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ABSTRACT 
 
One effort that can increase the convection heat transfer 
coefficient between fluid and solid surface is adding 
nanoparticles to the fluid. However, there are several flow-
path conditions, such as concavities and U-turns, can affect 
the distribution of nanoparticles in the fluid and, in turn, the 
heat transfer coefficient. This paper studies the effect of a U-
turn on the transfer coefficient. The study was conducted 
using numerical simulations to determine changes in the heat 
transfer coefficient along the U-turn. It was found that the 
convection heat transfer coefficient increased at several 
locations on the outside of the U-turn. The heat transfer 
coefficient also increased at several locations on the inside of 
the bend, though by smaller amounts. 
 
KEYWORDS: Nanofluids, Reynolds Number, U-bend, 
Heat Transfer Coefficient, CFD, Al₂O₃. 
 
 
NOMENCLATURE 
 

Dh Hydraulic diameter 
De 
DPM 

Dean number 
Discrete Phase Model 

FB Brownian force 
FD Drag force 
FG Gravitational force 
FL Saffman lift force 
FP Pressure gradient force 
FT Thermophoresis force 
FV Virtual mass force 
Gk, Gω Production terms for k and ω 
mp Particle mass 
Pr Prandtl number 

U Characteristic velocity 
up Particle velocity 
Yk, Yω Turbulent dissipation terms for k and ω 
Γk, Γω Effective diffusivities for k and ω 
φ Nanoparticle volume fraction 
ν Kinematic viscosity 
ω Specific dissipation rate 
κ Radius of curvature of the bend 
dp Nanoparticle diameter 

 
 
1.  INTRODUCTION 
 
Thermal management and heat exchange efficiency remain 
critical concerns across engineering applications, ranging 
from automotive cooling and HVAC systems to power 
generation and electronic cooling. As industrial systems 
become increasingly compact and power-dense, the demand 
for high-performance heat transfer fluids and optimized flow 
geometries continues to grow. The efficiency of a heat 
exchanger is largely governed by the convective heat transfer 
coefficient (h) of the working fluid and the hydrodynamic 
characteristics of its flow path [1-5]. Conventional coolants 
such as water, ethylene glycol, and engine oil possess 
inherently low thermal conductivity, which limits heat 
dissipation rates in compact systems [6-10]. Nanofluids have 
emerged as a promising alternative; for instance, certain 
nanofluids in double-pipe U-bend configurations have 
achieved a 14.76% higher Nusselt number than water under 
comparable industrial flow conditions [6]. 

Among candidate nanoparticle materials, aluminum oxide 
(Al₂O₃) was selected for this study due to its chemical 
stability, cost-effectiveness relative to metallic nanoparticles, 
and extensive documentation in the literature. Pak and Cho 
reported a convective heat transfer coefficient enhancement of 
approximately 45% for γ-Al₂O₃-water nanofluid at a volume 
fraction of 1.34% [11], a concentration adopted here for 
model validation to balance heat transfer enhancement against 
pumping penalty. 

Beyond fluid properties, flow geometry plays an equally 
important role in heat transfer performance. Piping systems 
frequently incorporate U-bends to accommodate spatial 
constraints, and flow through a 180° U-bend exhibits 
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hydrodynamic behavior markedly different from straight
flow [12]. Curvature-induced centrifugal forces generate 
secondary Dean vortices that disrupt the thermal boundary 
layer and enhance convective heat transfer, at the cost of 
increased pressure drop [13]. At high Reynolds numbers, this 
interaction between centrifugal migration and turbulent 
mixing becomes especially pronounced: nanoparticle 
concentration near the outer wall intensifies, turbulent 
boundary layers thin, and the four mechanisms known to 
enhance nanofluid heat transfer increased effective thermal 
conductivity, Brownian motion, changes in fluid viscosity and 
boundary layer thickness, and particle–fluid interaction no 
longer act uniformly around the pipe circumference [14

Despite growing research on nanofluids and on U
flows separately, limited data exist on how these enhancement 
mechanisms redistribute circumferentially within a U
high Reynolds number, where centrifugal and turbulent 
effects are strongest. Characterizing this regim
for the design of compact U-bend heat exchangers operating 
near their thermal-hydraulic limits. 

This study therefore investigates the convective heat 
transfer coefficient of Al₂O₃/water nanofluid (
flowing through a 180° U-bend at Re = 100,000, using 
ANSYS Fluent with a two-phase Euler–Lagrange (DPM) 
framework and the SST k-ω turbulence model, validated 
against the Dittus–Boelter and Pak and Cho (1998) 
correlations to within 10% deviation [11], [16
are used to identify how the U-bend geometry redistributes 
heat transfer enhancement around the outer, inner, and side 
walls at this high-Re condition, providing design
insight beyond what Reynolds number alone can explain [18], 
[19]. 
 
 
2.  METHOD 
 
This study employs a numerical approach to investigate the 
effect of a 180° U-bend pipe geometry on the convective heat 
transfer coefficient of Al₂O₃/water nanofluid at Re = 100,000. 
The analysis is conducted entirely through Computational 
Fluid Dynamics (CFD) simulation using ANSYS Fluent, 
utilizing a two-phase Euler–Lagrange (Discrete Phase Model, 
DPM) framework to resolve the turbulent flow and 
nanoparticle transport within the bend. The U
geometry specification is depicted in Table 1 and the U
geometry shows in Figure 1. 
 
2.1 Modelling 

The computational domain was generated using ANSYS 
Design Modeler. Two geometries were built: a straight pipe 
(D = 10.66 mm, L = 3,520 mm) used for CFD solver 
validation, and a 180° U-bend pipe (D = 10 mm) used as the 
primary test section. A hydrodynamic entry length of 350 mm 
— calculated for the highest Reynolds number tested (Re = 
100,000) using:  

 
Lh = 4,4 · Re1/6 · D 

 
Table 1: U-bend pipe geometry specification

D (mm) Length (mm) R1 (mm) 

10 100 10 
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ic behavior markedly different from straight-pipe 
induced centrifugal forces generate 

secondary Dean vortices that disrupt the thermal boundary 
layer and enhance convective heat transfer, at the cost of 

high Reynolds numbers, this 
interaction between centrifugal migration and turbulent 
mixing becomes especially pronounced: nanoparticle 
concentration near the outer wall intensifies, turbulent 
boundary layers thin, and the four mechanisms known to 

nanofluid heat transfer increased effective thermal 
conductivity, Brownian motion, changes in fluid viscosity and 

fluid interaction no 
longer act uniformly around the pipe circumference [14-15]. 

ch on nanofluids and on U-bend 
flows separately, limited data exist on how these enhancement 
mechanisms redistribute circumferentially within a U-bend at 
high Reynolds number, where centrifugal and turbulent 
effects are strongest. Characterizing this regime is essential 

bend heat exchangers operating 

This study therefore investigates the convective heat 
₂O₃/water nanofluid (φ = 1.34%) 

Re = 100,000, using 
Lagrange (DPM) 

ω turbulence model, validated 
Boelter and Pak and Cho (1998) 

correlations to within 10% deviation [11], [16-17]. The results 
bend geometry redistributes 

heat transfer enhancement around the outer, inner, and side 
Re condition, providing design-relevant 

insight beyond what Reynolds number alone can explain [18], 

employs a numerical approach to investigate the 
bend pipe geometry on the convective heat 

₂O₃/water nanofluid at Re = 100,000. 
The analysis is conducted entirely through Computational 

tion using ANSYS Fluent, 
Lagrange (Discrete Phase Model, 

DPM) framework to resolve the turbulent flow and 
nanoparticle transport within the bend. The U-bend pipe 
geometry specification is depicted in Table 1 and the U-turn 

The computational domain was generated using ANSYS 
Design Modeler. Two geometries were built: a straight pipe 
(D = 10.66 mm, L = 3,520 mm) used for CFD solver 

bend pipe (D = 10 mm) used as the 
primary test section. A hydrodynamic entry length of 350 mm 

for the highest Reynolds number tested (Re = 

(1) 

bend pipe geometry specification 

R2 (mm) 

20 

Figure 1: The U
 

Lₕ = 4.4·Re^(1/6)·D plus a 50 mm safety margin  was applied 
uniformly to both geometries to ensure fully developed inlet 
flow. A dominant hexahedral meshing strategy was adopted, 
with the fluid cross-section partitioned into an O
structure (a central rectangular core surrounded by four outer 
curved blocks) to resolve nanoparticle migration through the 
bend water (H₂O) was used as the continuous base fluid, and 
Al₂O₃ nanoparticles (dₚ = 13 nm
phase, with properties summarized in Table 
 

Table 2: Nanofluid properties

Property Symbol Water 
(H₂O)

Density ρ 998.2
Dynamic 
Viscosity 

μ 0.001262

Thermal 
Conductivity 

k 0.600

Specific 
Heat 
Capacity 

Cp 4.182

Particle 
Diameter 

Dp — 

 
 
2.2 Governing Equation 

In this simulation, the conservation equations are solved 
for the fluid phase as a continuous phase, including the 
continuity, momentum, and energy equations expressed in 
Equations (2) through (4) below:
 
Continuity Equation: 
 ∇· ቀρfūቁ

 
Momentum Equation: 
 
 𝛻 ∙ ൫𝜌௙𝑢̄𝑢̄൯ = −

  
Energy Equation: 
 

𝛻 ∙ ൫𝜌௙𝑢̄𝐶௣∙௙𝑇൯ =  𝛻 ∙ ൫𝑘

  
For turbulence modeling, the SST K

which is capable of providing accurate predictions in both the 
near-wall and free-stream regions. This model solves two 
transport equations: the turbulent kinetic energy (k) and the 
specific dissipation rate (𝜔). The transport equation for
given by the following equation

 
𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥௜

(𝜌𝑘𝑢௜) =
𝜕

𝜕𝑥௝

ቆ𝛤௞ 𝜕
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The U-turn geometry 

 
ₕ = 4.4·Re^(1/6)·D plus a 50 mm safety margin  was applied 

uniformly to both geometries to ensure fully developed inlet 
flow. A dominant hexahedral meshing strategy was adopted, 

section partitioned into an O-grid 
structure (a central rectangular core surrounded by four outer 
curved blocks) to resolve nanoparticle migration through the 

₂O) was used as the continuous base fluid, and 
ₚ = 13 nm, φ = 1.34%) as the discrete 

phase, with properties summarized in Table 2. 

: Nanofluid properties 

Water 
₂O) 

Al₂O₃ Unit 

998.2 3880 kg/m³ 
0.001262 — kg/m·s 

0.600 36 W/m·K 

4.182 0.773 kJ/kg·K 

13 nm 

In this simulation, the conservation equations are solved 
for the fluid phase as a continuous phase, including the 
continuity, momentum, and energy equations expressed in 
Equations (2) through (4) below: 

¯ቁ =0 (2) 

൯ −𝛻௣ + 𝛻 ∙ 𝜏         (3) 
 

൫𝑘௙𝛻𝑇 − 𝐶௣∙௙𝜌௙𝑢𝑡തതത൯          (4) 
 

For turbulence modeling, the SST K−𝜔 model is used, 
which is capable of providing accurate predictions in both the 

stream regions. This model solves two 
transport equations: the turbulent kinetic energy (k) and the 

). The transport equation for k is 
given by the following equation: 

ቆ
𝜕𝑘

𝜕𝑥௝

ቇ + 𝐺௞ − 𝑌௞ + 𝑆௞ + 𝐺௕ 
       
(5) 
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Hence, the transport equation for 𝜔 is given by the following 
equation: 
 
𝜕

𝜕𝑡
(𝜌𝜔) +

𝜕

𝜕𝑥௜

(𝜌𝜔𝑢௜) =
𝜕

𝜕𝑥௝

ቆ𝛤ఠ

𝜕𝜔

𝜕𝑥௝

ቇ + 𝐺ఠ − 𝑌ఠ

 
Where 𝐺௞and 𝐺ఠ are the production terms for k and ω, 
Γఠare the effective diffusivities, and 𝑌௞ 
turbulent dissipation terms for k and ω. 
 
2.3 Discrete Phase Model (DPM) Equation

To model the motion of Al₂O₃ nanoparticles, an Euler
Lagrange-based DPM approach was used, in which the host 
medium is treated as the continuous phase and the 
nanoparticles as the discrete phase. The trajectory of each 
particle was tracked individually using the following equati
of motion (7). 

 

𝑚௣

𝑑𝑢ሬ⃗ ௣

𝑑𝑡
= 𝐹஻

ሱሮ
+ 𝐹்

ሱሮ
+ 𝐹

ሱሮ
+ 𝐹௏

ሱሮ
+ 𝐹஽

ሱሮ
+ 𝐹௉

ሱሮ

 
where the right-hand side represents the resultant force acting 
on the particle, which includes the Brownian force (
thermophoresis force (𝐹்), the gravitational force 
virtual mass force (𝐹௏), the drag force (𝐹஽

gradient force (𝐹௉), and the Saffman lift force 
 
2.4 Validation 

The CFD model was validated against the empirical 
correlation of Pak and Cho (1998) [11] using a straight 
geometry (D = 10.66 mm, L = 3,520 mm) with Al
nanofluid at φ = 1.34%, focusing on Re = 100,000. The 
Nusselt number is defined as: 

 
 

𝑁𝑢 =
ℎ𝐷ℎ

𝑘
 

 
and compared against the Pak and Cho (1998) correlation 
[11]: 
 
 𝑁𝑢 = 0.021𝑅𝑒଴.଼Pr଴.ହ 
 
 
 

Figure 2: Validation graph 
 

Journal of Ocean, Mechanical and Aerospace
-Science and Engineering-  

30 March 2026. Vol.70 No.1 

pted: 30-March-2026 | [(70) 1: 100-107] 
Published by International Society of Ocean, Mechanical and Aerospace Scientists and Engineers, www.isomase.org., ISSN: 2354

is given by the following 

𝑌ఠ + 𝑆ఠ + 𝐺ఠ௕ (6) 

are the production terms for k and ω, Γ௞ and 
 dan 𝑌ఠ are the 

2.3 Discrete Phase Model (DPM) Equation 
₂O₃ nanoparticles, an Euler-

based DPM approach was used, in which the host 
medium is treated as the continuous phase and the 
nanoparticles as the discrete phase. The trajectory of each 
particle was tracked individually using the following equation 

ሮ
+ 𝐹௅

ሱሮ
 (7) 

hand side represents the resultant force acting 
on the particle, which includes the Brownian force (𝐹஻), the 

), the gravitational force (𝐹 ), the 
஽),), the pressure 

), and the Saffman lift force (𝐹௅). 

The CFD model was validated against the empirical 
correlation of Pak and Cho (1998) [11] using a straight pipe 
geometry (D = 10.66 mm, L = 3,520 mm) with Al₂O₃/water 
nanofluid at φ = 1.34%, focusing on Re = 100,000. The 

(8) 

and compared against the Pak and Cho (1998) correlation 

(9) 
  

 
 

At Re = 100,000, the simulated Nusselt number for the 
straight pipe agreed with the empirical correlation within a 
deviation of less than 10%, satisfying the validation criterion. 
This confirms that the mesh resolution, 
settings, boundary conditions, and DPM coupling are 
correctly configured to capture convective heat transfer in 
turbulent nanofluid flow. The U
same Reynolds number yielded a higher Nu than the straight 
pipe, attributed to Dean vortex
establishing a validated baseline for assessing bend
heat transfer enhancement. In Figure 2
graph. 
 
 
3.  RESULT AND DISCUSSION
 
The following section presents and discusses the 
characteristics of Al2O3/water nanofluid flow through the 
180° U-bend pipe across the five simulated Reynolds 
numbers. Heat transfer coefficient data were extracted along 
four axial lines (upper, lower, right, and left walls), enabling a 
comprehensive spatial characterization of the convective heat 
transfer distribution. Figure 3 provides an overview of the 
locations of these four extraction lines (A
D’). 
 
3.1 Heat Transfer Coefficient Along U
 

 
A-A’ B-B’ 

  
 

Figure 3: Location line along the u
 
At the Reynolds number 100,000 s

(Figure 4 and the accompanying legend) spans the full
from 37680 to 257100 W/m²·K, and the value referenced 
elsewhere in the report as the peak mid
coefficient. The outer wall of the bend is now sharply defined 
and clearly the dominant thermal feature of the geometry. In 
Figure 5, also shows the DPM concentration contour reaching 
561 kg/m³ the highest particle concentration recorded across 
all five cases confirming that nanoparticle migration toward 
the outer wall continues to intensify up to the top of the 
Reynolds number range studi
velocity field peaking at roughly 18.5
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At Re = 100,000, the simulated Nusselt number for the 
straight pipe agreed with the empirical correlation within a 
deviation of less than 10%, satisfying the validation criterion. 
This confirms that the mesh resolution, SST k-ω turbulence 
settings, boundary conditions, and DPM coupling are 
correctly configured to capture convective heat transfer in 
turbulent nanofluid flow. The U-bend configuration at the 
same Reynolds number yielded a higher Nu than the straight 

tributed to Dean vortex-induced mixing, thereby 
establishing a validated baseline for assessing bend-induced 

Figure 2 shows the validation 

3.  RESULT AND DISCUSSION 

The following section presents and discusses the heat transfer 
/water nanofluid flow through the 

bend pipe across the five simulated Reynolds 
numbers. Heat transfer coefficient data were extracted along 
four axial lines (upper, lower, right, and left walls), enabling a 

rehensive spatial characterization of the convective heat 
transfer distribution. Figure 3 provides an overview of the 
locations of these four extraction lines (A-A’, B-B’, C-C’, D-

3.1 Heat Transfer Coefficient Along U-Bend 

 
 

C-C’ D-D’ 

  
 

: Location line along the u-bend pipe 

At the Reynolds number 100,000 simulated, the contour 
and the accompanying legend) spans the full range 

from 37680 to 257100 W/m²·K, and the value referenced 
elsewhere in the report as the peak mid-bend heat transfer 
coefficient. The outer wall of the bend is now sharply defined 
and clearly the dominant thermal feature of the geometry. In 

so shows the DPM concentration contour reaching 
561 kg/m³ the highest particle concentration recorded across 
all five cases confirming that nanoparticle migration toward 
the outer wall continues to intensify up to the top of the 
Reynolds number range studied. Figures 6-7 show the 
velocity field peaking at roughly 18.5–20.7 m/s, with the 
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streamlines showing the tightest, most sharply curved 
deflection around the bend of any case presented.
transfer coefficient value on each line location 
Table 3.  

The four line graphs (Figure 8) show the widest spread of 
the entire subsection: Line A-A' peaks at 194601.906 
 

Figure 4
 

Figure 

Figure 
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streamlines showing the tightest, most sharply curved 
deflection around the bend of any case presented. The heat 
transfer coefficient value on each line location is provided in 

The four line graphs (Figure 8) show the widest spread of 
A' peaks at 194601.906 

W/m²·K, compared with 102495.18 W/m²·K on Line B
and 76779.9453 - 80580.1563 W/m²·K on Lines C
D'. This is the clearest numerical demonstration in the report 
that the outer-wall enhancement effect does not merely persist 
but widens substantially in relative terms as Reynolds number 
increases. 

4: Heat transfer coefficient contour along u-bend pipe 

Figure 5: DPM concentration along u-bend pipe 
 

Figure 6: Velocity streamline along the u-bend pipe 
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W/m²·K, compared with 102495.18 W/m²·K on Line B-B' 
80580.1563 W/m²·K on Lines C-C' and D-

numerical demonstration in the report 
wall enhancement effect does not merely persist 

but widens substantially in relative terms as Reynolds number 
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Table 3

Line 

A-A’ 

B-B’ 

C-C’ 

D-D’ 

Figure 8: Heat transfer coefficient along u
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Figure 7: Velocity vector along u-bend pipe 

3: Heat transfer coefficient value on each line location 

Heat Tranfer Coefficient  
Max 

194601.9 
 

102495.2 
 

76779.95 
 

80580.16 
 
 
 
 
 

: Heat transfer coefficient along u-bend pipe for each line 
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Min 

40017.51 
 

40041.25 
 

40013.15 
 

40139.59 
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3.2 The Area with the Highest Heat Transfer Coefficient
Figure 9 provides the critical-area zoom for this case, and

Figure 10 shows the corresponding pressure trace, which 
stays close to zero through most of the domain, dips briefly 
negative near chart counts 85, and then rises steeply to 
8.47E+07, but reaching a lower absolute peak, which is 
consistent with a highly localized numerical artifact at the 
area rather than a physically meaningful bulk pressure rise. 
 
 

Figure 

Figure 10: pressure graph at the highest heat transfer coefficient area
 

Figure 11: Temperature graph at the highest
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3.2 The Area with the Highest Heat Transfer Coefficient 
area zoom for this case, and 

shows the corresponding pressure trace, which 
stays close to zero through most of the domain, dips briefly 

85, and then rises steeply to 
but reaching a lower absolute peak, which is 

umerical artifact at the 
rather than a physically meaningful bulk pressure rise. 

Temperature and DPM concentration monitor graphs follow 
the same pattern established in points a narrow temperature 
band consistent with the imposed wall heat flux, and a
log-scale rise in particle concentration confined to the critical 
zone. The temperature graph at the highest heat transfer 
coefficient area shows in Figure 11. Therefore, the 
concentration graph at the highest heat transfer coefficient 
area can be seen in Figure 12. 

Figure 9: The highest heat transfer coefficient area 
 

: pressure graph at the highest heat transfer coefficient area 

: Temperature graph at the highest heat transfer coefficient area 
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Temperature and DPM concentration monitor graphs follow 
the same pattern established in points a narrow temperature 
band consistent with the imposed wall heat flux, and a sharp, 

scale rise in particle concentration confined to the critical 
emperature graph at the highest heat transfer 

shows in Figure 11. Therefore, the DPM 
concentration graph at the highest heat transfer coefficient 
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Figure 12: The DPM concentration graph at the highest heat transfer coefficient area 

 
 
4. CONCLUSION 
 
This study examined how bend-induced flow behavior in a 
180° U-bend alters the convective heat transfer coefficient of 
Al₂O₃/water nanofluid at the highest Reynolds number 
investigated. The results show that the known enhancement 
mechanisms increased effective thermal conductivity, 
Brownian motion, changes in viscosity and boundary layer 
thickness, and particle-fluid interaction do not act uniformly 
once the fluid passes through the curved bend, but are instead 
redistributed circumferentially around the pipe. At the outer 
wall, centrifugal force drives the high-momentum core flow 
directly into the surface, producing a sharp local rise in the 
heat transfer coefficient that coincides with increased 
nanoparticle migration toward that wall confirming that the 
bend locally concentrates the effective-conductivity and 
particle-interaction mechanisms at this location. At the inner 
wall, the same centrifugal effect works in reverse, pulling 
flow away from the surface and yielding a consistently lower 
heat transfer coefficient. The side walls, shaped mainly by the 
tangential motion of the paired Dean vortices, show a more 
moderate and symmetric response between these two 
extremes, representing a distinct pattern rather than a simple 
blend of the other two. Overall, these findings confirm that U-
bend geometry does not merely preserve straight-pipe 
nanofluid enhancement mechanisms it geometrically 
redistributes them, concentrating enhancement at the outer 
wall, suppressing it at the inner wall, and moderating it at the 
side walls. This behavior provides the basis for practical 
design guidance on heated-surface placement in U-bend heat 
exchangers using nanofluids. 
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