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ABSTRACT: The main purpose of this research is to optimize the hydrothermal performance of a dimpled tube by
augmenting the surface area for heat transmission and thermal layer cracking. To achieve that, the impact of different
dimple diameters and their distribution along the dimpled tube was investigated numerically using the ANSYS Fluent
2022 R1 software by considering two models, A and B. Both models consist of three regions; the first, second, and third
have dimple diameters of 3, 2, & 1 mm, respectively. Model A included an in-line dimple arrangement, while model
B involved a staggered dimple arrangement. The finite volume method (FVM) was used in the modeling techniques
to address the turbulent flow problem, which ranged in this investigation from Re of 3000 to 8000. The cooling fluid
used in this investigation is water, which concentrated primarily on single-phase flow conditions. The investigation
results revealed that as the Re increased, all analyzed models showcased higher. A reduction in pressure drops, thermal
resistance, Nu, and overall performance standards. Crucially, compared to the traditional model, both suggested models
demonstrated improved heat transmission capacities. Within all the models examined, the tube with dimples in (model
B) as staggered showed the greatest enhancement in the Nu, which was almost double that of the conventional type.
Model A and Model B have respective average total performance criteria of 1.23 and 1.34.

KEYWORDS: Dimpled tube; different arrangements of dimple; overall performance criterion; computational fluid
dynamics (CFD)

1 Introduction
In the previous few decades, researchers have dedicated their efforts to improving the hydrothermal

performance and efficiency of heat exchangers. This focus aims to minimize the heat exchangers’ sizes as well
as costs while increasing their suitability for a wide range of applications. In general, there exist three primary
methods for heat transfer enhancement: passive, active, and both passive & active techniques. The passive
technique stands out as the most advantageous because it eliminates the need for external devices, making it
low-cost compared to other techniques. Therefore, in the present study, this method has been used to improve
the heat exchangers’ thermal performance. To improve heat transfer in heat exchangers by increasing the
surface roughness of the tube, using passive techniques. This can be accomplished through the utilization
of various configurations such as dimples, ribs, and corrugation. The main goal of these configurations is to
enhance flow mixing, intensify turbulent flow, and regenerate the layer of boundary. This ultimately results
in noticeable improvements in the heat transfer rate. By using rough surfaces instead of seamless walls,
the rate of pressure losses and heat transfer are significantly developed [1,2]. Kaood et al. [3] conducted
a numerical investigation of performance for thermal-hydraulic in turbulent flow with conical tubes and
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dimpled under a constant heat flux. The findings indicated that conical tubes with dimples significantly
improved the overall performance of thermal-hydraulic compared to conventional smooth geometries.
Additionally, the study revealed that the newly designed convergent tube heat exchanger with dimples
demonstrated favorable energy efficiency and positive environmental impacts. Lei et al. [4] conducted a
numerical investigation utilizing Response Surface Techniques and a desirability approach. The design
parameters selected included the diameter of the dimples, the ratio of depth to diameter, and the spacing
ratio between two axially adjacent dimples. The results indicated that the interactive effects within these
geometric parameters influence the impact on the overall performance of the dimpled tube. Numerous earlier
studies have shown that corrugated tube heat exchangers have relatively good thermal behavior compared to
conventional smooth tubes. However, this kind necessitates a strong pump and is distinguished by an adverse
pressure drop. Numerous studies have recently looked into the effects of different well shape characteristics,
including, Borehole dimensions, including diameter, angle, spacing, and shape, which were examined for the
hydrothermal reaction [5–9]. The impact of different inlet flow rates on the performance characteristics of a
corrugated tube was investigated by [10–13]. The findings revealed an enhancement in thermal performance;
however, there was a significant increase in pressure drop, leading to a decline in overall performance.
Another researcher, Rahman Sardar [14] examined the effect of dimplestubes on augmenting heat transfer in
forced convection. The results demonstrated that increasing the diameter of the dimples resulted in improved
friction factor and heat transfer compared to conventional pipes. Antony and Ganesan [15] conducted a
study where they replaced the interior pipe of a heat exchanger using a double pipe with a dimpled tube to
enhance heat transfer. They found that there was significant improvement in heat transfer when dimpled
tubes were used in heat exchangers. Vicente et al. [16] analyzed the effect of dimples on pressure drop and
heat transfer for ten helically dimpled tubes under turbulent fluid flow. They discovered that, under identical
flow conditions, the Nu increased by up to 250%, while the increasing for friction factor up to 350%. Nazari
et al. [17] examined the number, depth, and placement of dimples that affected the flow and heat transfer
characteristics during turbulent flow. They found that, in comparison to a smooth plate, the average Nu
has been greater for the surface of the dimpled. However, a drawback of this technique is the increased
pressure loss due to higher friction drag and recirculation zones within the dimples. An experimental and
numerical study was conducted by Vignesh et al. [18] to evaluate the impact of dimpled tubes on a double-
pipe heat exchanger’s hydrothermal effectiveness. The results show that there is a noticeable improvement
in the effectiveness of heat transfer when using dimpled tubes compared to traditional tubes. Xie et al. [19]
conducted a numerical verification of the thermal performance of dimpled tube heat exchangers with
protrusions and dimples. Their findings indicated enhanced heat transfer when using such tubes compared
to traditional ones. In another study, Xie et al. [20] analyzed the thermal performance of improved tubes
with dimples as cross-ellipsoidal. The findings demonstrated a notable improvement in heat transfer. with
both longitudinal and transverse dimples. Falih et al. [21] performed numerical and experimental analyses on
concentric heat exchangers utilizing plain and spherical dimpled tubes. The results demonstrated a notable
improvement in heat transfer efficiency when dimpled tubes were employed. Rainieri et al. [22] examined
the influence of pitch and dimple depth on heat transfer and fluid flow. They observed that the Nu ratio and
friction factor ratio increased with greater dimple depth but decreased with increasing pitch. Among the
cases studied, the configuration with specific parameters exhibited a maximum value of roughly 2.02 for the
Performance Evaluation Criteria (PEC). Finally, Freegah et al. [23] studied the effect of dimple distribution
on dimpled tubes’ hydrothermal performance under turbulent flow conditions. They analyzed three angles
of dimple distribution and formulated two correlation equations for predicting the Nu and friction factor.
The findings indicate that tubes with dimples demonstrate enhanced heat transfer performance. Among the
models tested, the 45○ angle model exhibited the most notable improvements in both Nu and friction factor.
The researchers developed equations with high accuracy rates of 98.96% for predicting friction factor and
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96.17% for predicting Nu. Mehrjardi et al. [24] conducted a study aimed at optimizing dimple depth and
longitudinal pitch to balance heat transfer efficiency with pressure loss. They used a creative device learning
strategy using Generative Adversarial Networks (GANs) to identify optimal dimple configurations. The
optimization of performance evaluation criteria (PEC) using these datasets revealed that the results deviated
by no more than 15.49% from those obtained through computational fluid dynamics (CFD) simulations.

Despite the vast array of studies of research dedicated to enhancing the thermal efficiency of dimpled
tubes, a remarkable oversight has been the lack of emphasis on the specific arrangement of dimples that
induce turbulent flow for extended distances within the tube. Thus, dimples have been strategically placed
to maximize the length of turbulent flow. The dimple diameters were 3, 2, and 1 mm for the first, second,
and third areas, respectively. And their center-to-center spacing varied between 3, 5, and 7 mm. Moreover,
the dimples were kept at a constant 90-degree angle encircling the tube in all regions. The study also delved
into two distinct dimple arrangements, namely in-line and staggered. The staggered configuration involves
offsetting the dimples from one another, while the in-line arrangement aligns the dimples in a straight line.
Through these configurations, the current work attempts to enhance the dimpled tubes’ thermal efficiency
by improving heat transport in places that have not achieved the best performance in heat transfer, exploring
the impact of various dimple configurations and arrangements.

2 The Numerical Model

2.1 Geometrical Model
The present study aims to accomplish a numerical study of the hydro-thermal performance

enhancement in a three-dimensional tube with a circular shape by utilizing varying dimple sizes and
configurations. Fig. 1 shows the different geometries taken into account in this study. Copper has been
selected as the material for the tube, and its main measurements are as follows: 1000 mm in length, 17.272 mm
in inner diameter, and 18.161 mm in outer diameter. The study investigates three models: the traditional model
without any dimples, and two new models, model A and model B. Both models consist of three regions; the
first, second, and third have dimple diameters of 3, 2, and 1 mm, respectively. Model A included an in-line
dimple arrangement, while model B involved a staggered dimple arrangement. For both model A and model
B, the angle within any two dimples across the perimeter of the tube is 90 degrees, and the distance between
any two dimples along the tube direction is twice the diameter of the dimple.

Figure 1: The characteristics of geometric models under the current study
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2.2 The Mesh Domain
In the present investigation, tetrahedral elements are utilized in both the tube and flow domains for

numerical calculations. The grid employed is designed to have a higher density near the wall, effectively
capturing abrupt fluctuations in temperature and velocity (refer to Fig. 2). It appears that a smooth tube’s
flow mesh domain is rather simple, with regular, distinct layers. A dimpled tube’s flow mesh domain is more
complicated than a smooth tube. The dimpled tube’s mesh domain complexity is determined by several
variables, including the dimples’ size, shape, and distribution. To ensure the accuracy and reliability of the
computational results, grid independence tests were conducted. These tests involved using different fine grids
with varying numbers of elements, that involve one, two, & three million elements. The primary examination
used to evaluate the results was the temperature differential across the pipe. Based on the results displayed
in Table 1, the temperature differences for the grids containing almost (3 million) elements were less than
0.8%. This suggests that additional grid improvements beyond (3 million) elements had a minimal impact
on the numerical calculations. As a result, a grid with roughly three million components was selected for
further investigation through numerical simulation simulations. This option allows for accurate outcomes
while being computationally efficient.

Figure 2: Mesh domain flow for (a) conventional model, (b) in-line arrangement of dimples, and (c) staggered
arrangement of dimples
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Table 1: Examination of a computed mesh independence

Model Number of element
mesh (Million)

Temperature difference
△T (K)

Difference percentage
(%)

Conventional model
2.12 295.103 3.929
3.01 296.001 0.798
4.13 296.185 –

Model A
2.11 298.201 3.098
3.25 299.002 0.796
4.27 299.08 –

Model B
2.21 300.256 2.682
3.33 301.003 0.776
4.36 301.221 –

2.3 Boundary Conditions
The turbulent flow in a heat exchanger’s pipe was examined in this study. A turbulence-characterized

flow regime was indicated by the Re range that was studied, which was between 3000 and 8000. For the
simulations, water was selected as a working fluid. Throughout the study, the physical properties of water
were assumed to remain constant. The presumption was justified because of the heat exchanger’s limited
operating temperature range, which is 300 K. In the simulations, the zero-pressure outlet boundary condition
was utilized. Under these conditions, the pressure at the pipe’s exit was deemed to be equal to atmospheric
pressure. Additionally, as shown in Fig. 3, a steady heat flow of 10,000 W/m2 was delivered to the dimpled
tube’s exterior. This indicated that the exterior surface of the tube transported a set quantity of heat per unit
area. It should be mentioned that every boundary condition used in this study was the same as one used in
an earlier experimental study [25].

Figure 3: Boundary condition

2.4 Governing Equations
The Reynolds-averaged Navier-Stokes (RANS) equations for steady state were employed to solve the

equations of continuity, momentum, and heat transport [26].
Continuity equation:

∂u
∂x
+ ∂u

∂y
+ ∂u

∂z
= 0 (1)
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The Realizable k-turbulence model with enhanced wall treatment was used to simulate the turbulence
in this investigation. The equations for the modeled transport of both K and ε, based on the existing model,
are provided below [27].

∂ (ρu j k)
∂x j

= ∂
∂x j
[(μ μt

σk
) ∂k

∂x j
] +Gk +Gb − ρε + Sk (4)

∂ (ρu jε)
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= ∂
∂x j
[(μ μt

σε
) ∂ε

∂x j
] + ρC1Sε − ρC2

ε2

k +
√

νε
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ε
k

C3εGb + Sε (5)

where C1 =max (0.43, η/ (η + 5)); (η = Sk/ε); (Sr =
√

2Si jSi j); (Si j = 1/2( ∂ui
∂x j
+ ∂u j

∂xi
)); Gk = −ρui/u j/

∂u j
∂xi

The default values of the model constants have been set (C2 = 1.9, G1ε = 1.44); Gb , C3ε , Sk , Sε are not
taken into account since the simulation ignores gravitational forces [28].

3 Data Analysis
The heat transferred from the tube wall to water can be determined as follows:

Q = ṁw Cpw (To ,w − Ti ,w) (W) (6)

where ṁw , Cpw , Ti ,w and To ,w denote properties of water namely mass flow rate, specific heat, outlet and the
inlet temperature, respectively.

Newton’s law for cooling can be used to calculate the coefficient heat transfer [29,30].

Q = hw As ,t (Tm ,t − Tm ,w) (W) (7)

where As ,t , Tm ,t indicate the surface area and wall mean temperature for tube, respectively, while, Tm ,w
represents the water mean bulk temperature.

To estimate the mean bulk temperature of water, can be used the following equation:

Tm ,w =
(Tout ,w + Tin ,w)

2
(K) (8)
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To determine the Nu, Eq. (9) can be utilized.

Nu = hw Dh

kw
(9)

where Dh denotes the hydraulic diameter of the pipe, and kw represents the water thermal conductivity.
To estimate the pressure drop within the inlet and outlet of the tube, use the formula below, which is

considered among the most crucial factors for estimating hydraulic performance [31,32].

Δp = Pout − Pin(Pa) (10)

where ΔP, Pout , and Pin denote the pressure drop throughout the tube, the pressure at the inlet and the
outlet, respectively.

Typically, the general performance criterion assesses the new proposed models’ hydro-thermal response
based on the Nu and pressure drop as follows [33]. This evaluation quantifies improvements when the OPC
exceeds one.

OPC =

Nu
Nuc t

( Δp
Δpc t

)
0.333 (11)

where Nuc t and Δpc t represent the Nu and pressure drop of the conventional tube.

4 Result and Discussion

4.1 Validation of Numerical Model
To confirm the dependability of the numerical approach created for this research, the numerical results

of the current study were compared with the experimental findings from earlier research. To construct
the comparison accurately and correctly, the identical settings that were employed in the experimental
investigation have been used in Ref. [9]. Fig. 4 illustrates comparing the Nu and friction factor of the fluid
flow within the pipe for different Re. It is evident from this figure that is a good fit in terms of trend
and difference in deviation. The greatest variation between the Nu’s numerical data is 8.5% in both the
findings of the experiments and the current investigation of the earlier study (Ref. [25]). Additionally, as
depicted in Fig. 4a, the largest difference between the numerical outcomes of the current investigation and
the empirical correlation equation of Ref. [33] is 10.3%. The highest difference between the experimental
results and the numerical data about the friction factor is 10.8%. Additionally, the greatest variation between
the Ref. [34]’s equation for empirical correlation and the numerical results is 11.2%, as depicted in Fig. 4b.
The differences between the present results and those referenced in Refs. [25,34,35] are likely due to errors in
experimental device measurements and system thermal losses. Therefore, it is reasonable to conclude that the
accepted numerical method is adequately precise and can be employed to study the impact of the parameters
considered in this work, as outlined in the subsequent section.
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Figure 4: Demonstrates the validation of the current numerical data of the traditional model across different Re for (a)
Nu and, (b) friction factor [25,34,35]

4.2 Numerical Performance Analysis
The fluid flow distribution of temperature for the three models under investigation, namely the

conventional model, in-line dimpled tube, and staggered dimpled tube, is illustrated in Fig. 5. With a Re of
3000 and a starting temperature of 293 K, the fluid entering the system undergoes a heat flux of 10,000 W/m2

in the x-y plane. For all models, this figure shows that the cooling fluid temperature of the inside the tube rises
in the direction of flow. The traditional smooth tube (Fig. 5a) exhibits the lowest cooling fluid temperature,
while the dimpled tubes show higher temperatures due to turbulence caused by the dimples. Model -B-, with
a staggered dimple arrangement, shows a greater cooling fluid temperature than Model -A- because of the
dimple configuration’s improved boundary layer of heat. This evolution increases the surface area available
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for heat transfer, thereby enhancing the effectiveness of heat dissipation. Integrating dimples into the models
fosters the evolution of thermal boundary layers and improves the mixing of the tube’s cooling fluid, resulting
in increased heat transfer efficiency. The maximum cooling fluid temperatures observed in the conventional
model, (Model A), and (Model B) are 295.9, 297, and 38.3 K, respectively.

Figure 5: Counter of fluid flow temperature for (a) traditional model, (b) tube with in-line arrangement dimples and
(c) staggered arrangement dimples under study at Re = 3000

Fig. 6 depicts the Nu variation for dimples arranged in-line and staggered configurations at different Re
under specific boundary conditions, with heat flux at 10 kW/m2 and the inlet temperature of 20○C. This figure
demonstrates that the Nu increases as the Re increases for all cases under investigation. This phenomenon
happens because higher fluid velocity induces greater flow turbulence, thereby improving heat transfer, as
indicated by an increase in the Nu. Furthermore, this illustration implies a remarkable improvement in heat
transfer with both dimple configurations. The Nu for Model A and Model B are better than the traditional
model by 43% and 35.7%, respectively. In addition, the staggered dimple arrangement (Model B) exhibits
heat transfer efficacy in contrast to the in-line arrangement (Model A). This suggests a more efficient heat
transfer from the pipe surface to the cooler fluid in Model B. In conclusion, the efficiency of heat transfer is
modified by the staggered dimple pattern because it creates more turbulence than the in-line layout.

The impact of various tube configurations that consider in the current study on the average resistance
for heat at varying Re within a heat flux as 10 kW/m2 at the inlet temperature of 293 K is illustrated
in Fig. 7. This figure shows that the average resistance for heatdeclines with increasing flow rate. The proposed
models exhibit a lower average thermal resistance in contrast to the conventional model, indicating improved
performance. The use of dimples disrupts thermal boundary layers, resulting in decreased resistance for heat.
At a Re of 3000, the smallest average resistance for heat is 0.00147 for Model -B- and 0.00162 for Model -A-.
On the other hand, the maximum average resistance for heat of 0.00252 is displayed by the conventional
model that lacks dimples. The average resistance for heat of Model -B- is significantly lower than that of the
conventional model by 48%, whilst Model -A- shows a decrease of 39%.
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Figure 7: Distribution of the thermal resistance for all models under consideration for various Re

Fig. 8 shows the effects of various tube configurations on pressure drop at varied Re while keeping the
heat flux at 10 kW/m2 and temperature of water at inlet is 293 K. The figure indicates that an increase in flow
rate correlates with higher pressure drop values. Consequently, of the fluid’s interactions with the dimples
on the tube surfaces, the recommended tube configurations demonstrated greater pressures. decreases than
the conventional model. Since each of the suggested models had an equal number of dimples, their pressure
drops were comparable. In addition, significant increases in pressure drop were seen in models A and B, with
percentage increases of 58.59% and 59.13%, respectively, in comparison to the conventional model.

Fig. 9 demonstrates the outcomes of various Re on the performance of a tube with dimples at a constant
heat flux of 10 kW/m2 and temperature at the inlet is 300 K. The specific placement of the dimples significantly
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impacted both the thermal and hydraulic behavior of tubes. To identify the most effective dimpled tube
design, an extensive assessment of the performance index was conducted. The overall performance criteria
of the innovative dimpled tube models exhibited a consistent increase, mostly as a result of the dimples’
disruption of the boundary layer, which raises turbulence close to the pipe’s surface. Hence, these designs
led to a notable enhancement in the efficiency of heat transfer, albeit at the cost of increasing pressure
drops compared to traditional tube configurations. Furthermore, both dimpled tube configurations’ overall
performance criterion values are above the 1 threshold, indicating the applicability of all suggested models.
Additionally, when it came to the overall performance requirements, (Model B) performed better than
(Model A). The total performance requirements for (Model A and Model B) improved to (1.23 and 1.34),
respectively, as Re increased.
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5 Conclusion
The current research shows how dimple arrangements impact various aspects of tube performance, such

as flow of the fluid, heat transmission, pressure drop, thermal resistance, and overall efficiency. The accuracy
of the numerical simulation for the model was confirmed by contrasting it to both prior experimental
findings and correlation equations, showcasing a solid agreement with a 10% maximum departure. Several
significant conclusions were drawn from this study:

1. In terms of heat transfer, the staggered dimple arrangement (Model B) surpasses the in-line structure
(Model A); the Nu for (Models A and B) are, respectively, 43% and 35.7% higher than those for the
standard model.

2. Compared to the conventional form, form B shows an impressive 48% reduction in thermal resistance,
whilst (Model A) only manages a 39% reduction.

3. The pressure drop in (Model A) and (Model B) is significantly higher than in the conventional model,
increasing by 59.13% and 58.59%, respectively.

4. The general specifications performance for both proposed models (A & B) is (1.23 and 1.34), respectively.
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Nomenclatures
Symbol Description Units
As,t Surface area of tube m2

Cpw Water heat capacity under constant pressure KJ/kg⋅K
D Tube diameter m
haw Average water’s coefficient of heat transfer W/m2⋅K
kw Water’s conductivity of thermal W/m⋅K
ṁ Water mass flow rate kg/s
Nu Nusslt number
Nut Conventional tube Nu
L Tube length m
f Factor of fraction
ftst Traditional tube’s Friction factor
P Pressure Pa
Re Reynolds number
Q Heat transfer rate W
Ti,w Water’s temperature at inlet K
To,w Water’s temperature at outlet K

https://www.uomustansiriyah.edu.iq
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Tm,t Wall mean temperature for tube K
Tm,w Mean bulk temperature for water K
Vw Velocity for water m/s

Greek Symbols
ρw Water density kg/m3

Δp Drop of pressure N/m2
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