 39.7% 

compared with that of the flat case. In addition, the 

optimum temperature distribution of the target plate 

occurred at a wave amplitude ratio of 0.2. 

Hua et al. [20] examined the thermal characteristics of 

micro-pin fins on a heated surface with several natures. The 

results showed that at a constant Re, the elliptical pin-fins 

achieved a higher Nu compared to other shapes. However, 

increasing the density of elliptical pin-fins resulted in 

reduced flow performance. Nagesha et al. [21] investigated 

the impact of V-grooves on the cooling rates of a target plate. 

They found that the grooves inhibited turbulence generation, 

and the trapped air between the grooves decreased the 

cooling rates. Xu et al. [22] numerically explored the 

impact of sinusoidal surface roughness on the Nu for air jet 

impingement. The results showed that the Nuavg increased 

on the rough target plate, and the local temperatures (T) 

decreased due to fluid trapping in the valleys of the rough 

surface. Alenezi et al. [23] studied the influence of 

roughened target plate by ribs on cooling rates, considering 

the ribs height and ribs location numerically using a k-ε 

RNG turbulence model. It was noticed that the location of 

the rib in the stagnation point did not augment HT and the 

higher values of rib height were ineffective. Furthermore, 

they reported that the best HT rates were at x/d= 2 as it 

enhanced Nuavg up to 15.6%. 

Sharif and Ramirez [24] developed a method to simulate 

equal sand grain roughness for an IJ and compared various 

turbulence models. They observed that cooling rates 

increased with greater roughness height. Additionally, the 

roughness elements enhanced cooling rates by increasing 

the wetted area and turbulence intensity. Zhang et al. [25] 

examined the hydraulic and thermal characteristics of an IJ 

on a target surface with protrusions. They found that the 

cooling rates, both locally and on average, were higher for 

the protrusioned target plate compared to the smooth 

surface case. However, they observed that a separation 

region formed at the edge of the protrusions, which reduced 

the Nu. Terekhov et al. [26] experimentally evaluated the 

thermal characteristics of IJ on a humped surface. The 

results showed that the Nu within the dimples was lower 

than that on a smooth surface. However, this reduction was 

completely compensated by the increased surface area of 

the humped surface. 

Beitelmal et al. [27] studied the impact of surface 

roughness on the Nuavg of air jet impingement 

experimentally. They compared a flat surface and a 

roughened surface by an array of circular with heights and 

bases of 0.5 mm. They found that the Nuavg was augmented 

by up to 6%. Gau and Lee [28] examined the IJ cooling on 

a roughened plate by triangular ribs. They revealed that the 

HT over the triangular ribbed surface was better than that 

for the rectangular ribbed surface. Wei and Zu [29] 

investigated experimentally and numerically the 

enhancement in cooling rates and fluid flow structure for a 

double-wall system with IJs and pin-fins. They found that 

the Nu on the pin-fins was superior to that on the internal 

wall of the jet impingement plate. Hansen and Webb [30] 

investigated experimentally the impact of fin geometry on 

cooling a target plate compared to a smooth target plate 

under a circular air IJ. The results demonstrated that the 

Nuavg for the rough surfaces decreased monotonically with 

increasing fin height. Chakroun et al. [31] examined the 

thermal characteristics of a circular IJ on a rough sheet 

experimentally. The local and average cooling rates for the 

rough impinging plate showed higher values than those for 

the smooth sheet case. 

Ismail and Saha [32] studied experimentally the 

improvement of impinging air jet via perforated fins on the 

impinging plate. The results showed that the resistance 

reduced and the fin efficiency increased with growing the 

Re due to the perforation and decreased the rate of the 

consumed power. Matheswaran et al. [33] investigated the 

IJ on a flat plate roughened by arc obstacles. They reported 

an enhancement in exergetic efficiency by up to 56.8%. 

Furthermore, they observed that the roughened plate 

performed better at Re below 5900. Existing literature 

consistently supports the significant enhancement of HT 

rates using roughened plates. Additionally, they highlighted 

that smaller-scale roughness elements were more effective 

than larger elements. Li et al. [34] indicated that enhancing 

the havg was achieved by increasing both the height and 

width of the fin, which enlarged the impinged area. 

Furthermore, increasing the fin width augmented the 

convective area and mitigated flow resistance in the 
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passage. Additionally, they found that a combination of 

wider fins and Re increased HT rates. 

Literature up-to-date indicated that the roughness enhanced 

the HT rates. Furthermore, these studies ensured that the 

roughness damped the velocity of the flow due to the drag 

force. So, this work investigates the effects of utilizing a 

single row of roughness elements and its location on the 

heat transfer of a flat plate. The current study investigates 

the effect of a single circular row of dimple roughness 

elements with a constant height of 500 µm and located 

away from the stagnation point at a s/d of 1.5, 2, 2.5, and 3. 

The HT rates of the roughened impinged plate are 

compared with the smooth plate at Re of 7000, 15000, 

25000, and 35000. The paper is organized as follows: firstly, 

a literature of previous studies is presented and secondly, 

the study illustrates the problem description and makes the 

grid independence test and the governing equations are 

explained. Thirdly, the effect of the roughness elements will 

be investigated in the results section of local temperature 

distribution (T), average HT coefficient (havg), and average 

heat transfer coefficient ratio (havg,r). 

 

 2  Method and Materials 

This study uses a CFD package FLUENT to solve the 

problem. K-ε RNG turbulence model is employed for 

closure since it is the most stable model that converges to 

residuals sooner than other turbulence models, which 

reduces the consumption time during the solution. As well, 

the standard wall function is applied as the wall treatment 

method. SIMPLE algorithm is used for pressure velocity 

coupling. Flow is considered as incompressible and 

constant properties. 

 

 2.1 Problem discerption 

Fig. 1 illustrates a 3-D view of the problem and describes 

the boundaries. The study focuses on numerically 

evaluating the design of the target plate under impingement 

by an air jet. The effect of a target plate featuring a single 

circular row of humped roughness elements with that of a 

smooth flat surface is studied. A 2-D schematic of the 

geometry is shown in Fig. 2. The description outlines the 

setup and conditions for the numerical investigation of the 

target plate under impingement by an air jet. Key details 

include as follows: 

Geometry and Dimensions: The s represents the distances 

from the roughness element center to stagnation point, d 

presents the nozzle diameter, and H displays the jet-to-

target distance. Table 1 shows the dimensions of the 

geometry parameters. 

 

Table 1 Dimensions of the geometry parameters. 

Parameter value 

d (mm) 12 

s (mm) 18, 24, 30, and 36 

H (mm) 24  

D (mm) 78  

 Simplifications: The study assumes steady flow and 

convective heat transfer. Flow through the plenum is 

neglected. 

 Boundary Conditions: The target plate maintains a 

constant heat flux (q) of 2000 W/m². No-slip 

conditions apply to the nozzle wall and plate. Velocity 

inlets have uniform velocity distribution, with the air 

jet at Tj = 300 K. Turbulence intensity at the inlet is 

set to 5%. Ambient pressure is applied at the outlet. 

 Fluid Properties: Air properties are assumed constant, 

i.e., density (ρ) of 1.225 kg/m3, dynamic viscosity (ʋ) 

of 1.48x10-5 m2/s, and thermal conductivity (λ) of 

0.024 W/m.K. 

This setup enables a focused numerical investigation into 

the HT characteristics of the target plate with and without 

roughness elements under impinging air jet conditions. 

 

Fig. 1. A 3-D view of the problem. 

 
Fig. 2. A 2-D sketch of the problem. 
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2.2. Validation of the numerical model 

Fig. 3 shows the effect of Re on havg at s/d =3 for roughness 

elements and compares the results with the experimental 

data of Beitelmal et al. [27] who studied the effects of 

surface roughness on the average heat transfer of an 

impinging air free jet. The literature data used dimples as 

roughness elements at s/d of 3 for Re in the range of 10000-

37500. It is noticed that the present study and the literature 

have matched values of havg. The evaluation of the work 

validation is based on statistical parameters. the values of 

the mean absolute percentage error, standard deviation, 

mean square error and R-squared are 4.7%, 3.7%, 36.2, and 

0.978, respectively. 
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Fig. 3. Comparison between the current work and 

Beitelmal et al. [27] based on the results of havg. 

 
2.3 Grid independence 

Fig. 4 shows the havg on the target surface for a 

roughened case at Re of 7000 for each mesh size. The 

results show that an independent on the number of mesh 

elements higher than 1,326,594 elements. As well, the study 

considers the grid sizes of 0.151x106, 0.51x106, 0.92 x106, 

1.32x106, and 3.06 x106. By increasing the grid size from 

1,326,594 to 3,056,740 elements, the consistent results 

reach an error of 0.003%. The convergence residuals are 10-

6 for energy and 10-5 for other parameters. The minimum 

element size of 10-4 mm, 5 degrees’ curvature normal angle, 

and 1.1 growth rate are selected in order to satisfy high-

quality mesh and y+<1 condition for the RNG k–ε 

turbulence model. 

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
85

90

95

100

105

110

115

h
,[

W
/m

2
.k
]

Grid Size, [million]

 

 

Fig. 4 Grid sensitivity analysis. 

 

2.4 Governing equations 

The numerical study was conducted to determine whether 

any of two-equation turbulence models can help in heat 

transfer prediction results. In this study, the flow is assumed 

to be three-dimensional, incompressible, statistically steady 

and turbulent. The effect of buoyancy is neglected. the 

continuity, momentum, and energy equations are solved in 

this work as follows [35]: 

Continuity equation: 

𝝏 𝒖𝒊̅̅̅

𝝏𝒙𝒊
= 𝟎                                        (𝟏) 

Momentum equation: 
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Energy equation: 
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where up represents velocity component in corresponding 

direction, T is the temperature, p is the pressure, 𝒖𝒊
′ is the 

fluctuating velocity component, and 𝑻′ is the fluctuating 

temperature. 

The 𝒌 and 𝜺 transport equations are [36]: 
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where 𝑬𝒊𝒋  represents component of rate of deformation 

and 𝝁𝒕  represents the eddy viscosity. 𝝈𝒌 , 𝝈𝜺 , 𝑪𝟏𝜺 , and 

𝑪𝟐𝜺 are constants. 

The Reynolds number (𝑹𝒆) and Nusselt number (𝑵𝒖) are 

defined as follows [37]: 

𝑹𝒆 =
𝛒𝑼𝒅

𝝁
                                        (𝟔) 

𝒉 =
𝒒

𝑻𝒔 − 𝑻𝒋
                                       (𝟕) 

3. Results and Discussion 

The effect of using the humped roughness elements on JIHT 

is studied numerically and compared with that of the 

smooth case. The study examines the effect of the Re and 

the s/d on the havg and the average heat transfer coefficient 

ratio (havg.r). 

3.1 Local Temperature 

Fig. 5 illustrates the local temperature distribution on the 

heated surface for the smooth and roughened surfaces of 

𝒔/𝒅 = 2 and a Re of 7000, 15000, 25000, and 35000. The 

dark colors refer to low temperature and light colors refers 

to high temperature. It is noticed that increasing Reynolds 

number decreases the temperature all over the plate. 

Additionally, the temperature increases in the radial 

directions outwards the stagnation region. As well, it is 

observed that the local temperatures of the roughened plate 

are lower than that of the smooth plate. Furthermore, the 

lowest temperature of the roughened plate is obtained at the 

location of the roughness elements. 

Fig. 5 Local Temperature distribution on the target plate 

for (a) smooth plate (b) roughened plate. 

 

3.2 Average heat transfer coefficient (𝒉𝒂𝒗𝒈) 

3.2.1 Effect of Reynolds number (Re) 

Fig. 6 represents the impact of jet Re on havg for smooth and 

roughened surfaces at s/d of 1.5, 2, 2.5, and 3. At all values 

of s/d, the havg increases significantly with increasing the jet 

Re due to the rise of the flow momentum and the turbulence. 

The havg for the smooth flat plate equals 80.2, 119.4, 157.96, 

and 196.88 W/m2.K for a Re of 7000, 15000, 25000, and 

35000, respectively. 

At s/d of 1.5 and 2, the havg of the roughened is better than 

that of the smooth case since the roughness elements 

increased the wetted area and the turbulence intensity. At 

Re of 35000 and a s/d of 1.5, havg equals 236.64 and 196.88 

W/m2.K for roughened and smooth target plate, 

respectively. The enhancement that occurs at roughened 

plate cases is a result of increasing the wetted area, which 

increases the cooling rates. Additionally, the increase in HT 

rates is a result of the increase in flow velocity at the 

passages between the elements and the increase in 

turbulence intensity [38]. In addition, it is noticed that the 

enhancement of havg is growing by an increase of Re 

because the growth in HT rates at a Re of 35000 is higher 

than that at a Re of 7000. This result is due to the high 

thickness of the hydraulic boundary layer and the 

significant impact of the drag force. 
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Fig. 6 Effect of Re on havg for smooth and roughened plate 

at different locations. 

 

3.2.2 Effect of roughness elements location (s/d) 

The influence of s/d on the havg at a jet Re of 7000, 15000, 

25000, and 35000 is shown in Fig. 7. For all values of Re 

of humped shapes, the increase in s/d, decreases the havg on 

the target plate. For the roughened surface at of 35000, the 

havg equals 236.6, 226.44, 224.8, and 219.85 for a s/d of 1.5, 

2, 2.5, and 3, respectively. The decrease in the cooling rates 

with increasing the s/d is due to the growth of the thickness 
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of the hydraulic boundary layers at higher values of s/d. 

Moreover, the velocity of the flow is damped into the radial 

direction outwards the stagnation region location of the 

roughness elements due to the drag force that resulted from 

applying the no slip condition on the wall. 
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Fig. 7. Effect of s/d on havg at different values of Re for the 

roughened surface. 

 

3.3 Average heat transfer coefficient ratio (havg.r) 

The havg.r is the ratio between the heat transfer coefficient 

of the roughened surface (havg.rough) to the average heat 

transfer coefficient on the smooth (havg.smooth). 

𝒉𝒂𝒗𝒈.𝒓 =
𝒉𝒂𝒗𝒈.𝒓𝒐𝒖𝒈𝒉

𝒉𝒂𝒗𝒈.𝒔𝒎𝒐𝒐𝒕𝒉
                               (𝟖) 

3.3.1 Effect of Reynolds number (Re) 

The havg.r versus Re for different values of s/d is represented 

in Fig. 8. For all values of roughness element location (s/d), 

havg.r increases by increasing Re. The results show that at 

s/d =2, the havg.r equals 1.12, 1.16, 1.15, and 1.16 for a Re 

of 7000, 15000, 25000, and 35000, respectively. 

 

3.3.2 Effect of roughness elements location (s/d) 

The havg.r versus s/d for different values of Re is represented 

Fig. 9. In addition, the growing in s/d reduces the havg. At a 

Re of 25000, the havg.r equals 1.17, 1.15, 1.13, and 1.08 for 

a s/d of 1.5, 2, 2.5, and 3, respectively. The highest value of 

havg.r is noticed to be at s/d = 1.5 for all values of Re because 

the hydraulic boundary layer thickness is low at the low s/d 

distances. 

 

5000 10000 15000 20000 25000 30000 35000 40000
0.95

1.00

1.05

1.10

1.15

1.20

1.25

h
a
v
g
.r

, 
(W

/m
2
.K

)

Re, (--)

 s/d = 1.5

 s/d = 2

 s/d = 2.5

 s/d = 3

 

 

 
Fig. 8. Effect of Re on havg.r at different values of s/d. 
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Fig. 9. Effect of s/d on havg.r at different values of Re. 

 

Nomenclature 

Cp specific heat, (J/kg) 

d jet diameter, (m) 

D diameter of flat plate, (m) 

H jet-to-plate distance, (m) 

h convection heat transfer coefficient, (W/m2.K) 

K turbulent kinetic energy 

Nu Nusselt number, (-) 

p static pressure, (Pa) 

q heat flux, (W/m2) 

Re Reynolds number, (-) 

s roughness element location, (m) 

T temperature, (K) 

U jet velocity, (m/s) 

Greek Letters 

µ dynamic viscosity, (N.s/m2) 

ε rate of dissipation of turbulent kinetic energy 

s/d (-) 
h

a
vg

,r
 (

W
/m

2
.K

) 

Re (-) 

h
a
vg

,r
 (

W
/m

2
.K

) 

s/d (-) 
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σε dissipated turbulence energy 

σk Prandtl number for turbulence energy 

ρ air density, (kg/m3) 

λ air thermal conductivity, (W/m.K) 

Subscripts 

avg average 

j jet 

r ratio 

Abbreviations 

HT Heat Transfer 

IJ Impinging Jet 

JIHT Jet Impingement Heat Transfer 

RNG Re-Normalizations Group 

SST Shear Stress Transport 

 
4 Conclusions 

The average HT rates of a target plate roughened by a 

circular row of humped roughness elements with height of 

500 µm were studied numerically. Smooth flat plate and 

roughened one using impinged by an air jet were examined. 

The impact of Re and s/d were investigated. The results of 

the study are highlighted as follows: 

 Using a row of roughness elements surrounding the 

stagnation region on the plate enhanced the havg and the 

cooling rates. This due to the increase of the wetted area 

of the target surface as a result of using roughness 

elements. 

 The existence of the roughness elements enhances the 

reduction of local temperature on the target plate 

particularly at the location of the roughness elements. 

 Increasing Re enhanced the havg for smooth target plate as 

well as roughened target plate because of increasing the 

momentum of the flow. At a s/d of 1.5 and 2, the havg of 

the roughened is better than that of the smooth case. At a 

Re of 35000 and a s/d of 1.5, the havg equals 236.64, and 

196.88 W/m2.K for roughened and smooth plates, 

respectively. 

 Increasing s/d decreased the havg for all values of Re as a 

result of the growth of the hydraulic boundary layer. For 

the roughened surface at of 35000, the havg equals 236.6, 

226.44, 224.8, and 219.85 W/m2.K for a s/d of 1.5, 2, 2.5, 

and 3, respectively. 

 Increasing Re enhanced the havg.r for roughened target 

plate. At s/d =2, the havg.r equals 1.12, 1.16, 1.15, and 1.16 

for a Re of 7000, 15000, 25000, and 35000, respectively. 

 Increasing s/d decreased the havg.r for all Re values. At Re 

of 25000, the havg.r equals 1.17, 1.15, 1.13, and 1.08 for a 

s/d of 1.5, 2, 2.5, and 3, respectively. 
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