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Abstract

This study investigates mixed convection heat transfer in
laminar non-Newtonian flows within helical coil heat
exchangers using nanofluids. The research examines
nanoparticle volumetric concentrations ranging from 0%
to 2% and power-law indices of 0.81, 0.85, and 0.91. The
momentum and energy equations were solved using the
finite volume method with the SIMPLE algorithm. We
analyzed the effects of power-law index, Richardson
number, helical coil pitch, and nanoparticle concentration
on the Nusselt number. Results indicate that the heat
transfer  coefficient increases with  nanoparticle
concentration from 0% to 2%. The Nusselt number shows
an inverse relationship with both the power-law index and
friction coefficient. Additionally, increasing the coil pitch
and nanoparticle concentration enhances the heat transfer
coefficient, with a 7% increase in Nusselt number
observed when the coil pitch varies from 0.05 to 0.1.
Buoyancy forces significantly influence temperature
distribution patterns and flow velocity in helical coils,
leading to more uniform temperature distributions at
higher buoyancy forces.

Keywords: Nano fluids, Non-Newtonian, heat exchangers
helical coils, mix convection, Numerical study.

1- Introduction:

Column buckling, traditionally considered a failure mode,
has recently emerged as a fundamental mechanism for
designing mechanically functional metamaterials. This
phenomenon  enables  tunable  Poisson's  ratios,
programmable nonlinear responses, shape morphing, and
multistability[1]. The buckling and post-buckling behavior
of columns critically determines the performance of these
metamaterials. Unlike simplified 1D joist models, our
bifurcation analysis employs 2D continuum mechanics,
incorporating both geometric and material nonlinearities,

to accurately predict column behavior under axial
compression [2].

Previous research has primarily focused on initial
buckling behavior through incremental boundary value
problem solutions. Koiter's asymptotic technique, widely
applied to analyze post-buckling in various systems
(including neo-Hookean materials, hyperelastic layers,
and elastic tubes), serves as our methodological
foundation. This study applies Koiter's approach to
examine post-buckling in 2D rectangular blocks with
diverse constitutive rules. Our findings reveal that uncut
columns under controlled compression may exhibit
unstable equilibrium paths characteristic of snapping-back
buckling modes. While existing studies have explored
some buckling behaviors, a comprehensive analysis of all
possible buckling modes across different width-to-length
ratios remains lacking. This work aims to address this
research gap[3].

2- Buckling Mode Changes

We initiated our investigation with finite element analysis
using ABAQUS to identify three distinct buckling modes
in straight hyperelastic columns with varying width-to-
length ratios under axial compression. The analysis
employed the compressible neo-Hookean material model,
with elastic energy density expressed as:

W= g[]%tr(FFT) - 2] +20 -1y

2D plane-stress simulations (CPE8H elements in
ABAQUS) were performed for columns with width w and
length L under axial displacement Al using the static Riks
method, and the compressive response force F was
calculated. Figure 1 shows a schematic of the system, in
which both ends of the column can move in the horizontal
direction while remaining straight. Reflective symmetry
was assumed for axis X1, and thus only half of the column
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was simulated. Imperfections were introduced to the initial
geometry to induce buckling and instability.
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Fig. 1. Schematic of a 2D hyperelastic column under
compressive force F or displacement Al

Figure 1 presents the numerical results, illustrating three
distinct buckling modes of straight hyperelastic columns
with varying width-to-length (w/L) ratios under axial

compressive loading. The strain (o) was defined as Al/L,
where Al represents the displacement between the
column's two ends. The normalized force-strain (F/wu-o)
curves were plotted along the equilibrium paths (see
Figure 2).

3. Continuum Mechanics-Based Asymptotic Analysis
This section presents a continuum mechanics-based
asymptotic analysis to evaluate the buckling and post-
buckling behavior of axially compressed columns. The
analysis was extended to:

1. Determine the initial post-buckling slope.

2. Investigate the transition of buckling modes from

continuous buckling to snapping-back buckling.

3.1. Stability Analysis of Post-Buckling Paths
This study examines the stability of post-buckling paths in
axially compressed columns, with particular focus on:
e The initial post-buckling slope.
e  The mode transition from continuous buckling to
snapping-through buckling.
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Fig. 2. (a) continuous buckling, (b) snapping-through buckling, and (c) snapping-back buckling (the shear modulus/bulk
modulus was assumed to be 0 in the post-buckling analysis)
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Fig. 3. Continuum mechanics-based asymptotic analysis




75 Journal of Applied and Computational Sciences in Mechanics, 37, 2, 2025.

1.5 = = 9_
o BTO.
- o~ ©
1 g g =
ol s
=
= ‘6‘):& =
05} p = 8 ~o__
P~ S
~o_ =
(W N
of 9 X
\
e
v N
05} . X
N
xR \C>\
-1 r N O
\—f\
= N
| o — p/K=1.5 N\
=15 — & = u/K=0.6 «
#/K=0.005 %
> : . x " A . s
o) 0.05 0.1 0.15 02 0.25 0.3 0.35 0.4
Fig. 4. Bifurcation analysis
0.16 @— OO —C —& — ©— —©O— —O
— & — u/K=0.005 //
014 F | —© — uk=05
plK=1 })/
niK=1.5
0.12 | 7
/
D
0.1F P4 N megbon - cmfonr gk ol oagton. - caloer
74 /
v <&
0.08 g >
4 &
0.06 + 7 2
& i
y; 5=
0.04 | / e
7z
p //
0.02 r /&
S
0¥ . . x A N 5
0 0.01 0.02 0.03 0.04 0.05 0.06

Fig. 5. Post-buckling analysis

3.2. Bifurcation analysis
Figure 4 represents the potential energy required for the in-

plane deformation of the half-column.

3.3. Post-buckling analysis

Once the critical strain w,, for the onset of buckling and
the corresponding mode u!' had been found, the
displacement field u and compressive strain were
asymptotically extended near the buckling point in the
buckling equilibrium direction of the column.

4. Conclusion
The buckling of straight columns under axial compressive
loads has been studied extensively in recent decades.

While the buckling behavior of slender columns has been
effectively predicted, the post-buckling behavior of wide
columns with high *w/L* ratios (where geometric and
material nonlinearities are crucial) remains unexplored.
This paper analytically demonstrates that increasing the
*w/L* ratio of a straight hyperelastic column changes its
buckling mode from continuous buckling to snapping-
through and then to snapping-back buckling.
Consequently, the initial positive slope becomes negative
and then positive again as the *w/L* ratio increases.

Using an asymptotic analysis based on continuum
mechanics, the initial post-buckling slope can be expressed
as a function of the *w/L* ratio, allowing determination of
the critical *w/L* ratios for buckling mode transitions.
These analytical results show good agreement with post-
buckling behavior simulations.
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Furthermore, an increase in the ratio of shear modulus
to bulk modulus (representing material compressibility)
raises the critical *w/L* ratio required for the transition
from snapping-through to snapping-back buckling.
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