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ABSTRACT   

Double-pipe heat exchangers (DPHE’s) are widely used in thermal systems, and enhancing their performance 
is critical for energy efficiency. This study examines the impact of fins installation on heat transfer (HT) and 
entropy generation in a counterflow DPHE using CFD simulation. The inner pipe is made of copper with an 
inner diameter of 35 mm, outer diameter of 38.1 mm, and 1000 mm in length. The outer pipe is made of PVC 
with an inner diameter of 70.26 mm and an outer diameter of 74.66 mm, sharing the same length as the inner 
pipe. Numerical simulations were conducted to compare smooth and finned tubes under identical thermal 
and flow conditions. Entropy generation due to HT and fluid friction was analyzed. The results showed that 
finned tubes improved HT (Q) watts up to 22%, particularly at higher hot water temperatures of 70 oC and 
0.1 kg/s flow rate. However, this enhancement was accompanied by increased entropy generation up to 40%, 
indicating higher thermodynamic irreversibility. The study highlights the trade-off between thermal 
performance and entropy generation, providing valuable insight for optimizing heat exchanger design. The 
finned tube also showed good enhancement of Nusselt number by 6-8% and effectiveness by 20% compared 
to the smooth tube. 

 
Keywords:  Heat Exchanger, Double pipe, Thermal performance, Micro Fins, Entropy, CFD 
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1. Introduction 

Heat exchangers (HEs) are essential in residential and industrial applications. DPHEs are popular for their 
simplicity and thermal range. Passive techniques like fins, twisted tapes, nanofluids, and roughened surfaces 
enhance HT but also increase pressure loss, requiring a balance for optimal energy efficiency.[1]. The 
applications of heat exchangers have advanced significantly in engineering due to their inherent privileges, 
obtained through the execution of passive, active, or combined improvement techniques. Al-Kayiem et al.[2]  
reported that the HT enhancement is either (i) active methods, which use an external power source, or (ii) passive 
methods, which use a  techniques without a power source, such as turbulence generators (iii) compound HT 
enhancement, when two passive or passive active methods are used simultaneously. The passive techniques are 
usually applied to the inner pipe of DPHEs using several inserts, such as twisted tapes, which disturb the 
boundary layers of flowing fluid inside the pipe. For better HT, the enhancement technique should also be in 
the annular region of the DPHEs, this improves the HT rate in the annular space by minimizing the overall 
thermal resistance between the two fluids that vary in their temperatures [3].Studies that involve enhancement 
techniques implied in the annular region are mainly discussed here.  
Al-Kayiem et al. [4] An experimental study investigated artificial roughness using ribbed energy promoters in 
the cold annulus of a DPHE. Rib pitch-to-height ratios (p/e) of 10 and 15, and height-to-diameter ratios (e/D) 
of 0.0595, 0.083, and 0.107 were tested across Re = 2900–21000. Increasing e/D raised the friction ratio by 28–
36%. At p/e = 10 and e/D = 0.107, Stanton number increased by 4.2×, and by 3.3× at p/e = 15. Smaller ribs (e/D 
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= 0.0595) showed better hydrothermal performance, leading to a recommendation of e/Dh ≈ 0.06 ± 0.005. 
Kadhim and Mohammed [5] numerically analyzed the effect of corrugated surfaces of inner tubes on the HT 
rate. The study showed a noticeable improvement in the rate of HT in comparison to the plain tube. An 
improvement of 56% to 60% was registered for different temperatures of inner fluid. Sharma et al. [6] made a 
numerical investigation to explain the effect of HT rate by installing circular fins having a 9.8% cut installed on 
the outer surface of inner tube. The study showed that using a fined tube increases the temperature difference 
of the fluid in the annular region by 2.9 times compared to the plain DPHE. This improvement is due to the 
increase in the fluid mixing in the annular region as it flows on the fined surface. Mansour et al. [7] performed 
a numerical analysis for a DPHE equipped with serrated finned in the annular region. The study showed an 
increase in Nusselt number as of 61.9% when using fourteen serrated fins. The simulation showed that serrated 
fins create intense turbulence, which resulted in better mixing of the fluid located in the annular region. 
Mozafarie et al. [8] performed a CFD study on circular finned DPHEs with varying fin pitches, heights, and 
turbulent Re showed that adding fins disrupts flow paths and breaks thermal boundary layers, boosting HT by 
1.45× over smooth tubes. Fin pitch had a greater impact than fin height, as it more effectively enhanced 
turbulence and HT. Farahani et al. [9]  A numerical study evaluated natural convection between two cylinders 
with various fin designs (linear, annular, twisting, conical) in the annular region. Adding fins enhanced thermal 
conductivity by up to 67% compared to a plain tube, with more fins yielding greater improvement. Al‑Zahrani 
[10] performed a numerical study on counter-flow DPHEs compared circular wavy, plain oval, and oval wavy 
inner tubes to enhance HT and reduce pumping energy. Oval tubes increased Nu by up to 28% over circular 
ones, while oval wavy tubes reduced the friction factor by 0.5 compared to circular wavy tubes. Saleh et al. 
[11] conducted a numerical simulation of shell and tube heat exchangers equipped with helical tubes. This heat 
exchanger is designed to recover the heat that is lost to the atmosphere in the brick factory to reuse the lost 
energy to heat the fuel prior to use in the combustion chamber. The study revealed that an increase in helical 
tube curvature resulted in higher Nu by 21%. Mohsen et al. [12] conducted an experimental study on DPHEs 
with rectangular, circular, and helical rib fins under varying turbulent Re showed overall HT enhancement 
compared to smooth tubes. Rectangular fins gave the highest improvement up to 168% at high Re but also had 
the highest friction. Circular fins had the lowest enhancement but the lowest friction, with a reduction of 37% 
at low Re and 0.44% at high Re. Hussein and Hameed [13] An experimental study on air-water heat exchangers 
with semi-circular perforated baffles (20, 25, and 30 mm holes) showed up to 80% increase in overall HT 
coefficient using the smallest perforation, due to enhanced turbulence and vortex formation.. Praveenkumara 
et al.  [14] experimentally examined the effect of integrated fins on the HT performance of a DPHE having 
different pitch values. The experiment showed that there was a significant increase in the performance of the 
DPHE when using an integrated fin with a maximum value of 65% for a fin pitch of 1.5 mm in comparison to 
the plain tube. These fins create noticeable turbulence in the flow region, leading to better mixing of fluid 
particles and breaking of thermal boundary layers. Saleh et al. [15] performed an experimental study on 
stainless steel DPHEs with helical fins in the annular region showed enhanced HT due to increased swirling 
flow and fluid mixing. Compared to smooth tubes, the maximum improvements were 15% in Nu, and increases 
of 26%, 15%, and 13% in overall HT coefficient, HT rate, and effectiveness, respectively. Kumar and 
Abraham [16] outlined a numerical and experimental study examined the effect of circular ribs with varying 
diameters and pitch ratios in a DPHE's annular air flow. The ribs caused flow separation and reattachment, 
enhancing mixing and turbulence, which increased Nu by 2.5% compared to a smooth tube. 
Due to their wide application, heat exchangers require enhanced thermal performance within cost and design 
limits. This study focuses on using integrated micro-circular fins to improve HT by disrupting the thermal 
boundary layer and promoting cold fluid mixing in the annulus. These enhancements are particularly critical in 
industries requiring high thermal efficiency, including power generation, chemical processing, oil refineries, 
and HVAC systems. Enhancing the design of the micro-integrated fins can substantially boost DPHE 
performance, resulting in greater energy efficiency and improved system operation. 

2. Numerical methodology 

2.1. Geometry 

Two models of concentric DPHE’s were Numerically modeled and analyzed using ANSYS FLUENT 2022 R1. 
As shown in Fig.1, The first model (a) has a smooth inner tube, while the second model (b) consists of an inner 
tube equipped with micro-integrated circular fins located on its outer surface. The inner pipe for both models is 
made of copper with an inner diameter Dii=35 mm and outer diameter Dio= 38.1 mm and length of pipe 
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L=1000 mm. The spacing (S) of integrated circular fins on the outer surface of the inner pipe S	=	1 mm and 
height h=1.5 mm. The outer pipe is made of PVC with an inner diameter Doi=70.26 mm and outer diameter 
Doo=74.66 mm and sharing the same length of the inner pipe. The outer pipe is considered adiabatic in the 
numerical solution. Therefore, no heat crosses from/to the outer pipe. A counterflow was achieved in this study, 
where cold water flows in the annular region, and the hot flow flows in the inner tube. These geometrical 
parameters listed in table 1 are used for both smooth and finned tubes. 
 

   
 (a) (b) 

Figure 1. Schematic Views for The Two Models (a) Smooth DPHE and (b) Finned DPHE. 
This research used several parameters, such as a mass flow rate ranging from 0.02 to 0.1 kg/s for both cold and 
hot water. The temperatures of hot water ranged from 50	℃ to 70	℃, and cold water remained with a constant 
temperature of 25	℃. The smooth tube is designed to be the benchmark for heat performance comparison. 
 

Table 1. Geometrical Parameters of DPHE. 
Parameter Outer Pipe Inner Smooth Pipe Inner Finned Pipe 

Outer Diameter 74.66 mm 38.1 mm 74.66 mm 
Inner Diameter 70.66 mm 35.0 mm 70.26 mm 

Thickness 2.0 mm 1.55 mm 2.2 mm 
Length 1000 mm 1000 mm 1000 mm 

Distance 
Between Fins NA NA 1 mm 

Fins Height NA NA 1.5 mm 

2.2. Mesh generation and independence test with boundary condition of smooth and finned tubes and 
assumptions. 

The smooth tube model was created in ANSYS FLUENT 2022 R1 with 3246739 elements and 804653 nodes. 
A grid independence test shown in Fig.2 confirmed this mesh size, with a 0.03% relative error. The unstructured 
Tetrahedral mesh had an average skewness of 0.2. Inlet conditions are shown in Table 2, and a pressure outlet 
was used. The SIMPLE scheme with second-order discretization was applied, using the RNG k-ε model  (model 
constants 𝐶!",	𝐶#" ,	𝐶$ ,	𝜎% 	and 𝜎" has the following default values: 1.44, 1.92, 0.09, 1.0 and 1.3, respectively 
[17]) with enhanced wall treatment. Convergence was achieved at 388 iterations with residuals below 10⁻³ as 
shown in Fig. 3. 
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Figure 2. Grid Independence Test for Smooth DPHE With Respect to Outlet Temperature of Cold Water. 

 

 
Figure 3. Convergence Simulation Plot for The Smooth DPHE. 

 
Table 2. Boundary Condition for Smooth Tube Simulation. 

Boundary condition Parameters 
Inlet - cold pipe For Smooth and Finned 

Tubes 
Mass Flow Rate 0.02 – 0.1 kg/s 

Constant Temperature 25 ℃ 

Inlet - hot pipe For Smooth and Finned Tubes 
Mass Flow Rate 0.02 – 0.1 kg/s 

Temperatures 50, 60, 70 ℃ 
Outlets (for all models) Pressure Outlet 

Walls (for all models) Via System Coupling 
0 W/m2 (Adiabatic) 

 
A concentric DPHE with circular fins was modeled in ANSYS FLUENT 2022 R1. The model used 3677164 
elements and 797984 nodes, with grid independence verified in Fig. 4 and a maximum error of 0.03% achieved. 
Boundary conditions for this model matched those in Table 2. The energy model and RNG k-ε with enhanced 
wall treatment were used. Convergence was achieved at 550 iterations when residuals dropped below 10⁻4 as 
shown in Fig. 5. A schematic diagram showing the distribution of mesh network explained in Fig 6. A 
summarization of grid details listed in Table 3, for both smooth and finned tubes. 
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Figure 4. Grid Independence Test for Finned DPHE With Respect to Outlet Temperature of Cold Water. 

 

 
Figure 5. Sample Simulation Convergence Plot for the Finned DPHE. 

 

 
 (a) (b) 

Figure 6. Finned Tube Schematic Diagram Showing The Distribution of Networks Mesh (a) Front View 
(b) Side View. 
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Both models are based on several assumptions during the solution process such as: Flow is incompressible, 
Steady state flow, Heat radiation neglected, Adiabatic wall condition, Newtonian flow, Single phase model, and 
constant physical properties with temperature. 

 
Table 3. Mesh Details for Smooth and Finned Tubes. 

 Smooth Tube Finned Tube 

Type of Mesh Unstructured Tetrahedral 
Mesh 

Unstructured Tetrahedral 
Mesh 

Number of Iterations 388 550 
Time Required for Each Case 29 mins 57 mins 
Mesh Metric (Avg. Skewness) 0.197 0.266 

Number of Nodes 804653 797984 
Number of Elements 3246739 3677164 

3. Data Reduction equations 

In the design of any heat exchanger, the first law of thermodynamics must be upheld at both the macroscopic 
and microscopic levels. The total energy balance for a two-fluid heat exchanger is expressed in “Eq. (1)” as 
follows [18]: 
	 𝑄& =	𝑚&𝐶',&-𝑇&,) − 𝑇&,*0	 1	
And from total energy balance (𝑄& = 𝑄+), could be developed as in “Eq. (2)” as follows: 
 𝑚&𝐶',&-𝑇&,) − 𝑇&,*0 	= 	𝑚+𝐶',+-𝑇+,* − 𝑇+,)0 2 
mhCp,h. fluid properties were calculated based on the average mean temperature (Tavg) given in “Eq. (3)” as 
follows: 
 𝑇,-. =

/!0/"
#

 3 
Nusselt Number (Nu) can be obtained for	Re	600	-	3000 using “Eq. (4)” correlations [19]: 
 𝑁𝑢 = 4.36 + 5.36 × 1012𝑅𝑒#.42	 4 
Nu For turbulent flow can be calculated using Gnielinski (1976) given by “Eq. (5)” as follows [20]: 
 𝑁𝑢 = (6 7⁄ )(:;1!<<<)	>?

!0!#.@(6 7⁄ )#.%('?& '⁄ 1!)
																		- <.AB>?B#<<<

4<<<C:;CA×!<)0 5 
Prandtl number (Pr) given by “Eq. (6)” as follows: 
 𝑃𝑟 = -

∝
 6 

Reynold (Re) given by “Eq. (7)” as follows: 
 𝑅𝑒F =

GḢ
JF*$

 7 
Friction factor (𝑓) given by “Eq. (8) and Eq. (9)” as follows: 
 𝑓 = 64 𝑅𝑒⁄ 	(𝑅𝑒 < 2300) 8 
 𝑓 = 0.316	𝑅𝑒1<.#A		(𝑅𝑒 > 2300) 9 
The effectiveness (ε) for heat exchangers is given by “Eq. (10)” as follows: 
 𝜀	 = K+,-

K./0
 10 

Actual HT (QAct) is given by “Eq. (11)” as follows: 
 𝑄L+M = 	𝐶+-𝑇+,* − 𝑇+,)0 = 𝐶&(𝑇&,) − 𝑇&,*) 11 
Where Cc=mċ cp,c and Ch=mḣ cp,h are the heat capacity rates of cold and hot fluids, respectively. 
Maximum HT (Qmax)	rate is given by “Eq. (10)” as follows: 
 𝑄H,N = 	𝐶H)O-𝑇&,) − 𝑇+,)0 12 
Where Cmin is the smaller of Cc and Ch 
The number of transfer units (NTU) can be calculated using “Eq. (12)” as follows: 
 𝑁𝑇𝑈	 = 𝐴P𝑈 𝐶H)O⁄  13 
The total entropy generation of the heat exchanger (𝑆.;O,M*M,Q) is the sum of entropy generated by pressure drop 
(𝑆.;O,6) and by HT (𝑆.;O,&M) as per “Eq. (14)” [21]: 
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 𝑆.;O,M*M,Q	 =	𝑆.;O,&M + 𝑆.;O,6 14 
𝑆.;O,M*M,QThe entropy generation by HT (at constant pressure) is given by “Eq. (15)” as follows: 
 𝑆.;O,&M =	𝑚&𝐶',& 𝑙𝑛(

/*,"
/*,2
) + 𝑚+𝐶',+ 𝑙𝑛(

/,,"
/,,2
) 15 

While the entropy generation by pressure drop is given by “Eq. (16)” as follows: 
 𝑆.;O,6 	= 	

H*∆>*,2
S*//34,*

+ H,∆>,,"
S,//34,,

 16 

For calculating sources of irreversibility, Bejan number (Be) can be used, and it’s given by “Eq. (17)”: 
 𝐵𝑒	 = T456,*-

T456,*-0T456,7
 17 

Bejan number is a dimensionless quantity ranging from 0-1. For Be ≈ 1 entropy dominated by HT, Be ≈ 0.5 
has an equal contribution from both heat and friction and Be ≈ 0 entropy dominated by friction irreversibility. 

4. Result and Discussion 

4.1. Validation work 

To validate ANSYS FLUENT 2022 R1, results were compared with Kumar et al. [22] using flow rates from 
0.02 to 0.1 kg/s. Inlet temperatures were 332 K (hot) and 303 K (cold), with tube dimensions matching the 
previous study. As shown in Fig. 7, the maximum relative error was 0.67%, confirming the software's accuracy. 

     
 (a) (b) 

Figure 7. Validation by Comparison of The Current Results With [22] Results. (a) At a Fixed Cold Water 
Flow Rate of 0.02 kg/s. (b) At Fixed Hot Water Flow Rate 0.02 kg/s 

4.2. Impact of mass flow rate and inlet temperature of hot water on temperature difference  

Fig. 8 compares cold-side temperature difference (ΔTc) in finned and smooth DPHEs. Increasing hot water flow 
rate and inlet temperature (50 °C → 70 °C) raises 𝛥𝑇+ due to greater thermal input and driving force. Finned 
tubes show stronger response, with a 40% ΔTc increase from 50 °C to 60 °C and 29% from 60 °C to 70 °C, 
highlighting their effectiveness at higher temperature gradients. 
 

   
Figure 8. Simulation Results of Mass Flow Rate and Inlet Temperature of Hot Water Effect on Cold Water 

Temperature Difference at Cold Water Flow Rate 0.1 (kg/s) at 25	℃. 
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4.3. Impact of mass flow rate and inlet temperature of hot water on the heat transfer rate  

Fig. 9 shows the effect of hot water temperature on heat transfer, comparing smooth and finned tubes under 
similar conditions. Hot water temperature varied from 50–70 ℃, with cold water fixed at 25 ℃ and flow rates 
from 0.02 to 0.1 kg/s. Cold flow was kept constant at 0.1 kg/s for peak heat transfer. Increasing hot water 
temperature and flow rate boosts heat transfer for both tube types, due to a larger temperature difference, 
enhanced convective coefficients, and stronger fluid mixing at higher flow rates. Heat transfer rises 40% from 
50 ℃ to 60 ℃, and another 28% from 60 ℃ to 70 ℃. At 70 ℃ for maximum flow, fins enhance heat transfer 
by 22% due to the increased surface area and turbulence that promote better cold water mixing and more 
efficient thermal exchange. 

  
Figure 9. Simulation Results of Inlet Hot Water Temperature and Flow Rate Effect on Heat Transfer Rate at 

Cold Water Flow Rate 0.1 kg/s at 25 ℃. 

4.4. Nusselt number behavior in smooth and finned double-pipe heat exchangers 

The Nusselt number (Nu) is crucial for the analysis of DPHE’s, as it correlates with convective and conductive 
heat transfer.  Fig. 10 shows that Nu for the smooth tube increases with cold fluid flow rate due to higher Re 
and enhanced forced convection. Thinner thermal boundary layers and greater turbulence improve heat transfer. 
Hot fluid temperature (50–70°C) has little effect, indicating flow dynamics dominate over temperature 
variations. The finned tube also shows rising Nu with increasing 𝑚̇+, consistently 6-8% higher than the smooth 
tube. This is due to added surface area and boundary layer disruption. As with the smooth tube, hot fluid 
temperature has little impact compared to flow velocity. 
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 (c) 
Figure 10. Simulation Results of Nusselt Number Behavior in Double-Pipe Heat Exchangers (a) at 50	℃, (b) 

at 60	℃, (c) at 70	℃. 

4.5. Effectiveness-NTU behavior in smooth and finned double-pipe heat exchangers 

The effectiveness-NTU method is widely used when outlet temperatures are unknown. As shown in Fig. 11, 
finned tubes show 10–20% higher effectiveness and 11–25% higher NTU than smooth tubes at 50℃, depending 
on flow rate. This is due to fins increasing surface area, boundary layer disruption and enhanced convective heat 
transfer provided by the fins which boost heat transfer. 

 
Figure 11. Simulation Results of Effectiveness-NTU Behavior in Smooth and Finned DPHE’s.  

4.6. Entropy generation in smooth and finned double-pipe heat exchangers 

Entropy generation indicates exergy destruction and reflects HT irreversibility. It guides designers in optimizing 
system parameters by quantifying energy losses from inefficiencies.[23]. This study used entropy analysis to 
assess the impact of fins on a counter-flow DPHE. Entropy generation from HT and friction were evaluated. 
Fig. 12 shows that finned tubes produce 30–40% more heat transfer entropy than smooth ones, due to enhanced 
mixing and boundary layer disruption. Entropy peaks at 70℃ and increases with mass flow rate, as higher flow 
enhances convective transfer and irreversibility. 

 
Figure 12. Simulation Results of Entropy Generation Due to Heat Transfer at Different Temperatures of Hot 

and Cold Waters with Constant Cold Water Flow Rate at 0.1 kg/s. 
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Fig. 13 shows that finned tubes generate 7–12% more frictional entropy than smooth ones. As hot water 
temperature rises, frictional entropy decreases due to lower viscosity, which reduces viscous dissipation. In 
some fluids, this trend may reverse. Fig. 13 confirms that increasing mass flow rate raises frictional 
irreversibility due to higher shear and turbulence. 

 
Figure 13. Simulation Results of Entropy Generation Due To Friction At Different Temperatures of Hot 

and Cold Waters with Constant Cold Water Flow Rate at 0.1 kg/s. 
 

From Fig. 14, total entropy in the heat exchanger rises with flow rate and combines heat transfer and friction 
effects. Finned tubes generate 30–40% more entropy than smooth ones. 

 
Figure 14. Total Entropy Generation at Different Temperatures of Hot Water and cold waters with constant 

cold water flow rate at 0.1 kg/s. 
 

From Fig. 15, the Bejan number for both finned and smooth tubes peaks around 0.9, indicating that heat transfer 
irreversibility dominates over frictional losses. Finned tubes show slightly higher values due to enhanced heat 
transfer and reduced friction. As hot water flow increases, the Be rises, peaking at 0.06 kg/s, then slightly 
declines due to growing frictional irreversibility at higher flow rates. 

 

 
Figure 15. Bejan Number at Different Temperatures of Hot Water and Cold Waters with Constant Cold Water 

Flow Rate at 0.1 kg/s. 
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5. Conclusion 

In this research, a CFD approach used to analyze the thermal performance and entropy generation of counter 
flow DPHE. This study closely examined how micro fins affect the heat transfer rate and entropy generation 
when installed on the outer surface of the inner pipe for a DPHE. The following conclusions can be drawn: 

1. Finned tubes have a 22% enhanced heat transfer rate relative to smooth tubes, demonstrating their better 
thermal efficiency. The Finned tube outperforms the smooth tube by attaining a 46% higher Nu, hence 
illustrating its enhanced convective heat transfer efficiency. 

2. Finned tubes deliver 10–20% higher effectiveness and 11–25% higher NTU than smooth tubes for a 
variation of flow rates. 

3. Finned tube generates 30% to 40% higher total entropy compared to the smooth tube. 
4. Bejan number analysis confirms that heat transfer irreversibility dominates over frictional losses in both 

finned and smooth tubes as its value reaching approximately 0.9. Finned tubes exhibit slightly higher 
Bejan number than smooth tube. 
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