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Abstract: This research examined the effects of corrugation distance and nanofluid volume concentration on pressure drop, 
Nusselt number, and thermal performance in a circular tube. Binary nanofluid (MWCNT/Al₂O₃, 60:40) with volume fractions of 
0.25%, 0.5%, and 1% was tested in corrugated tubes with distances of 10 mm, 20 mm, and 30 mm under constant heat flux (20 
kW/m²) for Reynolds numbers between 10,000 and 40,000. 3D single-phase model was developed using ANSYS 19 with the 
standard k-ε turbulence model and validated against equations from the literature. Results revealed that heat transfer improved 
with increasing Reynolds number, primarily due to elevated flow rates and intensified mixing induced by the corrugated surfaces. 
Compared to smooth tubes, the corrugated tubes exhibited higher Nusselt numbers, signifying better convective heat transfer 
performance. Nonetheless, this improvement was accompanied by increased friction factors and pressure drops, especially at 
shorter corrugation distances. Shorter corrugation distances intensified turbulence and mixing, enhancing heat transfer, while 
longer distances diminished turbulence, lowering the Nusselt number. The highest thermal performance, with a performance 
evaluation criterion of 1.27, was achieved at a corrugation distance of 10 mm and an MWCNT/Al₂O₃ nanofluid concentration 
of 1%. For the same nanofluid concentration, the performance evaluation criterion was 1.24 at a corrugation distance of 20 
mm and 1.21 at 30 mm, respectively.
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1. Introduction

Corrugation on tube walls enhances heat transfer by 
inducing turbulence and swirl flows, which increase 
fluid mixing and improve interaction with the tube sur-
face. The swirling motion helps clean the inner surface, 
reducing fouling, while the increased surface area al-
lows for more efficient heat exchanger. These combined 
factors reduce the fouling factor and enhance overall 
heat transfer efficiency [1]. Additionally, corrugated 
tubes increase the wetted perimeter without changing 
the cross-sectional area, which provides more surface 
area for heat transfer. Corrugated surfaces improve 
heat transfer by enhancing turbulence and fluid mixing 
but cause a higher pressure drop due to increased flow 
resistance. Corrugated tubes are generally utilized in 
heating and cooling systems, waste heat recovery, and 
chemical reactors due to their improved heat transfer 
efficiency [2]. Corrugated tubes have gained significant 
attention in research due to their simpler manufactur-
ing and assembly process. Their practical advantages 

make them a preferred choice for enhancing heat trans-
fer efficiency. Cauwenberge et al. [3] investigated helical 
heat exchangers using corrugated tubes and found that 
these tubes experienced a pressure drop 5.6 to 6.7 times 
higher than that of smooth tubes. They also observed a 
substantial improvement in heat transfer performance, 
with increases between 83% and 119%. Andrade et al. 
[4] examined the characteristics of heat transfer and 
pressure drop in corrugated tubes. They found that 
corrugated tubes exhibit a more gradual shift in fric-
tional behavior compared to smooth tubes, demonstrat-
ing greater effectiveness in handling transitional flow 
regimes. Navickaitė et al. [5] studied numerical analy-
ses to evaluate the thermal performance of corrugated 
tubes subjected to constant power inputs. The results 
revealed that double-corrugated tubes significantly im-
prove thermal efficiency while maintaining the same 
pressure drop. The numerical simulations predicted a 
400% increase in thermal efficiency, with a volumetric 
flow rate 4.2 times lower in double-corrugated tubes. 
Additionally, PEC increased by up to 14% for tubes 
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with an ellipse-base and 11% for those with a super el-
lipse-base. Wongcharee and Eiamsa-ard [6] performed 
experimental studies to examine the combined impact 
of using CuO/water nanofluids, twisted tapes, and cor-
rugated tubes with various flow configurations. The re-
sults showed that nanofluids in smooth tubes exhibited 
a heat transfer improvement ranging from 2.64% to 
16.9% over water under identical conditions. Addition-
ally, the use of corrugated tubes resulted in a more sig-
nificant enhancement, with heat transfer increasing by 
4.8% to 66.3%. Ekiciler [7] examined the impact of wall 
corrugation and the use of Zn:Ag/EG-H2O hybrid nano-
fluid on heat transfer and flow in a turbulent pipe flow. 
Different wall corrugation patterns were compared to 
a smooth pipe, with Reynolds numbers ranging from 
13000 to 28000. The results demonstrated that adding 
wall corrugations significantly enhanced heat transfer 
and affected flow characteristics. Ajeel et al. [8] exam-
ined various corrugated channels using nanofluids in 
turbulent flow conditions with a constant heat flux. The 
results revealed that the modified channels substan-
tially improved the heat transfer rate, with the great-
est enhancement occurring in a trapezoidal corrugated 
channel using 2% silica nanofluids. Wang et al. [9–12] 
developed innovative external helical corrugated tubes 
to optimize heat transfer, pressure drop, and energy ef-
ficiency. The findings indicate that secondary flow plays 
a key role in reducing the irreversibility of both heat 
dissipation and viscous dissipation. Compared to trans-
verse corrugated tubes with similar geometric charac-
teristics, the spiral corrugated tubes demonstrated su-
perior overall performance. Studies show that adding 
nanoparticles to a base fluid to create “nanofluids” can 
significantly increase the fluid’s thermal conductivity 
[13]. This improvement makes nanofluids more effective 
for heat transfer applications, offering potential bene-
fits in systems like industrial cooling and electronics. 

MWCNTs are preferred as nanofluids due to their high 
thermal conductivity, large surface area, and strong 
mechanical properties, which enhance heat transfer 
performance. MWCNTs also offer good stability in sus-
pension and have a low density, minimizing pressure 
drop and improving overall thermal efficiency. These 
attributes make MWCNT nanofluids ideal for heat ex-
change and thermal management applications. In their 
study, Palanisamy et al. [14] explored the heat trans-
fer and pressure drop characteristics of a cone-shaped 
helically coiled tube heat exchanger utilizing MWCNT/
water nanofluid. Results revealed that the Nusselt 
numbers, representing the heat transfer efficiency, in-
creased by 22%, 41%, and 52% for nanofluids with vol-
ume fractions of 0.1%, 0.3%, and 0.5%, respectively, in 
comparison to water. This improvement was linked to 
the enhanced thermal conductivity of MWCNT nano-
fluids and increased turbulence within the fluid. Ibra-
him et al. [15] examined the mixed convection heat 
transfer behavior of hybrid nanofluids, focusing on how 
varying nanoparticle compositions impact heat trans-
fer across different flow conditions. Their analysis high-
lighted the influence of distinct nanoparticle combina-
tions on thermal performance in various flow regimes. 
They created and evaluated three hybrid nanofluids 
with distinct Al2O3 and MWCNT ratios. Of these, the 
nanofluid containing 60% Al2O3 and 40% MWCNT 
showed the greatest improvement in heat transfer per-
formance, achieving a Nusselt number increase of more 
than 5% relative to the other formulations. Painuly et 
al. [16] carried out an experimental investigation to 
assess the friction factors and convective heat transfer 
efficiency of a helically corrugated tube equipped with 
inserts, specifically under laminar flow conditions. The 
working fluid was water-ethylene glycol mixture with 
hybrid nanofluids composed of Al2O3 and MWCNT. 
The results showed that increasing the Al2O3-MWCNT 

Nomenclature 

D diameter (mm) 
ΔV differential voltage, v
Q rate of heat transfer (W)
h convective heat transfer coefficient (W/m2K)
q heat flux (W/m2 )
cp          specific heat (J kg /K) 
ΔP pressure drop [Pa]
T temperature (K)
U average velocity (m/s)

Greek symbols

f friction factor
Re Reynolds number
Pr Prandtl number
φ	 volume	concentration,	%	
μ	 dynamic	viscosity	(kg/ms)

ρ	 density	(kg/m3)
k	 thermal	conductivity	(W/mK)
Nu Nusselt number

 									mass	flow	rate	(kg/s)
EG ethylene glycol
L length (mm)
e thick (mm)
MWCNT multi-walled carbon nanotubes
Al₂O₃  aluminum oxide 
η overall enhancement efficiency 
θ kinematic viscosity (m2/s)  

Subscripts

bf base fluid
f	 fluid
nf	 nanofluid
p	 nanoparticle
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concentration in the hybrid nanofluid, along with re-
ducing the helix ratio of the tube inserts, significantly 
enhanced both the heat transfer rate and the thermal 
performance factor. The Al2O3-MWCNT hybrid nano-
fluid demonstrated Nusselt number increases of 42.5%, 
49.47%, and 56.2% over the base fluid at volume frac-
tions of 0.1%, 0.5%, and 1%, respectively. Najafabadi 
et al. [17] examined three-dimensional simulations 
of steady-state laminar flow within a horizontal pipe, 
utilizing engine oil as the base fluid mixed with CuO 
and multi-walled carbon nanotubes nanoparticles. 
The objective was to evaluate and compare the impact 
of varying nanoparticle volume concentrations, using 
CuO and MWCNT in 1:1 and 1:2 ratios, on convective 
heat transfer performance. The results showed that in-
creasing the nanoparticle concentration led to signifi-
cant improvements in both the convective heat trans-
fer coefficient and the Nusselt number, with MWCNT 
contributing more substantially to the enhancements 
than CuO. Scott et al. [18] conducted research on the 
preparation of alumina–multiwalled carbon nanotube/
water hybrid nanofluid using a two-step method across 
different volume concentrations. The findings indicated 
that increasing the volume concentration initially en-
hanced heat transfer, with a maximum improvement of 
49.27% observed at a volume concentration of 0.10%, 

compared to the base fluid. However, beyond this point, 
further increases in concentration resulted in a decline 
in natural convection heat transfer performance.

Based on the above studies, most research has focused 
on the effects of nanofluid types and mass/volume frac-
tions on heat transfer. Some studies have investigated 
the effects of MWCNT, Al₂O₃ nanofluids, and corrugat-
ed tubes separately; however, no study has been found 
that has investigated their combined effect in the same 
study. Corrugated tubes are known to enhance heat 
transfer by disrupting the thermal boundary layer, in-
creasing turbulence and improving fluid mixing. For 
this purpose, this study aims to analyze the combined 
effects of MWCNT/Al₂O₃ hybrid nanofluids with two 
different corrugation spacings and three different vol-
ume concentrations on thermal performance.

2. Materials and methods

2.1. Physical model

The study focuses on a numerical analysis of heat 
transfer and fluid flow within a 3D corrugated tube. 
The key objective is to investigate how the corrugated 

Figure 1. Schematic diagram of corrugated tube 

Fig. 2. View of corrugated distances of corrugated tubes
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tube’s structure affects fluid flow and heat transfer un-
der specified boundary conditions. Two distinct tube 
geometries were analyzed: a smooth tube and a corru-
gated tube. The smooth tube served as the baseline for 
comparison against the performance of the corrugated 
tube. ▶Figure 1 provides a visual representation of the 
corrugated tube, illustrating its structure and the asso-
ciated computational domain. The ▶Figure 1 highlights 
the corrugated section, as well as the smooth walled in-
let and outlet regions that are part of the flow domain 
used for the analysis. The smooth tube used has the 
same dimensions as the corrugated tube, except it does 
not have any corrugations.

The tube is 600 mm long with a 10 mm hydraulic diam-
eter and 1.5 mm wall thickness. It consists of an inlet 
(200 mm), a heated corrugated test section (300 mm), 
and an outlet (100 mm). Corrugation spacings are 10 
mm, 20 mm, and 30 mm. The inlet ensures fully devel-
oped flow (velocity inlet at 300.15 K), while the outlet 
prevents backflow (pressure outlet). The corrugated 
walls are heated at 20 kW/m². The flow domain includes 
smooth inlet/outlet sections and a heated test section 
for analysis.

2.2. Thermophysical properties of nanofluids

The general equations utilized to determine the ther-
mophysical properties of nanofluids can also be applied 
to hybrid nanofluids with appropriate modifications. 
In this context, the base fluid is denoted by (bf), the 
nanoparticles by (np), and the nanofluid by (nf). Sym-
bols (p1) and (p2) specifically refer to MWCNT nanopar-
ticles and Al2O3 nanoparticles, respectively.

The volume fraction of the hybrid nanofluid is calculat-
ed as follows:

                                                                                                                        (1) 

The density of the nanofluid is determined using the Pak 
and Cho [19] correlation, as presented in Equation (2)

                                                                                                    (2)

The dynamic viscosity of the hybrid nanofluid is calcu-
lated using the well-known Brinkman [20] equation (3), 
as follows:

                                                                                             (3)

The thermal conductivity of the hybrid nanofluid was 
obtained using the commonly used Maxwell [21] equa-
tion, as described in equation (4) as follows:

                                                            (4)

In this study, nanofluids were prepared at three dif-
ferent volume concentrations (0.25%, 0.5% and 1%) 
using water as the working fluid and MWCNT-Al2O3 

nanoparticles at a ratio of (60:40). A 60:40 hybrid-
ization ratio was selected based on the experimental 
findings of Krishnan et al. [24], which investigated the 
thermal properties of Al₂O₃-MWCNT/DI water hybrid 
nanofluids at different particle weight ratios and iden-
tified 60:40 as the most thermally efficient composition.

2.3. Data reduction

The findings are evaluated and expressed through the 
average friction factor (f), Reynolds number (Re), and 
Nusselt number (Nu), each represented by the following 
equations:

The constant heat flux applied to the test tube can be 
expressed as follows:

                                                                                     (5)

Here,	 	represents	 the	constant	heat	flux	and	 	 is	 the	hy-
draulic	diameter	of	the	tube.

The convective heat transfer coefficient in the tube is 
described as follows:

                                                                                                                       (6)

Here 	 represents	 the	 local	wall	 temperature	 and	  rep-
resents	the	temperature	of	the	mass.

Re=      																																																																																																																																																																		(7)

Here U represents	the	mean	fluid	velocity.

 (8) 

 (9)

The pressure difference (  is determined by sub-
tracting the average outlet pressure (  from the 
average inlet pressure ( , as described in Equa-
tion (10).

     (10)

A non-dimensional parameter, PEC is generally defined 

 Table 1. The characteristics of water and the nanoparticles 
utilized in this study. 

Properties Water [22] MWCNT [23]   Al2O3  [22]

(kg/m3)
998.2 2100 3980

(J/kg K)
4182 710 777

k (W/mK) 0.6 2000 38
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as the ratio of increased heat transfer performance to 
increased friction losses in a heat exchange system. It 
evaluates whether a particular enhancement technique 
(e.g. turbulators, vortex generators, nanofluids, extend-
ed surfaces) provides an overall benefit in thermal-hy-
draulic performance. PEC value greater than 1 indi-
cates that the heat transfer improvement outweighs the 
increase in flow resistance, making the enhancement 
effective. On the other hand, if PEC is less than 1, the 
increase in pressure drop is more significant than the 
thermal gain, rendering the modification inefficient. 
The Performance Evaluation Criteria, shown in Equa-
tion 11, is applied to evaluate the heat transfer efficien-
cy and fluid flow characteristics of tubes with varying 
surface roughness.  It combines the Nusselt number 
(representing heat transfer) and the friction factor (rep-
resenting flow resistance) to evaluate overall perfor-
mance. The PEC assesses whether the increase in heat 
transfer efficiency is sufficient to offset the additional 
fluid friction. Here Nu represents corrugated tube and  

represents smooth tube.

                   (11)

2.4. Governing equations

Finite volume numerical simulations were conducted 
using ANSYS Fluent 19. To enhance the accuracy in 
capturing turbulent flows and to improve the modeling 
of fluid mixing and flow instabilities, the k-ε RNG tur-
bulence model was employed under single-phase flow 
conditions. The pressure and velocity fields were solved 
iteratively using the SIMPLE algorithm to ensure fluid 
stability. The QUICK (Quadratic Upstream Interpola-
tion for Convective Kinematics) scheme was employed 
to enhance accuracy in convective flow calculations, 
providing smooth flow modeling. The convergence cri-
terion was set to 1x10-5 with the relevant equations used 
generally outlined.

Mass Conservation 

                           (12)

Momentum Conservation 

           (13)

Energy Conservation

             (14)

The k-ε turbulence model defines the turbulence kinetic 
energy (k) and the dissipation rate (ε) by solving differ-
ential equations that describe the behavior of these tur-
bulent properties.

  	 	 	 	 (15)

  (16)

	is	defined	as;

 (17)

In	this	turbulence	model,	the	constant	coefficients	are	
as	follows:	Cμ=0.09,	Cε1=1.44,		Cε2=1,92,	σk=1,	σε=1.3

                                                        (18)

2.5. Boundary conditions

This numerical simulation was conducted under the 
assumptions that the flow is three-dimensional, steady, 
and fully developed. Natural convection and heat loss to 
the surroundings were considered negligible, and grav-
itational effects were ignored. The velocity profile at the 
inlet was assumed to be smooth, while the thermophys-
ical properties of the hybrid nanofluid were regarded 
as constant and unaffected by temperature variations. 
The inlet boundary conditions were set with a defined 
flow velocity and a temperature of 300.15 K.

Inlet boundary:

,	υ=w=0,	 ,	 															(19)

Outlet boundary:

The pressure is set to atmospheric pressure, which cor-
responds to a gauge pressure of zero.

                          (20)

At	the	wall:

	υ=	w=0,	 																																														(21)

2.6. Grid independence and code validation

A steady-state, 3D model was developed to simulate 
flow dynamics in a corrugated tube. Mesh generation is 
a critical step in numerical simulations, impacting both 
accuracy and computational efficiency. Due to the com-
plex flow near the corrugated surface, capturing this 
region properly is essential for analyzing pressure drop 
and the Nusselt number. The mesh was created using 
ANSYS Workbench 19.0 with an unstructured grid, re-
fined near the walls to accurately resolve the laminar 
viscous sublayer. The y⁺ parameter was used to ensure 
proper mesh quality, especially for turbulent flows, 
where the boundary layer consists of multiple zones.

• Viscous sublayer ( y+<5), where viscous forces dom-
inate.

• Buffer layer and log-law region for higher y+.

For accurate results, especially when using a turbulence 
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model like k−ϵ , it’s important to keep y+ less than 5 near 
the wall to properly resolve the viscous sublayer and 
avoid errors in predicting flow properties [25].

 (22)

Here, y+ shows the non-dimensional distance from the 
wall, where y is the physical distance to the wall,  is 
the friction velocity, and ν is the kinematic viscosity of 
the fluid. This study evaluated different mesh struc-
tures at Reynolds number of 10000 to ensure that the 
model provided accurate results. The specific mesh 
structure with 2.1 million elements was chosen for all 
analyses because it produced consistent results for the 
Nusselt number (Nu) and the friction factor (f), with 
deviations remaining below 2%. This indicates that in-
creasing the mesh density further did not significantly 
improve the accuracy, making this mesh both efficient 
and accurate. Additionally, the y+ value of 2.46 for this 
mesh indicates that the mesh near the wall was fine 
enough to accurately capture the flow characteristics, 
especially within the viscous sublayer, where y+ values 
below 5 are recommended. Since this mesh successfully 
balances accuracy (with minimal deviation in results) 
and computational cost, it was chosen for further study, 
as shown in ▶Figure 3.

Different mesh sizes were tested to ensure grid inde-
pendence. The mesh sizes ranged from 0.4 mm to 0.09 
mm, and the results for the Nusselt number and fric-
tion factor were plotted. Upon comparing the results, 
it was found that the percentage difference in Nusselt 

number and friction factor between the finer meshes 
(0.1 mm, 0.09 mm, and 0.08 mm) was only 1–3%. This 
small variation indicates that further refining the mesh 
beyond 0.1 mm would not significantly improve the ac-
curacy of the results but would increase computational 
cost and time. Thus, the 0.1 mm mesh size was selected 
as the most appropriate for further analysis. ▶Figure 4 
illustrates the mesh configuration for the smooth pipe 
and the corrugate positioned at three different spacing 
intervals (P = 10 mm, P = 20 mm, and P = 30 mm) using 
the 0.1 mm mesh structure.

Figure 4. Mesh generation view of smooth tube and tube with different corrugated distances

Figure 3. Grid Independence test for Nusselt number and Friction 
factor at Re=10000
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2.7. Validation of Numerical Study

To ensure the precision and reliability of the numeri-
cal method, the results obtained from the simulation of 
fully developed turbulent water flow in a smooth tube 
are evaluated against well-known empirical models. 
The comparisons involved various correlations for the 
Nusselt number, such as Dittus-Boelter [26] correla-
tion (Equation 23), Gnielinski [27] correlation  (Equa-
tion 24), and the Pak and Cho [19] correlation (Equa-
tion 25), as well as for the friction factor, including 
Blasius [28] correlation (Equation 26), McAdams [29] 
correlation (Equation 27), and Petukhov [30] correla-
tion (Equation 28). The CFD simulation results of the 
Nusselt number and friction factor of the straight pipe 
were compared with the literature. They were validated 
against the established literature by showing maximum 
deviations of ±9% and ±11% respectively, as shown in 
▶Figure 4. This validation confirmed the reliability of 
the numerical approach in predicting heat transfer and 
flow resistance under turbulent conditions.

	 	 (23)

	 (24)

	 (25)

𝑓	=0.316𝑅𝑒−0.25			 	 	 (26)

	 (27)

 (28)

 

Figure 4. Comparison of Nu number and f value with known literature 
equations

3. Results and discussion

First, experiments were carried out with water to eval-
uate the thermal performance of the corrugated pipe 
without using nanofluid. As shown in ▶Figure 5(a), cor-

rugated tubes exhibited higher Nusselt numbers than 
smooth tubes due to enhanced turbulence, flow separa-
tion, and recirculation, which intensified mixing and re-
duced thermal boundary layer thickness. Heat transfer 
increased by 37.6%, 32.5%, and 26.3% for corrugation 
distances of 10 mm, 20 mm, and 30 mm, respectively. 
▶Figure 5(b) shows that the friction factor remained 
higher in corrugated tubes due to continuous boundary 
layer disruption, leading to periodic flow separation, re-
attachment, and increased resistance.

Figure 5. The variation of  (a) Nu, (b) f via Reynolds numbers at differ-
ent corrugation distances for water 

The intensified mixing in corrugated tubes enhances 
heat transfer by transporting cooler fluid from the core 
to the heated wall and rapidly removing heated fluid. 
This process reduces the thermal boundary layer thick-
ness, minimizing heat transfer resistance and increas-
ing convective efficiency. As a result, at the same Reyn-
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olds number, corrugated tubes achieved higher Nusselt 
numbers than smooth tubes, with enhancements of 
37.6%, 32.5%, and 26.3% for corrugation distances of 
10 mm, 20 mm, and 30 mm, respectively. The increased 
friction factor in corrugated tubes, shown in ▶Figure 
5(b), is attributed to boundary layer disruption caused 
by surface geometry. Unlike smooth tubes, where the 
friction factor decreases with the Reynolds number due 
to a thinning viscous sublayer, corrugated tubes experi-
ence persistent turbulence, flow separation, and recir-
culation. The repeated formation of low-pressure zones 
and reattachment points along the corrugated surface 
further amplifies flow resistance [31].

Figure 6. Variation of PEC at different corrugate distances for water

The friction factor in the tube with a corrugate distance 
of P = 10 mm was found to be 15.81 times higher than 
in the smooth tube. As the distance (P) increases, the 
interruptions become less frequent, which slightly re-
duces the friction factor, as seen with P = 20 mm and 
P = 30 mm. This shows how strongly the corrugate dis-
tance influences flow resistance. However, the friction 
factor remains significantly higher than that of smooth 
tubes because each corrugate still induces flow separa-
tion and turbulence. Therefore, as the corrugate dis-
tance decreases, the flow encounters greater resistance, 
which is reflected in increasing friction factor values. 
▶Figure 6 illustrates the PEC for various Reynolds 
numbers across corrugate distances. Each corrugate 
distance follows a similar pattern within the Reynolds 
number range, with PEC values decreasing consistently 
as Reynolds numbers increase. Among the tested cor-
rugate distances, P=10 mm achieves the highest PEC 
value at 1.18, while P=30 mm yields the lowest at 1.09. 
This suggests closer corrugate distances provide better 
hydrodynamic performance, whereas higher Reyn-
olds numbers correspond to lower PEC values. These 
findings emphasize the significant role that corrugate 
distances play in enhancing flow performance, under-
scoring the importance of selecting optimal corrugate 
distance to improve flow efficiency in corrugated tubes.

After analyses conducted on corrugated tubes using 
water as the working fluid, the thermohydraulic per-

formance of MWCNT/Al2O3 nanofluids mixed in a 
%60-40 ratio was examined at three different volume 
fractions (0.25%, 0.5%, and 1%). As shown in ▶Figure 
7, the highest Nusselt number was obtained with the 
nanofluid containing a 1% volume fraction with a P=10 
mm pitch. In the corrugated tube with a P=10 mm pitch, 
the 1% MWCNT/Al2O3 nanofluid recorded a 17.97% in-
crease in the Nusselt number compared to water. Rel-
ative to a smooth, non-corrugated tube, this increase 
was 35.94%. It was observed that reducing the pitch of 
the corrugations was more effective than increasing the 
nanofluid volume fraction. This can be attributed to the 
fact that refining the physical design of the tube (such 
as by reducing the corrugate distance) enables efficient 
enhancement of both convective and conductive heat 
transfer processes with minimal extra energy input. 
In contrast, higher nanoparticle concentrations often 
yield diminishing returns, as they increase the fluid’s 
viscosity and the associated pumping energy needed to 
maintain flow.

▶Figure 8 shows the change in the friction factor of 
MWCNT/Al2O3 nanofluid and water at different vol-
ume fractions as the corrugate distance increases 
with a Reynolds number of 10000. The friction factor 
decreases with increasing corrugate distance but in-
creases as the nanofluid volume fraction increases. The 
highest friction factor was obtained in the corrugated 
tube with a 1% MWCNT/Al2O3 volume fraction and a 
corrugate distance of P=10 mm. Compared to the case 
using water, it was observed that using a 1% MWCNT/
Al2O3 nanofluid increased the friction factor by 11.51%. 
This indicates that the use of corrugates causes more 
friction increase than the use of nanofluids.

▶Figure 9 shows the performance of MWCNT/Al2O3 
nanofluids with three different volume concentrations 
at three different corrugate distances. The highest per-
formance evaluation criterion was obtained with the 

Figure 7. Variation of Nusselt number of MWCNT/Al2O3 nanofluids at 
different volume fractions at different corrugate distances at 40000 
Reynolds number
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MWCNT/Al2O3 nanofluid with 1% volume concentra-
tion at P = 10 mm groove distance with a value of 1.27. 
The lowest value was obtained with the MWCNT/Al2O3 
nanofluid with 0.25% volume concentration at P = 30 
mm groove distance with a value of 1.14.

Finally, a comparison was made with experimental 
studies in the literature to evaluate the performance of 
this study. As seen in ▶Figure 10, the thermal perfor-
mance of studies conducted using different corrugated 
tubes was assessed. Qi et al. [32] examined flow resis-
tance and heat transfer performance of TiO₂-water 
nanofluids in corrugated and circular tubes using ex-
perimental and numerical methods. The results showed 
that adding nanoparticles did not significantly increase 
the resistance, but the corrugated tube combined with 
nanofluids increased the heat transfer by up to 53.95%. 
Hu et al. [33] studied the effects of corrugated tubes 
parameters on thermal-hydraulic performance using 
three different corrugated tubes and air and helium as 
working fluids. It was observed that the Nusselt number 
(Nu) increased with decreasing p/d ratio. The best-per-
forming corrugated tube exhibited a 60% higher Nu 
value compared to the smooth tube. Additionally, the 

maximum PEC value was recorded at approximately 
1.09.

Figure 10. Comparison with literature studies using corrugated tube

4. Conclusions

This study investigated the effects of corrugation dis-
tance on the performance of MWCNT/Al2O3 nanoflu-
id with different volume concentrations in corrugated 
tubes. For corrugations with distances of P=10 mm, 
P=20 mm, and P=30 mm, MWCNT/Al2O3 nanofluids 
mixed at a 60:40 ratio were analyzed at volume frac-
tions of 0.25%, 0.5%, and 1% using the ANSYS Work-
bench 19.0 program. The Reynolds numbers ranged 
from 10000 to 40000. This analysis aimed to examine 
the interaction between heat transfer, friction factor, 
and pressure drop, providing important insights for 
improving and optimizing such systems. The main con-
clusions derived from this study are as follows:

• Corrugated tubes demonstrated superior Nusselt 
numbers compared to smooth tubes, attributed 
to enhanced recirculation, backflow, and the for-
mation of a thinner boundary layer. The Nusselt 
number in corrugated tubes increased significantly 
compared to the smooth tube, with enhancements 
of 37.6% for a corrugation distance of 10 mm, 
32.5% for 20 mm, and 26.3% for 30 mm.

• Corrugated surfaces increase friction factors com-
pared to smooth tubes. The corrugated surfac-
es disrupt the normally smooth viscous sublayer, 
causing greater interaction between the flow and 
the tube walls, which increases flow resistance and 
friction. The tube with a corrugation distance of 10 
mm exhibited a friction factor 15.81 times higher 
than that of the smooth tube. Increasing the corru-
gation distance to 20 mm and 30 mm reduced the 
frequency of flow disruptions, leading to a slight de-
crease in the friction factor.

Figure 8. Effect of the corrugate distance on the friction factor of 
MWCNT/Al2O3 nanofluid and water at different volume fractions at 
10000 Reynolds number

Figure 9. Change in performance evaluation criteria (PEC) of 
MWCNT/Al2O3 nanofluid with different volume fraction at different 
corrugate distances at  10000 Reynolds number
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• Reducing corrugate distance increases turbulence 
and fluid mixing, leading to higher Nusselt num-
bers, indicating improved heat transfer. In contrast, 
increasing corrugate distance produces less turbu-
lence and mixing, resulting in lower Nusselt num-
bers and reduced heat transfer efficiency.

• Smaller corrugate distances improve hydrodynam-
ic performance. However, as the Reynolds num-
ber increases, the performance evaluation criteria 
(PEC) values decrease for all corrugate distances. 
The maximum performance evaluation criterion of 
1.27 was achieved using the MWCNT/Al₂O₃ nano-
fluid with a 1% volume concentration at a groove 
distance of 10 mm.

• Increasing the volume fraction of a nanofluid en-
hances heat transfer through better thermal con-
ductivity, while changes in corrugation distance 
have a more significant impact on heat transfer by 
altering the flow structure, increasing turbulence, 
and strengthening convection.

• This study evaluated the thermal performance of 
MWCNT/Al₂O₃ hybrid nanofluids at concentra-
tions of 0.25%, 0.50%, and 1%, with the most ef-
fective heat transfer observed at 1%. Although in-
creasing the concentration beyond this value may 
further enhance thermal conductivity, it could also 
result in undesirable effects such as higher viscosi-
ty, increased energy consumption for fluid circula-
tion, and nanoparticle clustering, which may dete-
riorate flow stability and overall system efficiency. 

Future studies could explore the existence of an 
optimal concentration (peak point) by examining 
a wider range of concentrations and evaluating the 
trade-offs between thermal performance and fluid 
flow characteristics.
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