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A B S T R A C T

The ubiquity of heat exchangers, coupled with the urgent need to augment energy efficiency in the green 
transition of industries, underscores the importance of optimizing the flow-field design to maximize heat 
transfer. Inspired by nature-evolved transport networks (e.g., tree branches), this study explores 3D three-level 
trifurcating pipe networks with varying branching angles (20◦ - 65◦) as alternatives to conventional vertical 
pipes. Three key conclusions are highlighted. Firstly, steep temperature increases at junctions lead to distinctly 
different heat transfer and flow behaviors in the middle level among the geometries. Secondly, the relationship 
between the Re-normalized thermal performance factor (TPF) is non-monotonic with respect to angle, with the 
36◦ model giving the highest TPF/Re value. Thirdly, the superior performance of the 36◦ model is associated with 
the lowest mean normalized turbulent viscosity (µt/Re) and highest mean normalized vorticity (ΩD/U), sug
gesting the flow is dominated by coherent rotational strcutures rather than chaotic, dissipative turbulence. These 
coherent vortices could be leveraged - by judiciously mimicking the 36◦ configuration - to further enhance 
thermal performance. Furthermore, the difference in turbulent viscosity between the outer and central pipes in 
the top level is the least for the 36◦ model, indicating enhanced uniformity. These findings offer insights for 
designing efficient, nature-inspired heat exchangers.

1. Introduction

The ubiquity of heat exchangers coupled with the need to augment 
energy efficiency in the green transition of industries necessitates opti
mizing the flow-field design to significantly enhance the heat-transfer 
efficiency. Biomimicry of plants, animals, and nest structures for heat 
exchanger designs has consistently been acknowledged to give higher 
heat transfer and lower pressure drop, which translates to energy sav
ings [1]. Thus, nature-evolved transport networks (e.g., leaf vein, lung) 
can provide valuable heuristics for heat transfer and flow distribution in 
heat exchangers [2]. While nature offers many examples of heat transfer 
means and flow networks that have been optimized through evolution, a 
straightforward imitation is potentially feasible. Correspondingly, a 
more systematic methodology based on in-depth mechanistic under
standing, which thereby augments scalability and applicability, has 
proliferated [3]. Heat exchangers have not fully benefited from such 
systematic biomimicry of nature-optimized designs, which motivated 
the current study.

Natural flow and heat-exchange systems are often complex, much 
more so than the conventional unit operations in the industry. Some 

examples are the structures of flow patterns of any fluid (in free space, 
on surfaces, and closed systems), growth of fungus, vascular design of all 
living creatures, intricate networks of mycelium, flow pattern of elec
trons in air during lightning, and heat regulation in termite mounds. All 
of these evolved structures can provide blueprints for efficient, inno
vative engineering solutions. An interesting heat-exchanger example in 
nature is the vascular design of an elephant ear, which helps the 
mammal exchange heat efficiently to cool body temperature during high 
heat waves in tropic regions [4,5]. Another analogous example is 
asymmetric development of bifurcating arteries in humans, particularly 
in the lungs [6]. Blood flow is usually laminar in living organisms [6,7], 
but heat exchangers are typically operated in the turbulent regime. 
Nonetheless, these flow and heat-exchange designs that have been 
optimized by nature can be judiciously mimicked to address the urgent 
sustainability challenges, which is in part underpinned by augmenting 
energy efficiency [8].

Genetic algorithm was used to design microvascular networks in 
polymers that mimic the heating/cooling system of mammals [9]. 
Multi-scale networks with minimum flow maldistribution were designed 
for cooling systems in fields ranging from energy, chemicals 
manufacturing, and electronics [10]. Moreover, 3D distribution systems 
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have been widely exploited in the oil and gas, pharmaceutical, and food 
industries for heat exchange [11]. Also, two-dimensional flow distri
bution models have been used to design shell-and-pipe heat exchangers 
[12–16], with one study focused on minimizing pressure drop [17]. 
There are other ways for heat transfer to be also improved by bioinspired 
surface structures [18–20], which enhances heat transfer coefficients 
due to the increase in flow resistance that these micro-structures 
generate [21]. The leaf architecture of vascular plants and tree 
branches that have been optimized over 400 million years for efficient 
water transport in various climates provide for an excellent basis for 
mimicry [22,23]. Leaf veins or tree branches are never parallel pipes, 
but systematically branched networks to minimize the cost of trans
porting water, carbon and nutrients in both hot and cold habitats. 
Branching pipe networks that mimic the vascular system have been re
ported to promote better fluid distribution and thus augment heat 
transfer [24], based on Bejan’s fractal-based constructal theory that 
branching structures similar to that of trees aid to distribute fluids more 
uniformly [25] and also maximize heat transfer rate [26]. Specifically, 
Bejan’s theory states that fractal systems satisfy certain aspect ratio that 
defines the proportions of the flow channels evolved to reduce resistance 
[27], which has been found to be inadequate for more complex systems 
[28], while adequate for others [15]. The fractal honeycomb reactor 
design has visible bifurcation patterns to increase the surface to volume 
ratio [29]. As for the angle of the branches, the optimized value has been 
reported to be 37.5◦ [30], or more broadly between 15◦ and 45◦ [31]. 
Perpendicular branching has been shown to be detrimental due to 
stagnation [16], while larger angle of branches has been tied to lower 
pressure drop [15]. All these provide valuable heuristics for the focus 
here on designing the natural branching - inspired heat exchangers.

To mimic such natural transport networks to maximize heat transfer 
efficiency in designing heat exchangers, the focus here was on the 

impact of branching angle, and the corresponding underlying mecha
nisms. Three-level, trifurcation 3D models were constructed for 
branching angles ranging between 20◦ and 65◦. Benchmarked against a 
conventional vertical pipe, the heat transfer characteristics of the 
branched models were first explored, followed by the flow behaviors.

2. Simulation setup

The three-dimensional (3D) pipe networks were built using Autodesk 
Fusion 360. As depicted in Fig. 1a, the angles (β), defined with respect to 
the horizontal axis, investigated are 20◦, 36◦, 45◦ and 65◦. As exem
plified by the 3D setups for the trifurcation angles of 20◦ and 65◦, 
respectively, in Fig. 1b and c, the total height of 540 mm was divided 
into three levels. Specifically, the bottom level is a vertical pipe, the level 
immediately above diverges into three pipes, and the level subsequently 
above further diverges into nine pipes. Each pipe has an inner diameter 
(D) of 48.6 mm, and the pipe length (lpipe) within each branched model is 
kept constant (i.e., ranging between 178 – 297 mm). The height of each 
level differs among the different angled models. For each angle β, the 
height of each level is lpipe⋅sin (β).

The built models were then imported to Ansys Fluent Workbench. 
The liquid that flows through the setups was water (density = 0.997 g/ 
cm3, viscosity = 0.97 mPa⋅s). Regardless of geometry, the mean resi
dence time of the liquid in the setup was kept constant at 10.6 s, 
resulting in Reynolds numbers (Re) ranging between 3000 (for the top 
level of the 65◦ model) and 45,000 (for the bottom level of the 20◦

model), reflecting turbulent flow regimes. The boundary conditions 
were constant in all cases, with the inlet temperature set at 295.15 K, the 
wall temperature at 360 K and the outlet pressure at 101,325 Pa. 
Correspondingly, with respect to angle, the total heat supplied decreases 
monotonically due to the decrease in wall surfaces, and the mass flow 

Nomenclature

β Angle of a branch inclination over xy plane [degrees].
D Inner tube diameter [mm]
Nu Nusselt number
Nuo Nusselt number of a conventional vertical pipe
h Heat transfer coefficient [W/m2K]
k Thermal conductivity of fluid [W/mK]
j Colburn j factor
Re Reynolds number
Pr Prandl number
TPF Thermal performance factor
f Darcy-Weisbach friction factor

ΔP Pressure drop [Pa]
T Temperature [K]
µt Turbulent viscosity [kg/ms]
ρ Density of fluid [kg/m3].
U Velocity magnitude [m/s]
L Length of a pipe [m]
Q Q criterion [s-2]
Ω Vorticity tensor [s-1]
S Strain rate tensor [s-1]
ωij Vorticity magnitude [s-1]
u Velocity in x direction [m/s]
v Velocity in y direction [m/s]
w Velocity in z direction [m/s]

Fig. 1. (a) Schematic depicting the definition of angle of branches β. 3D models with the narrowest and widest trifurcation angles investigated for three-level designs 
with trifurcation angles of (b) 20◦ and (c) 65◦. The total height was divided into three levels: the bottom level has 1 pipe, the middle level has 3 pipes, while the top 
level has 9 pipes. The inner diameter of each pipe (D) is 48.6 mm.
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rate decreases monotonically to maintain the same residence time.
The k-omega (k − ω SST) turbulence model was employed for better 

near-wall modelling and viscous sublayer, and Pressure-Velocity 
coupling numerical scheme was selected as coupled with a Second 
Order Upwind spatial discretization to prevent numerical diffusion. 
Additional validation using PRESTO! was carried out due to the pres
ence of bends in the geometry and swirling flows after junctions. 
Meshing was performed with poly-hexahedral meshes, due to the best 
mesh alignment and reduced diffusion in the viscous sub-layer, with 
prismatic inflation layers in the wall region (Fig. A1). The smallest and 
largest dimensions were pre-set respectively 0.2 µm and 10 mm, and the 
growth rate was set at 1.2 before mesh adaption. The total number of 
cells ranged between 2 × 105 (for the single vertical tube) and 8 × 106. 
Mesh refinement was performed for the wall boundary layer to limit the 
y+ values for all models to less than 0.9.

The key parameters extracted from directly from Ansys include ve
locity in all three directions (i.e., x, y, and z), Q criterion, area-weighted 
Nusselt number (Nu), surface heat transfer coefficient (h), vorticity, 
helicity, pressure, and temperature.

Nu was calculated through custom field functions as follows: 

Nu =
h⋅D
k 

where k is the thermal conductivity of water. The Colburn j-factor was 
calculated using: 

j =
Nu

Re⋅Pr0.4 

where Pr is the Prandtl number. The thermal performance factor (TPF) 
formula used was: 

TPF =
Nu
Nuo

⋅
fo

f 

where the subscript o corresponds to the vertical pipe serving as a 
benchmark and friction factor f was calculated with the Darcy-Weisbach 
formula: 

f =
ΔP⋅D

ρ⋅〈U〉
2⋅L 

where ΔP/L was extracted for each level based on the static pressure 
contour plots (Fig. A2). Specifically, each level was demarcated based on 
the axial position at which the static pressure changes significantly. The 
Q criterion was calculated as follows: 

Q =
1
2
(
Tr
(
ΩTΩ

)
− Tr(STS

)
=

1
2
(
‖ Ω‖2− ‖ S‖2)

=
1
2

(
2
(

ω2
xy +ω2

xz +ω2
yz

)
− 2

(
s2
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)
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)

where Ω is vorticity tensor defined with vorticity components in three 

directions 
(

ωij = 1
2
(
duidxj − dujdxi

)
) and S is strain rate tensor defining 

with strain rates in all three directions (sij = 1
2
(
duidxj + dujdxi

)
). Finally, 

helicity was calculated using 

helicity = u→→⋅ ω→→ = [u v w]⋅

⎡

⎢
⎢
⎢

ωx
ωy
ωz

⎤

⎥
⎥
⎥

where u, v, and w are velocity components for each direction and ω→→ is 
vorticity vector.

3. Results and discussion

3.1. Model validation

The Nusselt numbers (Nu) and friction factors (f) were compared 
against reported correlations (Table 1) for a vertical pipe (height = 48.6 
mm) across the Re range of interest in this study. The boundary condi
tions are inlet temperature of 295.15 K and outlet gauge pressure of 0 Pa. 
Fig. 2 presents Nusselt number and friction factor as functions of Rey
nolds number, affirming agreement between the simulated results and 
the correlations.

Mesh independence tests were performed for the 36◦ three-level 
trifurcation model. For mesh size, the effect of hexahedron meshes 
with pre-adaptation minimum dimensions ranging from 2 × 10–4 – 2 ×

10–2 mm and maximum dimensions ranging from 1 × 10–2 – 1 × 102 

mm was assessed. Through prismatic adaptation (Fig. A1), the y+ values 
in the high-gradient wall regions were constrained to below 1 
(Table A1).

Fig. 3a presents the area-weighted mean Nu directly extractable from 
Ansys with respect to the number of cells. As the number of cells 
increased, the area-weighted mean Nu for the whole system increased 
then plateaued beyond 3 × 106 cells, indicating 5.8 × 106 cells as a 
reasonable threshold for mesh independence. Furthermore, an addi
tional validation using PRESTO! for pressure discretization revealed 0.1 
% of deviation in the area-weighted Nu when the number of cells was at 
5.8 × 106. Additionally, noting the distinctly different local behaviors 
induced by the junctions, mesh independence was verified axially along 
the setup. Fig. 3b shows the axial Nu profiles resulting from different cell 
numbers. Clearly, the junctions caused peaks in the Nu values. While the 
profile resulting from 0.7 × 106 cells is obviously different, the trends for 
cell numbers above 1.3 × 106 cells become similar, affirming mesh in
dependence at and above 5.8 × 106 cells. Moreover, mesh independence 
for the temperature profiles in regions of marked variations was 
assessed. Fig. 3c shows the temperature profiles along a chord traversing 
the xy-plane at 1 cm below the top junction, demonstrating mesh in
dependence beyond 1.3 × 106 cells. Fig. 3d displays the temperature 
profiles across the pipe cross-section at the mid-point of the middle level, 
similarly reflecting agreement of profiles beyond 1.3 × 106 cells. 
Table A2 further lists the area-weight mean Nu, area-weighted mean 
surface h, and temperature differential (Tout - Tin) obtained via different 
number of meshes for the 36◦ model.

3.2. Heat transfer

Building on the earlier studies on leveraging branching angle to 
optimize flow by avoiding dead-zones and minimizing pressure drop 
[15,16,30,31], the impact of branching angle on heat transfer was 
investigated for the 3D models (Figs. 1b and c).

Fig. 4 depicts the axial temperature profiles for the different 

Table 1 
Reported correlations for Nusselt numbers (Nu) and friction factors (f).

Parameter Correlation a Ref

Nu Nu = 0.012
(
Re0.87 − 280

)
Pr0.4 [32]

Nu
Nu = 0.027 Re0.8Pr1.3

(
μ

μw

)0.14 [33]

Nu
Nu = 0.0275 Re0.8Pr0.385

(
L
D

)− 0.0054( μ
μw

)0.14 [34]

f f = 0.316 Re− 0.25 [35]
​ ​ ​
f f = (1.821 log (Re) − 1.64)− 2 [36]

a Properties of water used for simulations: μ = 0.97 mPa⋅s; ρ = 0.997
g

cm3;

λ = 0.6
W
mK

; cp = 4.18 J/kg.
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branching models vis-à-vis the conventional vertical pipe. The temper
ature at the outlet increases as the branching angle decreases, which is 
due to the increasing wall areas and the fixed wall temperature of 360 K. 
Notably, while the temperature change along the height is approxi
mately linear for the vertical pipe, steep increases in temperatures are 
apparent at the junctions for the branching models. At each junction, 
flows from three pipes converge into a single pipe, giving rise to 

acceleration and deceleration dynamics that impact heat transfer.
Fig. 5 shows the Nu contour plots for the four branched models vis- 

à-vis a single vertical pipe. For the vertical pipe (Fig. 5e), the Nu values 
are the highest at the entrance and remain low throughout the rest of the 
pipe. In contrast, for the branching models (Fig. 5a - d), variations in Nu 
throughout the setups are significant. The upper Nu limit decreases with 
angle due to the decrease in the inlet mass flow rate to achieve the same 

Fig. 2. Comparison numerical results with empirical correlations for a vertical pipe (height = 540 mm, inner diameter = 48.6 mm) across the Re range of interest.

Fig. 3. Mesh independence test for the 36◦ model: (a) Area-weighted mean Nu for the whole setup with respect to number of cells; (b) Nu in radial-centered axial 
plane with respect to height; (c) Temperature profiles on xy-plane at 1 cm below the top junction; and (d) Pipe cross-sectional radial temperature profiles at the mid- 
point of the middle level.
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residence time. Also, for all the branching models, the Nu values in
crease from the top level to the bottom level due to the increased flow 
rates. Notably, the junctions clearly induce higher Nu values because of 
the flow convergence into fewer pipes. Two observations are worth 
highlighting for the middle level. Firstly, the widest ranges of Nu values 
are near the top junctions for the models with branching angles between 
20◦ – 45◦, whereas that for the widest 65◦ angle is further away from the 
top junction. This implies the junctions of smaller angles promote non- 
uniform Nu values immediately, while those of the widest angle exert 
a more delayed effect on the spread of Nu values. Secondly, the spread of 
Nu values diminishes approximately monotonically downward of the 
top junctions for the smaller angles of 20◦ and 36◦, but diminishes to a 
very narrow range of Nu values about midway before increasing again 
for the wider angles of 45◦ and 65◦. This suggests continuous deceler
ation of the flow in the middle level for the narrower angles, but a 
confluence of acceleration and deceleration effects caused by the top 
and bottom junctions for the wider angles. Therefore, Fig. 5 highlights 
the distinctly different heat transfer behaviors caused by the different 
angles. Since the Re values are different, Table A3 lists the Nu/Re values 
in the middle level to allow for a fairer comparison of heat transfer ef
ficiency. Among the models, the highest mean Nu/Re values and lowest 
ratio of standard deviation to mean of the Nu/Re values (i.e., spread of 

Nu/Re values) in the middle level corresponds to the intermediate angle 
of 45◦, highlighting the non-monotonic relationship between branching 
angle and heat transfer efficiency.

Fig. 6 presents the Colburn j-factor with respect to Re for the different 
models. For each branching model, the three discrete data points 
represent the three different levels, with the lowest and highest Re 
values corresponding to the top and bottom levels, respectively. On the 
other hand, for the vertical pipe, the three data points represent three 
simulations run at different Re values, which serve as benchmarks on the 
heat transfer efficiency of the branching models. Interestingly, among 
the branching models, the j values are the most similar in the middle 
level, suggesting the flow restrictions caused by the top and bottom 
junctions of such branching models impact the heat transfer. Nonethe
less, the 36◦ model gives a distinctly higher j factor, implying the 
branching angle and level height can be judiciously designed to enhance 
heat transfer. At the top level, relative to the vertical pipe, the inter
mediate angles of 36◦ and 45◦ exhibit higher j values, whereas the 
smallest 20◦ and largest 65◦ give lower ones, indicating the non- 
monotonic relationship between heat transfer and branching angle. At 
the bottom level, the j values decrease monotonically as the angle of 

Fig. 4. Mass-weighted mean temperatures versus axial distance, with circles 
indicating the junctions.

Fig. 5. Nu contour plots in radial-center plane (zero values are removed) for the four branching angles β: (a) 20◦; (b) 36◦; (c) 45◦; and (d) 65◦; vis-à-vis (e) a single 
vertical tube. The inset figures illustrate the variations of Nu values along the middle level.

Fig. 6. Colburn j-factor (j) versus Re for the different branching angles vis-à-vis 
vertical pipe. The three data points for each branching model correspond to 
each level. The three data points for the vertical pipe correspond to three 
simulations run at different Re values.
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branches increases.
Fig. 7a presents the thermal performance factor normalized with 

respect to Re (TPF/Re), which characterizes the heat transfer enhance
ment relative to a vertical pipe. A TPF value of less than and greater than 
1 implies respectively lower and higher thermal performance than a 
vertical pipe. Fig. A3 shows that only the middle level of the 20◦ model 
has a TPF value of greater than 1. For the larger angles of 45◦ and 65◦, 
the entire systems exhibit TPF values of less than 0.4, indicating much 
poorer performance relative to a vertical pipe. Particularly for the top 
level, all the TPF values are below 0.1. Among the angles, Fig. 7a shows 
that the average TPF/Re (i.e., arithmetic average of the three levels) is 
the highest and lowest for the intermediate angles of 36◦ and 45◦, 
respectively. This is directly linked to the corresponding TPF/Re values 
in the middle level, since the TPF/Re values are similar for all angles in 
the top and bottom levels. The marked difference among the angles in 
the middle level contrasts with the similar j-values in the middle level 
(Fig. 6), which is because TPF additionally considers the pressure drop 
through the friction factor (f).

Accordingly, to assess the trade-off between heat transfer effective
ness and flow resistance, Fig. A3b presents j/f versus Re, while Fig. 7b 
presents j/(f⋅Re) versus branching angle. Fig. A3b shows the vertical 
pipe has the highest j/f, indicating a more efficient heat exchanger 
design with lower energy consumption for pumping. Nonetheless, 
among the branching models, the middle levels of the 20◦ and 36◦

models exhibit j/f values that approach that of the vertical pipe, sug
gesting that systematic designs of such levels that lie in between the 
smaller-angle junctions can be advantageous. The trends for j/(f⋅Re) 
versus branching angle in Fig. 7b are similar to that for TPF/Re (Fig. 7a), 
with the top and bottom levels giving similar j/(f⋅Re) values among the 
angles, while the middle level giving distinctly different values.

3.3. Flow dynamics

Fig. 8 shows the velocity magnitude contours for the radial-center 
planes of the different branching models. Clearly, the top junctions 
exert significant influences on the flow velocities. At the top level, the 
lower cross-sections of the pipes accelerate as the top junctions are 
approached, while the upper cross-sections are at relatively lower ve
locities. Right after the top junctions, due to the convergence of flows 
from three pipes, the velocities are significantly augmented at the lower 
cross-sections, whereas the velocities at the upper walls are 

approximately stagnant. The bottom levels exhibit the highest velocities 
due to the further convergence of flows into a single pipe.

Fig. 9 presents the turbulent viscosity (µt) contours of the different 
branching angle models, with the corresponding mesh volume - 
weighted values for the overall setups listed in Table A4. Clearly, the 
junctions exert different turbulence patterns depending on the branch
ing angle. At the top levels, the turbulent viscosities are most signifi
cantly elevated for the largest 65◦ model, while least for the 36◦ model. 
As for the middle level, the turbulent viscosities appear elevated to 
different extents and distributions for the different models. To allow for 
fairer comparison among the angles in view of the different Re values, 
Table 2 lists the means, standard deviations, coefficients of variance 
(CV), skewness (γ1), and kurtosis (α4) of the µt/Re values for the middle 
level. The highest and lowest mean µt/Re values are for the 65◦ and 36◦

models, respectively, while the greatest spread of values (reflected by 
ratio of standard deviation to mean) is for the 45◦ model. Comparing this 
trend with Fig. 7 suggests that the highest TPF/Re and j/(f⋅Re) values (or 
highest TPF and j/f values in Fig. A3) in the middle level corresponding 
to the 36◦ model are tied to the lowest µt/Re values. This implies heat 
transfer is enhanced with minimal turbulent dissipation, which suggests 
the reliance on coherent structures rather than chaotic turbulence to 
promote heat transfer. In addition, the lowest TPF/Re and j/(f⋅Re) values 
in the middle level corresponding to the 45◦ model are tied to the 
greatest spread of the µt/Re values. This suggests an inefficient and 
highly non-uniform heat transfer with poor energy utilization due to 
flow separation and/or recirculation zones caused by the 45◦ angle.

Fig. 10 presents the histograms of normalized vorticity (ΩU/D) for 
the middle levels of each branched model, highlighting the distinctly 
different distributions for the different models. The vorticity contour 
plots can be found in Fig. A4, while the magnitudes are listed in 
Tables A5 and A6. The histograms are right-skewed for the smaller an
gles of 20◦ and 36◦, bimodal for the 45◦ model, and approximately 
normal for the 65◦ model. Also, the highest and lowest ΩU/D means are 
for 36◦ and 20◦, respectively. Interestingly, the 36◦ model gives the 
highest mean normalized vorticity (ΩU/D) but the lowest mean 
normalized turbulent viscosity (µt/Re), which suggests the fluid motion 
in the middle level is dominated by organized rotation rather than 
chaotic, dissipative turbulence. These coherent vortices imply the pos
sibility to leverage the 36◦ angle to induce the higher TPF values 
(Fig. 7a). Furthermore, the helicity contour plots in Fig. A4 shows the 
higher helicity values for the 36◦ model, indicating organized helical 

Fig. 7. (a) TPF/Re and (b) j/(f⋅Re) versus angle for each level in the different branching angles. The TPF was assessed with respect to a vertical pipe. The averages 
shown are arithmetic averages of the TPF or j/(f⋅Re) values of the three levels for each angle.
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Fig. 8. Velocity magnitude contours in the radial-center planes for the different branching models: (a) 20◦; (b) 36◦; (c) 45◦; and (d) 65◦.

Fig. 9. Turbulent viscosity contours in the radial-center planes for the different branching models: (a) 20◦; (b) 36◦; (c) 45◦; and (d) 65◦.
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motion. Coupling high vorticity and high helicity (Fig. A5), the 36◦

model gives stability and energy efficiency, agreeing with the optimized 
angle in nature [27].

Fig. 11 shows the turbulent viscosity contour plots of pipes in the top 
level for each branching model, with the corresponding magnitudes are 
listed in Table A7. Clearly, the outer and central pipes exhibit different 
turbulent viscosities, which agrees with earlier studies [12,37]. 
Consistently for all models, the central pipes exhibit higher turbulent 
viscosity values than the outer ones. Among the models, the 36◦ model 
gives the greatest similarity between the outer and central pipes, the 
uniformity of which is tied to the low µt/Re, high Ω/(U/D) and high 
TPF/Re in the middle level.

4. Conclusions

By systematically mimicking nature-evolved designs, the efficiency 
of engineering designs can be significantly augmented [2]. In this study, 
the focus is on the ubiquitous heat exchanger. Instead of the conven
tional vertical pipe, tree-branching designs were considered, since tree 
branches have evolved to be highly efficient in heat and mass transfer. 
Accordingly, 3D three-level, trifurcation pipe networks with different 
branching angles in the range of 20◦ and 65◦ were investigated.

While a vertical pipe gives a linear increase in temperature axially, 
for the branched models, the junctions at which the pipes converge 
causes steep increases in temperatures. Among the different angles, the 
heat transfer and flow behaviors are distinctly different between the two 
junctions (i.e., at the middle level). Interestingly, the relevant parame
ters characterized are largely non-monotonic with respect to angle. 
Notably, the 36◦ model results in the highest Re-normalized thermal 
performance factor (TPF/Re), highlighting the superior performance of 
this intermediate angle, which agrees with past studies [27]. Investi
gation of the flow behavior reveals the lowest mean normalized turbu
lent viscosity (µt/Re) and highest mean normalized vorticity (ΩU/D). 
The dominance of coherent flow structures governing the efficient heat 
transfer suggests the possibility to systematically leverage the 36◦ angle 
to further augment heat transfer, for example by using changing the pipe 
length for the middle level or number of branches.

Table 2 
µt/Re results for the middle level. StDev, CV, γ1, and α4 stand for standard de
viation, coefficient of variance, skewness, and kurtosis, respectively.

20◦ 36◦ 45◦ 65◦

Mean⋅1013 (kg/m s) 4.59 0.92 4.18 28.3
StDev⋅1012 (kg/m s) 0.95 0.19 1.68 8.34
CV 2.07 2.07 4.05 29.51
γ1 9.63 6.11 11.37 5.52
α4 150.54 66.40 179.1 36.47

Fig. 10. Vorticity normalized by D/U (ΩU/D) histograms for the middle levels of the branching angles: (a) 20◦; (b) 36◦; (c) 45◦; and (d) 65◦.
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The results here are expected to be valuable for optimizing heat 
exchanger performance based on systematic mimicry of natural tree 
branches. It should be noted that our goal here was to clarify the po
tential of these branching architectures rather than claim them as ready 
replacements for conventional exchangers, given the associated opera
tional complexities and capital costs. From a cleaning standpoint, such 
exchangers are most compelling in sealed low-fouling loops (e.g., bat
tery or electronics cold-plate cooling) [38], or in aerospace systems (e.g., 
regeneratively cooled rocket engines) where maintenance may rely on 
module swap-out rather than cleaning [39]. As additive manufacturing 
continues to lower lead time and cost, if superior performance can be 
demonstrated to adequately offset additional costs, branching designs 
may offer practical advantages.
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Appendix

Fig. A1. Mesh size in critical regions resulting from increased number of meshes and mesh adaption. Inner pipe diameter is 48.6 mm.

Fig. 11. Turbulent viscosity contours in the radial-center planes of the outer and central pipes in the top level for the different branching angles: (a) 20◦; (b) 36◦; (c) 
45◦; and (d) 65◦.
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Fig. A2. Static pressure contour plot of the 45◦ model, with additional exact locations between which ΔP/L was obtained.

Fig. A3. (a) TPF versus Re; and (b) j/f versus Re.
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Fig. A4. Vorticity contours of the central plane for the branched models: (a) 20◦, (b) 36◦, (c) 45◦, and (d) 65◦.

Fig. A5. Helicity contours of the central plane for the branched models: (a) 20◦, (b) 36◦, (c) 45◦, and (d) 65◦.
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Table A1 
Y+ values for the models with different branching angles and the vertical pipe 
(90◦).

Angle Min Max Mean

20◦ 0.018 0.921 0.42
36◦ 0.031 0.897 0.52
45◦ 0.045 0.992 0.43
65◦ 0.005 0.997 0.63
90◦ 0.500 0.989 0.68

Table A2 
Effect of mesh number on various parameters of the 36◦ model. Area-weighted mean Nu, surface heat transfer coefficient, and global temperature 
change of water based on different number of meshes for the same CAD model.

Number of meshes Area-weighted mean Nu Area-weighted mean surface h (W/m2K) Tout-Tin (K)

3 × 105 45.94 559.93 7.10
7 × 105 45.69 556.82 8.13
1.3 × 10⁶ 45.32 582.40 7.40
2.8 × 10⁶ 47.84 587.82 8.58
5.8 × 10⁶ 48.52 590.21 8.63
6.9 × 10⁶ 47.99 584.89 8.57
8 × 10⁶ 48.37 589.49 8.62

Table A3 
Nu/Re results for the middle level. StDev, CV, γ1, and α4 stand for standard deviation, coefficient of variance, skewness, and kurtosis, respectively.

Angle Mean•10–2 StDev•10–2 StDev/Mean γ1 α4

20◦ 9.58 5.03 0.52 1.77 3.09
36◦ 8.67 4.70 0.54 0.98 2.03
45◦ 12.9 5.64 0.44 0.42 − 0.19
65◦ 8.46 4.25 0.50 1.28 3.07

Table A4 
Mesh volume - weighted turbulent viscosity (kg/m s) for the overall setups. StDev, IQR, γ1, and α4 stand for standard deviation, interquartile range, skewness, and 
kurtosis, respectively.

Angle Mean StDev Variance Median Maximum IQR γ1 α4

20◦ 6.78E-09 1.40E-08 1.96E-16 0.009124 0.072614 0.021951 12.6 158.59
36◦ 9.98E-10 2.13E-09 4.53E-18 0.000667 0.040582 0.003562 6.65 69.65
45◦ 4.02E-09 1.63E-08 2.64E-16 0.000001 0.025686 0.00031 11.77 159.56
65◦ 2.27E-08 6.69E-08 4.49E-15 0.000534 0.017916 0.002525 6.5 46.23

Table A5 
Vorticity (s-1) magnitudes in the radial-center planes of the entire setups. StDev, CV, IQR, γ1, and α4 stand for standard deviation, coefficient of variance interquartile 
range, skewness, and kurtosis, respectively.

Vorticity

Angle Mean StDev Variance CV Minimum Maximum IQR γ1 α4

20◦ 35.25 307.47 94,539.26 336.48 0.48 9299.58 21.62 7.94 111.28
36◦ 50.78 198.56 39,427.56 235.92 0.33 3521.56 54.33 5.2 46.36
45◦ 134.9 334.6 111,924.7 190.39 0.23 10,961.1 182.5 10.76 226.67
65◦ 21.63 86.9 7551.85 232.88 0.028 1398.55 23.66 4.71 34.54
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Table A6 
Vorticity magnitude (s-1) in the top and middle levels. Values were taken from the entire setup. StDev, CV, γ1, and α4 stand for standard deviation, coefficient 
of variance, skewness, and kurtosis, respectively.

Top Level
Angle Mean StDev Variance CV γ1 α4

20◦ 45.09 59.18 3502.57 336.48 3.33 15.51
36◦ 47.12 48.59 2361.66 235.92 2.11 7.04
45◦ 25.73 32.24 1039.18 190.39 6.29 85.68
65◦ 17.77 20.9 439.43 232.88 4.58 34.14

Middle Level
Angle Mean StDev Variance CV γ1 α4

20◦ 76.31 117.42 13,786.58 336.48 3.84 23.19
36◦ 106.73 158.46 25,109.47 235.92 5.33 39.94
45◦ 94.29 235.64 55,525.52 190.39 8.28 85.89
65◦ 21.63 86.9 5737.53 232.88 3.67 15.02

Table A7 
Turbulent viscosity (kg/m s) in the radial-center planes of the inner and outer branches of the top level. StDev, CV, IQR, γ1, and α4 stand for standard deviation, 
coefficient of variance interquartile range, skewness, and kurtosis, respectively.

Angle Mean StDev Variance CV Min. IQR Max. γ1 α4

Central 20◦ 0.07E-09 0.046376 0.002151 64.17 0 0.078336 0.168243 0.25 − 1.04
36◦ 0.01E-10 0.000907 0.000001 315.55 0 0.000119 0.008536 5.45 34.09
45◦ 0.01E-09 0.000512 0.000001 285.74 0 0.000076 0.004618 4.8 27.52
65◦ 0.01E-09 0.000537 0.000001 163.22 0 0.000458 0.003743 2.05 4.53

Outer 20◦ 0.007929 0.009275 0.000086 107.66 0 0.014798 0.031975 0.88 − 0.46
36◦ 0.000517 0.001622 0.000003 202.2 0 0.000768 0.011719 3.56 14.42
45◦ 0.000382 0.001088 0.000001 191.78 0 0.000599 0.00854 3.87 18.07
65◦ 0.001061 0.002859 0.000008 186.89 0 0.001367 0.017916 2.82 8.41

Data availability

Data will be made available on request.
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