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Triply periodic minimal surface (TPMS) structures have demonstrated significant potential for enhanced heat
transfer owing to their compact structural design and excellent effective thermophysical properties. To further
improve their convective heat transfer performance, precise control over their morphology has become a focus in
current studies. In this study, a Gyroid-type TPMS structure was selected as the research subject, and three
functional improvement methods—amplitude control, periodicity control, and phase control—were proposed.
The effects of different control strategies on the morphological characteristics of the Gyroid structure were
analyzed, and the flow and heat transfer characteristics of the improved Gyroid structure were calculated by
numerical simulation and experimental measurement. The results show that with increasing values of the
through-hole control factor (a), the peak temperature (Thay) of the Gyroid structure decreases by 19.0-33.6 K,
while the convective heat transfer coefficient (h) increases by 29.4-33.7 %. Similarly, with increasing values of
the wrinkle control factor (), Tmax decreases by 7.3-8.8 K, h increases by 5.4-7.9 %. The proposed methods not
only provide a novel idea for further enhancing the heat transfer performance of Gyroid structures, but also offer

valuable reference and theoretical support for the optimal design of other TPMS structures.

1. Introduction

In recent years, architected porous materials have attracted growing
attention across thermal and energy-related applications, including flow
and heat-transfer regulation in lattice structures (Sun et al., 2025),
structural optimization of compact heat exchangers (Wang et al., 2023),
and porous media used in combustion, phase-change thermal storage,
and packed-bed systems (Dong et al., 2025; Lv et al., 2024; Wang et al.,
2025). These studies collectively highlight the broad relevance and en-
gineering importance of porous structures in thermal management.
Among various architected porous structures, triply periodic minimal
surface (TPMS) structures based on mathematical topology optimization
theory have been extensively investigated owing to their unique geo-
metric characteristics and excellent effective thermodynamic properties
(Gado et al., 2024; Cheng et al., 2021; Barakat and Sun, 2024; Wang
et al., 2023; Qiu et al., 2024). Compared with conventional truss or
honeycomb structures, TPMS structures generate continuous, smooth,
and infinitely extendable periodic surfaces via differential geometry
algorithms. Their zero mean curvature and continuously connected to-
pology in three-dimensional (3D) space not only ensure high

interconnectivity for their pore structure but also offer ultrahigh specific
surface areas and low-curvature flow channels (Feng et al., 2022; Fisher
et al., 2022; Yoo, 2014; Yeranee and Rao, 2022). This porous system,
which combines a mathematical topology with biomimetic advantages,
demonstrates wide application potential in fields such as aerospace,
engineering mechanics, biomedicine, and enhanced heat transfer
(Zhang et al., 2025; Feng et al., 2023; Dong and Zhao, 2021; Kaur and
Singh, 2021; Yang et al., 2024). In the field of enhanced heat transfer,
TPMS structures, which have tunable topological properties, can not
only optimize heat flow distribution and reduce thermal resistance but
also enhance the turbulence effect in convective heat transfer (Piedra
et al.,, 2023; Yeranee et al., 2024), thereby providing revolutionary
technical solutions for the design of next-generation high-efficiency heat
exchangers, electronic-device cooling technologies, and high-power
heat sinks.

At present, numerous scholars have conducted studies on the flow
and heat transfer performance of TPMS structures. Wang et al. (2023)
numerically evaluated helium flow and heat transfer in several TPMS
channel structures and showed that TPMS geometries provide signifi-
cantly higher heat-transfer performance than conventional straight
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channels, with F-KS offering the best overall thermal-hydraulic perfor-
mance among the tested structures. Li et al. (2020) designed Gyroid- and
Schwarz-D-type TPMS heat exchangers for supercritical CO5 Brayton
cycles and, compared with a conventional zigzag PCHE, showed 30-80
% higher heat-transfer coefficients and 15-100 % better overall thermal
performance at the expense of 50-100 % higher pressure drop. Iyer et al.
(2022) numerically compared seven TPMS heat-exchanger structures
and found that all provide higher heat-transfer coefficients than a
traditional tubular channel, with the Schwarz-D structure exhibiting the
best overall thermal-hydraulic performance. Ma et al. (2025) proposed
a double-wall cooling design based on Primitive-type TPMS structures,
which compared with the traditional pin—fin configuration—enhances
the internal convective heat transfer of the double-wall channel by up to
57.9 % and improves the overall cooling effectiveness by more than 10
%. Zuo et al. (2025) applied Gyroid-type TPMS structures as effusion
holes at the leading edge of a gas turbine blade, yielding a 2.1 %-9.3 %
increase in cooling effectiveness and a more uniform surface tempera-
ture distribution at high blowing ratios. Yeranee et al. (2024) used to-
pology optimization to design Diamond-type TPMS structures for gas-
turbine blade trailing-edge channels, achieving a 139.7 %-150.2 %
improvement in thermal performance over pin-fins.

Numerous studies have demonstrated the significant advantages of
TPMS structures for enhancing heat transfer (Wang et al., 2023; Li et al.,
2020; Iyer et al., 2022; Ma et al., 2025; Zuo et al., 2025; Yeranee et al.,
2024). However, the heat transfer performance of standard TPMS
structures remains limited, and many studies have focused on improving
it through morphological control. Tang et al. (2023) investigated
convective heat transfer using a combination of numerical simulations
and experiments, with emphasis on three types of TPMS structures:
Gyroid, Diamond, and IWP. Their results showed that the Gyroid and
IWP structures exhibited “through-hole” features in the planar view (as
shown in Fig. 1(a)). The presence of “through-holes” causes the fluid to
preferentially flow through low-resistance regions, thus reducing the
heat transfer between the solid surface and fluid, which is disadvanta-
geous for convective heat transfer. Si et al. (2025) proposed a lattice-
scale topology optimization method for TPMS heat sinks, reconstruct-
ing the originally uniform periodic TPMS structure into a three-
dimensional non-uniform porous lattice. By adjusting a finite set of
geometric parameters in the TPMS equation, the method increases the
solid fraction and thickens the lattice near the heating region to enhance
heat conduction, while creating larger pores in regions away from the
heat source to reduce flow resistance, thereby achieving coordinated
thermal-fluid performance optimization without compromising struc-
tural connectivity or manufacturability. Xiao et al. (2025) proposed a
method that modifies the implicit equation of the Gyroid to regulate its
local curvature and amplitude, thereby constructing structures with
convex features and concave-convex composite features on the basis of
the original Gyroid geometry. Numerical results show that these convex
and concave—convex structures can significantly alter flow separation
and enhance secondary flow intensity, strengthening fluid impingement
and attachment on the walls. Under typical operating conditions,
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compared with the standard Gyroid, their heat transfer capabilities are
enhanced by approximately 9 %-16 % and 17 %-29 %, respectively.
Tang et al. (2024) proposed a configuration method that incorporates
adjustable fins into Gyroid-type TPMS, thereby forming finned geome-
tries within the internal flow channels of the Gyroid structure. Numer-
ical results indicate that increasing the fin height enhances flow
disturbance and enlarges the heat-transfer area, leading to a 27.4 %-
34.6 % improvement in heat-transfer performance and a reduction in
temperature rise by approximately 9.8-9.9 °C. However, the pressure
drop increases significantly at the same time, with an increment of 14.7
%-108.4 %. Furthermore, Qin et al. (2025) previously proposed two
types of TPMS structures for heat exchangers: Gyroid and Diamond
structures. Using oxygen-free pure copper powder, they fabricated these
complex structures on a 3D printer via selective laser melting (SLM)
technology. The surface of the 3D-printed Gyroid structure was not
mirror-smooth but exhibited a certain degree of roughness (as shown in
Fig. 1(b)). This microscopic surface roughness promotes fluid mixing
and was found to enhance the heat transfer efficiency. These studies
show that precise morphological control of TPMS structures provides an
effective approach to enhancing convective heat transfer.

As known from the aforementioned research, reducing the “through-
holes” in TPMS structures and increasing their surface roughness can
enhance fluid mixing and improve convective heat transfer. Therefore, it
is envisioned in this study that if the TPMS function equation can be
precisely controlled, allowing the “through-holes” in the TPMS structure
to close and the TPMS structure surface to no longer be smooth, then
theoretically, it would be possible to further enhance fluid mixing and
improve convective heat transfer based on the standard TPMS structure.
Based on this idea, three functional improvement methods—amplitude
control, periodicity control, and phase control—were proposed in this
study to precisely control the closure of “through-holes” and the for-
mation of “wrinkle-like” geometric features in the Gyroid structure. The
effects of different control strategies on the morphological characteris-
tics of the Gyroid structure were analyzed, and the flow and heat transfer
characteristics of the improved Gyroid structure were numerically
calculated. Furthermore, an experimental setup was designed to validate
the accuracy of the numerical simulation method. These methods not
only provide effective approaches for improving the Gyroid structure
but also offer important references and theoretical support for the
optimal design of other TPMS structures.

2. TPMS function control method
TPMS can be mathematically represented using trigonometric func-

tions, and the trigonometric function for TPMS is expressed as follows
(Gandy et al., 2001):

K
F(r) = EAkcos {2?” + cpk} =C (€]
k=1 k

where Ay, Lk, ¢k denote the amplitude, period, and phase parameters,
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Fig. 1. TPMS “through-hole” structure and 3D printed physical diagram.
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respectively, C is the offset of the unit surface, K is the number of trig-
onometric functions, and r is the linear combination of the three-
dimensional spatial coordinates (x,y,z).

These parameters (amplitude, period, and phase) collectively
determine the pore-unit shape, pore size, porosity, and topological
characteristics of TPMS structures (Liu et al., 2024). To achieve localized
geometric regulation and spatial topological variation within a TPMS
framework, these parameters must be appropriately adjusted within the
implicit function so that different regions of the structure exhibit distinct
morphological features while the overall functional form remains
unchanged.

Based on this concept, this study adopts three function-control
strategies—amplitude control, periodicity control, and phase con-
trol—to locally regulate the morphology of the Gyroid structure by
adjusting the amplitude, period, and phase parameters, respectively.
More detailed mathematical formulations and the corresponding
morphological variations of these control methods are presented in the
following sections.

3. Effects of different control methods on Gyroid structure
3.1. Amplitude control
The Gyroid-type TPMS structure was selected as the research subject

for this study. It is mathematically expressed by the following trigono-
metric function (Qin et al., 2025):
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2r . 2& 2r . . 2r¢ 2r . 2¢;
F(r) = cos(T x) s1n(T ¥+ cos(f y)sm(T z)+ cos(f z)sm(fx) @
An improved mathematical expression for the Gyroid function is
proposed to achieve precise control over the morphology of the Gyroid

structure, as follows:

F(r) = A(r)cos(%x)sm(%y )+B (r)cos(%y )Sin(%z”
3)
C(r)cos(%z)sm(¥x)

In the study of functions composed of the products of trigonometric
functions, considering that cos(x)sin(y), cos(y)sin(z), and cos(z)sin(x)
exhibit similar mathematical structures, i.e., each being a product of
cosine and sine functions with cyclic symmetry in the variables, we
selected cos(x)sin(y) as a representative term for analysis. Specifically,
the coefficients B(r) and C(r) were set to a constant value of 1, and the
unit length L was set to 10 mm, whereas only A(r) was varied to analyze
its effect on the morphology of the Gyroid structure.

When the value of A(r) is a constant A, to preserve the characteristic
features of the standard Gyroid function, A is constrained within the
range 0.25 < |A| < 2.00 (note that this range serves as an approximate
reference instead of a strict limitation). Variations in the Gyroid struc-
ture for different values of A are shown in Fig. 2 (The TPMS structures
were generated using Python by parsing the implicit TPMS function to
obtain the initial surface, offsetting this surface along the normal di-
rection to construct the inner and outer TPMS layers, and then
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Fig. 2. Variations in the Gyroid structure for different values of A.



K. Qin et al.

International Journal of Heat and Fluid Flow 118 (2026) 110227

Perspective view Xy plane yz plane

Perspective view Xy plane

xy plane yz plane

NS B | XK
—<M: ¢
S G Y

a==1.00

Fig. 3. Effects of different values of a on the Gyroid structure (A(r) = cos(a-sin(2))).

connecting the corresponding vertices of the two layers to form a closed
TPMS structure. In this process, the offset parameter C in Eq. (1) was set
to + 0.25 to generate the inner and outer TPMS surfaces, corresponding
to a wall thickness of 0.5 mm). When |A| = 1.00, the pores of the Gyroid
structure appeared circular in the xy, xz, and yz plane views, thus
indicating isotropy in all directions. For 0.25 < |A| < 1.00, the pores in
the xy plane decreased gradually in size while retaining a circular shape.
Owing to this contraction in the xy plane, the pores in the xz and yz
planes were slightly enlarged and transitioned from circular to elliptical
shapes, with the long axis along the z-direction. When 1.00 < |A| < 2.00,
the pores in the xy plane increased gradually but maintained their cir-
cular form. Owing to this expansion in the xy plane, the pores in the xz
and yz planes contracted slightly and shifted from being circular to
elliptical, with the short axis along the z-direction.

These results indicate that A primary affects the size of pores in the
xy plane, whereas changes in the morphology of the pores in the xz and
yz planes occur indirectly. This phenomenon can be attributed to the fact
that A(r) acts only on the cos(x)sin(y) term, thereby directly affecting the
structural characteristics of the xy plane. Similarly, B(r) primarily affects
the pore size in the yz plane, whereas C(r) affects that in the xz plane.
When these two parameters are changed simultaneously, such as setting
A(r) and B(r) to 2.00, the resulting effect is equivalent to setting C(r) to
0.50. Furthermore, when A(r), B(r), and C(r) are all set to 2.00, the effect
is equivalent to the standard Gyroid (A(r), B(r), and C(r) being equal to
1.00). Therefore, when A(r), B(r), and C(r) are constant, only the size of
the pores in the corresponding directions is controlled.

When A(r) is non-constant, it should be composed of trigonometric
functions to ensure the continuity and smoothness of the Gyroid surface.

Additionally, to effectively reduce the internal pore size of the Gyroid
structure and thereby enhance heat transfer performance, the range of A
(r) should be constrained within 0.00 < A(r) < 1.00. To precisely control
the morphological characteristics of the Gyroid structure, a control
factor a is introduced, which forms control terms such as cos(a-f(r)) or
sin(a-f(r)). The range of a varies depending on the form of f(r).

If A(r) is of the form cos(a-f(r)), then the function f(r) may be set as
any trigonometric function or a higher-order nested trigonometric
function, including sin(z), sin(z)cos(z), sin(cos(2)), and sin(cos(sin(z))),
among others.

(a) When f(r) = sin(2), the range of « is constrained to — 1.57 < a <
1.57, and the effects of @ on the Gyroid structure are shown in Fig. 3. The
improved Gyroid function is expressed mathematically as follows:

F(r)= cos(% x)sin(zll—ﬂy)cos(a-sin(% 2))+

cos(%y)sin(%Z)Cos(a'sm(%x))+ @
27 . 2¢; .27
cos(Tz)sm(fx)cos(a'sm(fy )

(b) When f(r) = sin(cos(2)), the range of « is constrained to — 1.867
< a < 1.867, and the effects of a on the Gyroid structure are shown in
Fig. 4.

If A(r) is of the form sin(a-f(r)), then the function f(r) should be at
least a second-order nested cosine function, such as cos(sin(z)), cos(cos
(2)), and cos(sin(cos(2))).

(c) When f(r) = cos(sin(z)), the range of « is constrained to 0.00 < a
< 3.14, and the effects of a on the Gyroid structure are shown in Fig. 5.
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Fig. 4. Effects of different a values on the Gyroid structure (A(r) = cos(a-sin(cos(2)))).
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The improved Gyroid function is expressed as follows:

F(r)= cos(ZL—”x)sin(%y)sin(alcos(sin(% 2)))+

Na

N+ (5)

2 2 2
cos(Tir y)sin(fﬂ z)sin(a~cos(sin(T” x

cos(%z)sin(%x)sin(a-cos(sin(%y)))
L L L

(d) When f(r) = cos(sin(cos(2))), the range of a is constrained to 0.00
< a < 3.14, and the effects of @ on the Gyroid structure are shown in
Fig. 6.

As shown, whether A(r) is of the form cos(a-f(r)) or sin(a-f(r)), by
adjusting the value of a, the pores of the Gyroid structure in the xy, xz,
and yz planes can be gradually reduced in size. Simultaneously, the pore
shape evolved from elliptical to circular and subsequently reverted to
elliptical. Notably, when A(r) is defined as cos(a-sin(2)), the structural
characteristics of the Gyroid function are better preserved, and the
adjustment of these features is more convenient.

The analysis above primarily focuses on the case in which A(r) is a
linear trigonometric function, which aim to precisely regulate the pore
size and shape of the Gyroid structure. To further precisely control the
structural morphology of the Gyroid function, subsequent research will
explore A(r) in the form of higher-power trigonometric functions (cos
(p-sin(z™) as an example), such as cos(ﬁ-sin(zz)), cos(ﬂ-sin(zB)), and cos
(ﬁ-sin(z4)), among others.

(e) When A(r) = cos(ﬁ~sin(zz)), the improved Gyroid function is

expressed mathematically as follows:

F(r) = cos(%x)sin(%y)c()s(ﬁ.sin(%zz)) n
2m o 2T .21
COS(T}’)SIH(T Z)Cos(ﬂ-51n(Tx2))+ ®)

cos(%z)sin(z—ﬂx)cos(ﬂ-sin(z—ﬂyz))
L L L

To maintain the structural characteristics of Gyroid function, the
range of  was set to —0.628 < < 0.628, and the effects of $ on the
Gyroid structure are shown in Fig. 7.

(f) When A(r) = cos(ﬁ-sin(zs)), the range of f is set to —0.628 < g <
0.628, and the effects of  on the Gyroid structure are shown in Fig. 8.

As shown in Figs. 7 and 8, in contrast to linear trigonometric func-
tions, which reduce the size of pores in the Gyroid structure, higher-
power trigonometric functions can induce the formation of distinct
stripe-shaped “wrinkles” on the surface of the Gyroid structure. This
“wrinkled” morphology significantly enhances the surface area avail-
able for heat transfer, thereby increasing the contact area between the
fluid and solid surface. Moreover, this structure disrupts the stability of
the fluid boundary layer, which facilitates enhanced fluid mixing and
thus increases the overall heat exchange efficiency. As the exponent n
increases, the effect of the parameter $ on the Gyroid structure reflects a
pattern similar to that of a quadratic trigonometric function, without
exhibiting a significant variation trend. Notably, this study primarily
analyzes the function form A(r) = cos(#-sin(z")) as an example. In fact,
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other trigonometric function combinations (such as cos(f-sin(cos(z"))),
sin(f-cos(sin(z"))), and sin($-cos(sin(cos(z™)))) can achieve the effect of
“wrinkling”; however, they will not be individually discussed here.

3.2. Periodic control

Periodic control is achieved by adjusting the periodic parameter L(r)
of the Gyroid function to allow the structure to exhibit varying periodic
characteristics in different regions. The improved Gyroid function is
expressed as follows:

F(r) = cos (% x)sin(l% ¥)+ cos(% y)sin(l% z)+ cos(% z)sin(% X)

(7)

Based on the corresponding mathematical derivations, L(r) must
remain constant (see Appendix A: Periodic control for the detailed
proof). When L(r) is a constant, the variation in the Gyroid structure
with different L values are as shown in Fig. 9. As L decreased, the pores
of the Gyroid structure contracted gradually. This behavior is attributed
to a decrease in the L value, which reduced the period of the Gyroid
function. Consequently, the size of the Gyroid unit decreased, which
increased the number of Gyroid structural units per unit volume, thus
rendering the overall structure more compact.

3.3. Phase control

Phase control is achieved by adjusting the phase parameters of the
Gyroid function, thus enabling variations in the local morphology of the
structure across different regions. The improved Gyroid function is
mathematically expressed as follows:

Fir) = cosCx + g (1)sinCy + palr) +

cos(%y + o, (r))sin(%z +@3(r)+ (€)]

055 4 ga(r))sin( 2 x + 1 (1)
where the phase distribution functions ¢;(r) (i = 1,2,3) govern the phase
distribution of the Gyroid structure along the x-, y-, and z-directions,
respectively.

When ¢;(r) is a constant ¢, the overall morphology of the Gyroid
structure remains fundamentally unaltered. It undergoes merely a
translation in three-dimensional space, with a displacement expressed as
(27p1/L, 2n¢2/L, 2nps/L). The spatial distribution of the Gyroid struc-
ture under different phase values ¢ are shown in Fig. 10. As shown,
despite the visual differences exhibited by the Gyroid structure under
different ¢ values, these differences predominantly originated from the
spatial shift induced by the phase change. This translation resulted in the
selected structural region not being within the complete periodic cycle.
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Nevertheless, owing to the periodicity of the Gyroid structure, when ¢
equals kr (k is an integer), the resulting displacement corresponded
precisely to an integer multiple of L/2, thereby causing the Gyroid
structure to be unchanged.

When ¢;(r) is non-constant, the phase undergoes nonlinear varia-
tions, thus resulting in “compression” or “stretching” in certain regions
of the Gyroid surface. However, to maintain the inherent frequency of
the Gyroid function, the following conditions must be satisfied:

2 2 21 21
dx+eur) dx) op dy+eur) dTy) o
dx B d Tdy L
2 2 ’ g ©
JT T
Az +s(r) d2) o
dz T d L

Based on these constraints, ¢(r) is governed by only the y- and z-
directions, i.e., p1(r) = ¢1(¥,2); @2(r) is governed by only the x and 2

directions, i.e., g2(r) = @2(x,2); and ¢3(r) is governed by only the x- and
y-directions, i.e., p3(r) = @3(x,y). To maintain the structural character-
istics of the standard Gyroid function, the phase functions ¢1(y,2), ¢2(x,
z), and ¢3(x,y) should be composed of trigonometric functions. To
achieve precise control over the morphological features of the Gyroid
structure, a control factor a is introduced to form control terms.
Considering ¢1(y,2) as an example, its possible forms include:a-sin(y),
a-sin(z), a-cos(y), a-cos(z), a-sin(y)sin(z), a-sin(y)cos(z), a-cos(y)sin(z),
and a-cos(y)cos(z). Higher-order nested trigonometric functions are not
considered for the control terms in this study because introducing high-
order nonlinear terms may disrupt the intrinsic characteristics of Gyroid
structure. The morphological changes in the Gyroid structure under
different values of a are shown in Fig. 11.

As shown in Fig. 11, the control terms a-sin(z), a-cos(y), and a-sin(y)
cos(2) effectively closed the pores of the Gyroid structure. Among them,
a-cos(y) and a-sin(y)cos(z) effectively preserved the inherent charac-
teristics of the standard Gyroid structure.
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Fig. 10. Spatial distribution of the Gyroid structure under different phase values ¢.
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When ¢1(y,2) = a-sin(y)cos(z), the range of « is constrained to 0.00 <
a < 0.80, and the effects of a on the Gyroid structure are shown in
Fig. 12. The improved Gyroid function is expressed as follows:

2r

F(r) = cos(zL—”x + a~sin(%y)cos(%z))sin(%y + a-sin(%z)cos(T

I I X))+

71 . 2m . 2m 2n
x))sm(Tz + a-sm(Tx)cos(Ty))-i-

cos(zn +a sin(Zﬂz)cos(
i L L

2n X)cos (%y) )sin(Ex + a-sin(%y)cos(% 2))

cos(zﬂz + a-sin(
L L L L

(10)

Based on the amplitude control analysis, the three constituent com-
ponents of the Gyroid function, namely cos(x)sin(y), cos(y)sin(z), and
cos(z)sin(x), regulated the size and shape of the pores in the xy-, yz-, and
xz-planes, respectively. Considering the control term a-sin(y)cos(z) as an
example, its effect on the porosity of the Gyroid structure in the xy plane
are shown in Fig. 13. As shown, adding a control term to cos(x) results in
a “stretching” effect in the x-direction, while adding a control term to sin
(y) results in a “compression” effect in the y-direction. The closure of the
Gyroid structure’s pores is primarily attributed to the “compression”
effect along the y-direction.

The analysis above primarily focuses on the case where ¢;(r) is a
linear trigonometric function, which aim to precisely regulate the pore
size and shape of the Gyroid structure. To further precisely control the
structural morphology of the Gyroid function, subsequent research will
explore ¢;(r) in the form of higher-power trigonometric functions (4-sin
(y™cos(z") as an example), such as ﬂ-sin(yz)cos(zz), ﬂ-sin(y3)cos(z3),
ﬁ-sin(y4)cos(z4), among others.

(a) When ¢1(y,2) = ﬁ-sin(yz)cos(zz), the improved Gyroid function is
expressed as follows:
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F(r)= cos(%x Jrﬂsin(%y2 )cos(%zz))sin(%y+ﬁ-sin(%zz)cos(%x2))+

27 . 2T 4 27 5.\ . 2% .21 2n
cos(Ty-&-ﬂ-sm(Tz )cos(Tx ))sm(Tz+ﬂ~sm(sz)cos(Ty2))+
% 2r

I xz)cos(%yz))sin(zll—ﬂx+ﬁ-sin(iif)cos(fzz))
1)

To maintain the structural characteristics of the standard Gyroid
function, the range of  was set to —0.15 < < 0.15, and the effects of
on the Gyroid structure are shown in Fig. 14.

(b) When ¢1(y,2) = /}~sin(y3)cos(z3), the range of #is set to —0.09 <
< 0.09, and the effects of $ on the Gyroid structure are shown in Fig. 15.

As shown in Figs. 14 and 15, the high-power trigonometric functions
formed distinct concave-convex “wrinkles” on the surface of the Gyroid
structure. This “wrinkle” configuration substantially augmented the
surface area available for heat exchange, thereby increasing the heat
exchange efficiency. Moreover, as the exponent n increased, the effect of
the parameter f on the Gyroid structure exhibited a behavior analogous
to that of quadratic trigonometric functions without showing a pro-
nounced variation trend. In this study, the function ¢;(y,2) = -sin(y®)
cos(z%) was selected as an illustrative example for analysis. In practice,
other trigonometric functions, such as f-sin(z") and p-cos(y"), can pro-
ducing the “wrinkle” effect; however, they will not be discussed indi-
vidually here.

Both amplitude control and phase control can close the “through-
holes” and generate surface “wrinkles” on the Gyroid structure, and
these morphological transformations contribute to enhancing its heat
transfer performance. Although the amplitude and phase control terms
adopt different mathematical forms, the resulting through-hole-closing
and wrinkle-forming morphologies are highly consistent. Considering
that the control equations for amplitude control are simpler, we

2
cos(Tﬂz+ﬂ-sin(

asinZ y) a-cosEy) aeosZa) s sinE 2 [asinE yeos 2 [ cosZE ysinE2) fa-cosCE pyeosE2)
a=000 | § S k N | §§C |
g R (TR |
X rer | Rt
a=020 | § S \ N (
o et Ren
a=040 | | S f y |5 \
s R
TOPLY SPS | ?1
=060 m EA~§A~< g‘ﬂ S
eRecRe Lol Tf&@&
B S | R2X
a=080| § o ) € ¢ a\
ST g

Fig. 11. The morphological changes of the Gyroid structure under different values of a.
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Fig. 14. Effects of different 4 values on the Gyroid structure (p1(y,2) = f-sin(y*)cos(z?)).

recommend adopting amplitude control to induce through-hole closure
and surface wrinkling. Taking cos(a-sin(z)) and cos(4-sin(z%)) as exam-
ples, the parameter a serves as the through-hole control factor, regu-
lating the size of the through-holes, whereas f acts as the wrinkle control
factor, determining the scale of the surface wrinkles. The ranges of @ and
p are —1.57 to 1.57 and —0.628 to 0.628, respectively. The effects of a
and f on the Gyroid structure are shown in Fig. 16, and the improved
Gyroid function is expressed as follows:

F(r)= cos(% x)sin(zL—” y)cos(a-sin(% z))cos(,[}-sin(%zz))nL

cos(% y)sin (% z)cos(a~sin(2L—ﬂ X) )cos(ﬂ-sin(%x2 )+ (12)

cos(%z)sin(z—ﬂx)cos(wsin(% y))cos(ﬂ-sin(%yz))
L L L L
The ranges selected for the parameters (such as a and ) were
determined to ensure that the characteristic features of the standard
Gyroid function are preserved without damaging its intrinsic topological
structure and connectivity. It should be noted that the ranges of a and
are not strict limitations, and—as clearly stated in the manuscript—this
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Fig. 15. Effects of different g values on the Gyroid structure (¢;(y,2) = ﬂ~sin(y?’)cos(z3)).
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Fig. 16. Effects of different values of a and f on the Gyroid structure.

range serves as an approximate reference instead of a strict boundary
condition. When the values of a and g extend far beyond the recom-
mended ranges, two adverse consequences may occur: (1) the inherent
topology and connectivity of the Gyroid structure can be severely dis-
rupted, leading to the loss of its characteristic TPMS features; and (2) the
resulting geometry may become non-manufacturable using practical
additive manufacturing techniques, due to excessive distortion, self-
intersections, or unsupported thin features.

4. Numerical simulation analysis
4.1. Geometric model and grid independency analysis

A 4 x 1 x 1 unit Gyroid structure is selected for analysis. To reduce
inlet and outlet effects, 40 mm smooth channels are added at both ends,
as shown in Fig. 17. The heating region is located on the bottom surface
of the Gyroid structure, with a length of 40 mm and a width of 10 mm,
using a uniform heat flux density of 400 W/cm? for heating. The inlet
and outlet side lengths were set to 10 mm, with an inlet volumetric flow
rate of 0.36 m>/h.

Based on the conclusion of Ref. (Kus et al., 2024), the SST k-w model
yield results much closer to the experimental data than other turbulence
model. Therefore, the CFD software was used as the solver, with the SST
k-w model and second-order upwind scheme applied for momentum and
energy discretization. Therefore, ANSYS Fluent (academic version) was

10

used as the CFD solver, in which the SST k-w model and a second-order
upwind discretization scheme were applied for both momentum and
energy equations. A CFD-CHT coupled model was adopted to simulta-
neously resolve the fluid flow and heat conduction within the solid
Gyroid structure. A uniform velocity inlet was specified, with pure water
as the working fluid; the fluid properties were taken directly from the
Fluent material library. The corresponding Reynolds number ranged
approximately from 1300 to 8500, depending on the inlet velocity. A
pressure outlet was applied at the channel exit, while the lateral walls of
the channel were treated as no-slip walls. Thermally, the lateral walls
were set as adiabatic surfaces, the inlet temperature was prescribed as a
constant value (293 K), and a convective outflow (zero-gradient)

Outlet

Heat Flux

Fig. 17. Geometric model and boundary conditions of the Gyroid structure.
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condition was applied at the outlet. The coupled algorithm was
employed for pressure-velocity coupling, and the residual convergence
criterion for the energy equation was set to 106, ensuring numerical
stability and solution accuracy. The solid material was modeled as pure
copper, with properties measured from the additively manufactured
samples used in this study (density: 8.92 kg/m?, specific heat: 380 J/
(kg-K), thermal conductivity: 398 W/(m-K)).

Ten different grid structures were generated to calculate the peak
temperature of heating surface (Tpax) and pressure drop between the
inlet and outlet of the standard Gyroid structure (Ap). Using the
maximum grid as the reference, the relative errors of Ty,x and Ap were
evaluated for each grid level. The corresponding grid numbers and nu-
merical results are presented in Fig. 18.

When the grid number reaches 1,783,556, the variations in both Tpax
and Ap become negligible. Therefore, this grid was chosen for subse-
quent simulations to balance accuracy and computational efficiency.

The grid details of the standard Gyroid model shown in Fig. 19. The
near-wall region was refined by generating five layers of thermal
boundary-layer grids, with the first layer thickness set to 0.01 mm and a
growth rate of 1.2, ensuring adequate grid refinement to accurately
compute the velocity and thermal boundary layers at the fluid—solid
interface. The orthogonality quality factor and the average aspect ratio
of the grid were 0.926 and 3.544, respectively—values closer to 1
indicate better grid quality. Additionally, the average skewness was
0.067, with lower values indicating higher grid quality.

4.2. Comparison of experimental and numerical simulation results

This paper takes Eq. (11) as the research object, and the effects of
different values of a and f on the flow and heat transfer characteristics
were numerically calculated. An experimental method was employed to
validate the accuracy of numerical simulation results. The detailed
configuration of the experimental setup, including the fabrication
equipment, printing parameters, and measurement system, is provided
in Appendix B: Experimental setup.

The comparison between experimental measurements and numerical
simulations of Ap and Ty, for the three Gyroid structures across various
flow rates are shown in Fig. 20. In Case 1, corresponding to the standard
Gyroid structure (a = 0.00, # = 0.00), the maximum deviations in Ap
and Trax were 4.91 % and 1.20 %, respectively. In Case 2, representing
the Gyroid structure with completely closed “through-holes” (a = 1.57,
B = 0.00), the maximum deviations were 4.75 % for Ap and 0.87 % for
Tmax- In Case 3, representing the Gyroid structure with surface “wrin-
kles” (@ = 0.00, = 0.628), the corresponding maximum deviations
were 7.19 % and 0.98 %. Overall, the experimental data exhibited
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Fig. 19. The grid details of the standard Gyroid structure model.

excellent consistency with the numerical simulations, with deviations in
both pressure drop and temperature maintained within acceptable
limits, thereby satisfying the accuracy requirements for heat transfer
experiments.

4.3. The effect of a and p on the flow and heat transfer characteristics

The velocity magnitude contours and streamlines at the x = 0 cross-
sections for different @ and j values are shown in Fig. 21. When a = 0.00,
the velocity distribution inside the Gyroid channel is relatively uniform,
with well-organized streamlines and only a few vortical structures.
However, as o increases, the “through-holes” within the Gyroid structure
progressively close, forcing the fluid to flow along more tortuous paths.
This causes the velocity field to become markedly non-uniform. In
particular, at a = 1.57, numerous alternating high- and low-velocity
regions appear, accompanied by the formation of small-scale vortices
and secondary flows (as highlighted by the black circles), indicating
significantly enhanced flow disturbances and mixing. These enhanced
flow disturbances strengthen fluid mixing and thereby improve
convective heat transfer performance. As $ increases, wrinkle-like fea-
tures gradually emerge on the Gyroid surface, making the near-wall
geometry more complex. The surface wrinkles intensify the local ve-
locity gradients and disrupt the original boundary-layer structure,
leading to a more pronounced alternation of high- and low-velocity re-
gions. When # > 0.40, pronounced local flow disturbances and notice-
able boundary-layer disruption can be observed (as indicated by the
black rectangles). These wrinkle-induced perturbations enhance fluid
mixing and energy exchange efficiency, thereby further improving
convective heat-transfer performance.

The temperature distribution contours of the heating surface of the
Gyroid structure under various a and f values are shown in Fig. 22,
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Fig. 18. Grid independence verification results.
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Fig. 20. Comparison between the experimental and numerical results.
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Fig. 21. Velocity distribution contours and streamlines at the x = 0 cross-section for different @ and f values.

where the offset parameter C was set to & 0.25 to generate the inner and
outer Gyroid surfaces, corresponding to a wall thickness of 0.5 mm. It
can be seen that the temperature field on the heating surface is signifi-
cantly affected by variations in a and . When a = 0.00 or g = 0.00, a
pronounced non-uniformity in the temperature field is observed,
accompanied by a distinct temperature gradient, with the peak tem-
perature reaching as high as 391.5 K. As the values of a and § increase,

12

Tmax is gradually reduced, and the temperature distribution becomes
more uniform. Specifically, when « is increased to 1.57, Tyax is reduced
to 368.6 K, whereas when f is increased to 0.628, Tyax is reduced to
373.8K.

The effects of @ and $ on the peak temperature of heating surface
(Tmax) in the Gyroid structure are illustrated in Fig. 23. With increasing
volumetric flow rate, Tmax of Gyroid structure exhibits a linearly
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Fig. 22. Temperature distribution contour of heating surface at different @ and g values.

decreasing trend. Within the volumetric flow rate range of 0.12-0.72
m>/h, Tmay of Gyroid structure gradually decreases with increasing a
and g values. When « is increased to 1.57, Ty is reduced by 19.0-33.6
across the different flow rates, while an increase in  to 0.628 results in a
reduction of 7.3-8.8 K across the different flow rates.

The effects of @ and f on the convective heat transfer coefficient (h)
of the Gyroid structure are illustrated in Fig. 24. With the increase in
volumetric flow rate, h of the Gyroid structure exhibits a linear
increasing trend. Within the volumetric flow rate range of 0.12-0.72
m®/h, h gradually increases with increasing a and f values. When « is
increased to 1.57, h increases by 29.4-33.7 %, while an increase in f§ to
0.628 results in a rise of 5.4-7.9 %.

Enhanced convective heat transfer is generally accompanied by an
increase in pressure-drop losses and flow resistance. The Effect of @ and
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on pressure drop of Gyroid structure are shown in Fig. 25. As the flow
rate increases, Ap exhibits an increasing trend, consistent with funda-
mental fluid dynamic principles. With increasing a, the through-holes of
the Gyroid structure gradually close, forcing the fluid to flow through
more tortuous, non-linear channels, thereby increasing the flow-path
losses. As f increases, wrinkles form on the structure surface,
enhancing near-wall shear and introducing local disturbances, which
lead to higher frictional resistance and local pressure losses. Overall, the
increase in « and g results in only a slight rise in pressure drop. However,
when a reaches 1.57 (“through-holes” completely closed), the originally
relatively continuous flow paths are completely disrupted, and the fluid
is forced to travel through more tortuous and circuitous channels,
leading to a significant increase in viscous dissipation and consequently
a marked rise in pressure drop.
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Fig. 23. Effect of a and f on the peak temperature of heating surface.
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Fig. 25. Effect of a and f on pressure drop of Gyroid structure.

Although the improved Gyroid structure can significantly enhance
convective heat transfer, this enhancement is generally accompanied by
an increase in flow resistance. In particular, as the volumetric flow rate
rises, the pressure-drop loss (Ap) increases exponentially, which leads to
higher pumping-power consumption in engineering applications.
Therefore, it is essential to balance heat-transfer performance and
pressure-drop loss when optimizing the structure.

To quantitatively evaluate the overall heat-transfer performance of
the improved Gyroid structure, the performance evaluation coefficient
(PEC) (Liu et al., 2021) is adopted in this study, defined as:

h/ho

PEC = —F——
(Ap/Apo)'?

13)

where h and Ap represent the convective heat-transfer coefficient and
pressure drop of the improved Gyroid structure, and hg and Apg repre-
sent those of the standard Gyroid structure. When PEC > 1, it indicates
that the improved Gyroid structure outperforms the standard structure
when both heat-transfer enhancement and flow resistance are
considered.

The effect of @ and $ on PEC of Gyroid structure is shown in Fig. 26.

14

As a and f increase, PEC exhibits a “rise-then-fall” trend, reaching its
maximum at ¢ = 0.9 and g = 0.5, respectively. It is worth noting that
although the structure achieves the highest convective heat-transfer
coefficient and the lowest maximum temperature at a = 2.5, its PEC is
less than 1, indicating inferior overall performance compared with the
standard Gyroid structure. Therefore, considering both heat-transfer
enhancement and flow resistance, ¢ = 1.20 or § = 0.628 should be
selected. Under these conditions, PEC exceeds 1, and the improved
Gyroid structure achieves both a higher convective heat-transfer coef-
ficient and a lower peak temperature.

With the increase of a, the “through-holes” in the Gyroid structure
are gradually closed, forcing the fluid to be directed into the non-linear
flow channels formed by the complex surfaces of the Gyroid, thereby
enhancing the disruption of the boundary layer, generating more sec-
ondary flows and vortices, and thus improving the convective heat
transfer performance. Unlike the mechanism in which increasing a leads
to the closure of “through-holes,” the increase of # primarily enhances
heat transfer performance by altering the geometric characteristics of
the structural surface. With the increase of f, “wrinkles” gradually form
on the Gyroid surface, which not only increase the heat transfer area but
also destabilize the fluid boundary layer, generating strong secondary
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Fig. 26. Effect of a and f on performance evaluation coefficient of Gyroid structure.

flows and turbulence, thereby improving the convective heat transfer
performance.

5. Conclusion

In this study, the Gyroid-type TPMS structure was selected as the
research object, and three functional improvement methods—amplitude
control, periodicity control, and phase control—were proposed. The
effects of different control strategies on the morphological characteris-
tics of the Gyroid structure were analyzed comprehensively, and the
flow and heat transfer characteristics of the improved Gyroid structure
were analyzed numerically and experimentally. The main conclusions of
this study are summarized as follows:

(1) When the amplitude control term A(r) and the phase control term
@i(r) are linear trigonometric functions, both amplitude and
phase control can precisely regulate the surface morphology and
internal “through-hole” size of the Gyroid structure.

(2) When the amplitude control term A(r) and the phase control term
@i(r) are expressed as higher-order trigonometric functions, both
amplitude and phase control can induce distinct “wrinkle” fea-
tures on the surface of the Gyroid structure.

(3) Both the closure of “through-holes™ and the formation of surface
“wrinkles” in the Gyroid structure can enhance its heat transfer
performance. Within the volumetric flow rate range of 0.12-0.72
m3/h, as a increases, Tmax of the Gyroid structure decreases by
19.0-33.6 K, while h increases by 29.4-33.7 %. Similarly, as j
increases, Thmax decreases by 7.3-8.8 K, and h increases by
5.4-7.9 %.

Appendix A:. Periodic control

(4) Considering both heat-transfer enhancement and flow resistance,
a =1.20 or = 0.628 should be selected. Under these conditions,
the PEC exceeds 1, and the improved Gyroid structure achieves a
higher convective heat-transfer coefficient along with a lower
maximum temperature.
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Periodic control is achieved by adjusting the periodic parameter L(r) of the Gyroid function to allow the structure to exhibit varying periodic
characteristics in different regions. The improved Gyroid function is expressed as follows:

F(r) = cos(s x)sin(sy) + cos(y)sin(h2)+
cos(L (f) z)sin(% X)

14

When L(r) is a constant, the Gyroid surface exhibits a period L along the x-, y-, and z-directions, with a mean curvature H = 0. However, when L(r)
= L(x,y,z) is non-constant, the Gyroid function no longer satisfies the requirements of TPMS. A triply periodic minimal surface can be defined as

follows:

Definition 1 (triply periodicity): A surface is defined as triply periodic if three linearly independent translation vectors p;,p2,ps € R® exist such
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that all points (x,y,z) satisfying the implicit function equation F(x,y,z) = 0 satisfy the following conditions:
F(X +Ppix,y +Piy: 2 +Piz) = F(x,y,2),i = 1,2,3 (15)

Definition 2 (minimal surface): A surface is defined as minimal if its mean curvature satisfies H = 0. For an implicit function surface F(x,y,z) = 0,
its mean curvature is expressed as follows (Fisher et al., 2022):
1

3
H= - |VF?AF — " FyFy Frx, 16)
SOFT Z (Frog

where the gradient VF = (Fy,Fy,F;) represents the vector composed of the first-order partial derivatives of F, the Laplacian operator AF = Fyy + Fyy
+ F,; is the sum of the second-order partial derivatives of F, and Fy;,; denotes the second-order partial derivative of F with respect to x; and x;.

Analysis of triply periodicity: Let L = L(x,y,2) > 0, which comprises trigonometric functions. Consider a translation along the x-direction: (x,y,
2)—(x + p,y,2). Thus:

27n(x +p) 2ry
L(x+p,y, z)) (L(x +Dp,Y, z))+

2my . 2nz
OS(L(x +p,y,z))sm(L(x +p,y,z))+ an

. 2a(x+p)
)Sm(L(x +D,Yy,2)

To satisfy triple periodicity, F(x + p,y,z) = F(x,y,2) must hold for all (x,y,2). This requires:

F(x+p,y,z) = cos(

os( 2nz
L(x+p,y,2)

2n(x+p): 27mx +2kn,k=1,2,3... o

L(x,y.z) L(x,y,z)

Solving this equation yields p = k-L(x,y,2). As p and k are constants, L(x,y,z) must be a constant as well.

Analysis of minimal surface: We define u = 2nx/L(x,y,2), v = 2ny/L(x,y,2), w = 212/L(x,y,2). Therefore, the gradient of F(x,y,z) is expressed as
follows:

VFo 2T g L2 GVL(xy.z) (19)
Leya)\¢) Loeya? 7

where A = 0F/du, B = 0F/dv, C = dF/dw, and G = xA + yB + zC.
The Laplacian of F(x,y,z) is expressed as:

0 2r 2r oL
AF =2 A =G)+
0x(L(x,y,z) L(x,y,z)* 0x )
d 2z 2z oL
— B- —G)+ 20
6y(L(x,y,z) L(x,y,2)* dy ) (20)
0 2z 2z aLG)

= ol =
0z (L(x,y7 ) L(x,y,z)* 02

3 .
Furthermore, the term >_; _jlexlFx]Fxli is expressed as:

3
> FuFyFuag = FiFo + FoFyy + F2Fy; + 2(FeFyFy + FeF,Fy + F,F,Fy;)
ij=1
0A 0A 0B

2z \° ,0A _,0B 0B
=(—"—) [A>—+ B*— + C>— + 2AB—+ 2AC— + 2BC
<L(x,y, z)) [ ox * dy + 0z + dy + 0z + 0z

2
_ G| aL Za—G + aL zaﬁ + i Za—G] + crossterms
L(x,y,2)* dx) ox ' \ay) dy \odz) oz
To satisfy the mean curvature H = 0, |VF \ZAF = Efj,lFxlij Fy,x; must be satisfied, according to Eq. (16). By substituting Egs. (19), (20), and (21),

because of the presence of cross terms on the right side of the equation, H = 0 can only be satisfied when VL(x,y,z) = 0, which implies that L(x,y,z) must
be a constant.

|- 21

Appendix B:. Experimental setup

The experimental system, as shown in Figs. 27-29, consists of three parts: a schematic diagram of the experimental principle (Fig. 27), a photograph
of the experimental system (Fig. 28), and a photograph of the experimental model (Fig. 29).

16
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(a) a=10.00, 8 =0.00 (b) a=1.57, f=0.00 (¢) a=0.00, =0,

Fig. 29. 3D printed Gyroid structure

The experimental setup includes an heating plate, thermocouples, a temperature sensor, a flowmeter, a differential pressure transmitter, a data
acquisition system, a water pump, and regulating valves. The heating plate (AIN), with a power of 500 W and a heat flux density of 125 W/cm?,
providing a stable heat source for the experiment. The flowmeter (Hersman type, DN10), with a range from 0 to 1.2 m®/h, and the differential pressure
transmitter (XL3051DP), with a range from 0 to 500 KPa, were used to monitor flow and pressure, respectively. The thermocouples (K-type, ASG-
IN600) had a measurement range of —20 to 200 °C. The measurement accuracy of both the flowmeter and the K-type thermocouples was 1 %,
while the differential pressure transmitter exhibited a precision of 0.075 %. The diameter of the flow channel piping used in the system was 10 mm.

The data acquisition (National Instruments, NI) system collected experimental data in real time. Volumetric flow rate and pressure drop were
measured using the NI TB-4300C data acquisition card, while temperature data was collected with the TB-4353 thermocouple acquisition card. Flow
regulation was achieved through manual valve adjustments, and data was recorded under different volumetric flow rate conditions for the four types
of Gyroid structures. Experimental data was collected at 0.1-second intervals, with a total of 1000 data points collected per experiment. The average of
these data points was taken to minimize random errors and ensure statistical stability and accuracy.

The Gyroid experimental model shown in Fig. 29 was fabricated using selective laser melting (SLM) technology by XiHe Additive Manufacturing
Co., Ltd., employing a green-laser metal additive manufacturing system. Pure copper powder was used as the printing material. Owing to the intrinsic
characteristics of LPBF processes, the as-built copper structures exhibited notable surface roughness, partly caused by partially melted powder par-
ticles adhered to the surface. To mitigate the influence of surface roughness on the heat transfer performance, the printed samples underwent post-
processing, including sandblasting and mechanical polishing, to reduce the presence of adhered particles and improve the surface quality. During laser
powder bed fusion, partially unmelted particles may remain adhered to the surface, which can adversely affect the heat transfer performance of the
printed Gyroid structures. Following fabrication and surface treatment, the specimens were subjected to heat treatment, resulting in a thermal
conductivity of 398 W/(m-K) and a density of 8.92 g/crng.

The maximum temperature (Tax) of the structure was measured using a K-type thermocouple, which was placed at the center of the heating plate
to directly record the peak temperature during operation. To enhance the interfacial thermal conductance during experiments, an indium-tin alloy
was applied between the heating plate and the Gyroid structure to reduce contact thermal resistance. The indium-tin alloy exhibits a thermal con-
ductivity of 80 W/(m-K), a density of 6.89 g/cm>, and a melting point of 60 °C.

To validate the accuracy of the numerical simulations, experiments were conducted to measure the pressure drop (Ap) and maximum temperature
(Tmax) of three types of Gyroid structures under different volumetric flow rate conditions. The experiments were carried out with a heating power of
500 W, corresponding to a heat flux density of 125 W/cm?. The obtained results were then compared with numerical predictions under identical
boundary conditions to assess the reliability of the simulations.
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