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Numerous industrial processes involve heat exchange, and the efficiency of energy usage depends heavily
on the effectiveness of this exchange. Thermal structure is a critical factor that influences the process of
heat transfer. The bionic fractal structure has been heavily researched due to its ability to provide a more
uniform flow distribution and improved heat transfer performance. An iterative approach to determining
the central wall temperature is suggested for heat transfer between two fluids with varying mass flow
rates and physical features. A bionic fractal heat transfer model for two fluids was developed, and the
features of the bionic fractal heat transfer structure with supercritical carbon dioxide (supercritical CO;)
and H,0 were expounded. Furthermore, the variation of heat transfer performance with parameters was
analyzed comprehensively. A method for the optimization and design of a bionic fractal heat transfer
structure using two fluids was also provided, and the index of heat transfer performance was found to
have the best value for various structural factors. The multi-objective optimizations of the bionic fractal
heat transfer structure were carried out by a genetic algorithm, and the results showed a 15% reduction
in power consumption for the optimized heat transfer structure, a 2.4% increase in heat transfer, and an

improvement in the index of heat transfer performance by 17%.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

Heat transfer processes are prevalent in various industries
and applications, including nuclear power, shipbuilding, electronic
communication, electricity, aerospace, and other fields [1]. The
heat transfer performance significantly affects the efficiency of en-
ergy utilization, making the technology of heat transfer enhance-
ment critical in improving energy efficiency and increasing eco-
nomic benefits.

There are two approaches to heat transfer enhancement: active
and passive. Active heat transfer enhancement involves additional
equipment, which limits its development due to its complexity and
increased energy consumption. On the other hand, passive heat
transfer enhancement focuses on the optimization and design of
flow channel structures, which achieves higher heat transfer per-
formance with high stability without requiring additional equip-
ment. Scholars have carried out significant research on various
flow channel structures such as zigzag, S-shaped, fin-shaped, and
wing-shaped. Printed circuit heat exchanger (PCHE) is often com-
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bined with different flow channel structures to achieve higher heat
transfer performance due to its much higher heat flux [1]. Ishizuka
et al. [2] studied the heat transfer performance of zigzagged heat
transfer structures and established an empirical fitting formula for
pressure loss and heat transfer. Dong et al. [3] discovered that a
sawtooth channel heat transfer structure has superior heat transfer
performance but has a pressure drop caused by resistance at the
corner. Kim et al. [4] showed that the Nusselt number of sawtooth
heat exchange structures increases by 50% with an increase in the
channel inclination angle. Ngo et al. [5]| pointed out a positive cor-
relation between heat transfer and pressure drop of microchan-
nel heat transfer structures with S-shaped and sawtooth channels,
but S-shaped channels achieve lower pressure drops. To enhance
heat transfer performance, Ngo et al. [6] proposed an S-shaped
fin channel, which significantly reduces volume and pressure drop.
Tsuzuki et al. [7] introduced the heat transfer characteristics of S-
channel and sawtooth heat transfer structures and found that, un-
der similar heat transfer capacities, the pressure drop produced by
an S-channel heat transfer structure is only 1/5 that of the saw-
tooth heat transfer structure. Kim et al. [8] analyzed the hydraulic
and thermal performance of a sinusoidal PCHE and showed that
the heat transfer effect is significantly improved by adding a wing
spoiler. The fin arrangement in PCHE with an airfoil was optimized
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Nomenclature

heat transfer area (m?)

specific heat capacity (kJ-kg=1-°C-1)
hydraulic diameter (m)

index of heat transfer performance
resistance loss (m)

turbulent resistance coefficient
convective heat transfer coefficient (W-m~2.K~1)
infinitesimal section number

total number of segments

fractal series

length (m)

mass flow rate (kg-s—1)

number of branches

Nusselt number

Prandtl number

quantity of heat (W)

thermal resistance (m2-K-W-1)
Reynold number

temperature (°C)

velocity (m-s~1)

power consumption (W)
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Subscript

C cold fluid side

h hot fluid side

w wall side

LMTD  logarithmic mean

Superscripts
’ inlet
outlet

”

Greek letters

length ratio

diameter ratio

thickness of the wall (m)

local resistance coefficient

drag coefficient along the path

thermal conductivity coefficient (W-m~1.K-1)
dynamic viscosity coefficient

density (kg-m~3)
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by Xu et al. [9], reducing flow resistance by 22.8%. Chen et al.
[10] compared the heat transfer capacities of an airfoil structure
and a zigzag channel and found that the airfoil structure improved
by 29.93%. However, the flow in the structure of the microchannel
has great instability when working conditions change. Zhang et al.
[11] found that the uneven distribution of the medium seriously
affects the overall heat transfer structure through studying straight
channels. Kim et al. [12] found that the uneven flow distribution
of the medium in heat exchange equipment causes the operating
time of equipment to decrease.

Biomimetic fractal networks are widely found in nature, such
as in the respiratory and circulatory systems of animals and the
transport systems of plants. These fractal structures have evolved
over a long period and offer several advantages, such as unifor-
mity of the transport medium, low flow resistance, and high effi-
ciency of heat and mass transfer. As illustrated in Fig. 1, the dis-
tribution of tree roots and blood vessels show these biomimetic
fractal structures, which exhibit superior energy transfer efficiency
and low flow resistance, can be employed in flow and heat trans-
fer systems. Pence et al. [13] introduced the heat transfer perfor-
mance of bionic fractal structures and found that resistance is re-
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duced by about 60% when compared to a parallel structure. At
each bifurcation in the fractal structure, the flow and heat trans-
fer boundary layers are interrupted and reformed, and the peri-
odic disturbance of the fractal level strengthens the heat trans-
fer process. However, further research is needed on heat transfer
and power consumption. Under the same heat transfer area, Ma
et al. [14] pointed out that the pressure drop of a Y-shaped bionic
micro-flow channel is reduced by 37.67% compared with a paral-
lel flow channel. Meanwhile, the average temperature of the heat
source surface decreases by 7.66°C, and the maximum tempera-
ture difference also decreases by 6.51°C. However, the hydraulic
characteristics of multi-branches were not further studied. Wang
et al. [15] suggested that the tree-shaped fractal structure is less
affected by flow blockage, and the influence of branches is fur-
ther studied. However, global optimization is still needed. Drawing
on biomimetic fluid mechanics, researchers have designed fractal
micro-channel radiators, such as dish [16], tree [17], Y-type [18],
H-shaped [19], and wing vein type [20], based on naturally opti-
mized transport systems. It is shown that the fractal micro-channel
radiator has better capabilities for heat radiation and even temper-
ature, and effectively reduces the pressure drop. However, due to
the complexity of the fractal structure, its optimization is not ef-
fectively addressed.

In recent years, there has been significant research on fractal
structures. Tang et al. [22] demonstrated that the use of higher-
order fractals at the end of the fractal microchannel can decrease
surface temperature by 4 K. Ji et al. [23] studied and optimized dif-
ferent bifurcation angles and achieved a reduction in pressure drop
of over 50%. Yan et al. [24] optimized the flow distribution of a
double-layered heat sink, which resulted in further improvements
in cooling performance. However, these studies have all focused on
the design and optimization of single-fluid heat transfer structures.
Double-fluid heat transfer systems are widely used in various in-
dustrial processes, making their optimization and design critical.
Thus, urgent attention is required to carry out the optimization
and design of double-fluid bionic fractal heat transfer structures.
The supercritical CO, Brayton cycle, due to its high cycle efficiency
[25], wide range of applications, and great potential, presents a
significant opportunity for the use of micro-channel heat transfer
structures. Its working medium also has better liquidity and small
viscosity [26], leading to significant reductions in power consump-
tion and the achievement of higher cycle efficiency. Therefore, the
optimization and design of supercritical CO, heat transfer struc-
tures hold great significance.

To summarize, we propose a novel double fluid bionic fractal
heat transfer structure that uses supercritical CO, and H,0. We es-
tablish a model for this structure and develop a thermal design
procedure that is suitable for various flow rates, pipe diameters,
and physical properties of the medium. By addressing gaps in pre-
vious research, we conduct a comprehensive analysis of the heat
transfer performance of the supercritical CO, and H,O bionic frac-
tal heat transfer structure by controlling flow rate, structure pa-
rameters, and inlet parameters. Finally, we perform multi-objective
optimizations to obtain the optimal configuration of the bionic
fractal heat transfer structure in terms of both thermal and hy-
draulic performance.

2. Methodology

The LMTD method and the NTU method are commonly used
for thermal design of heat exchange structures. Jolly et al. [27] de-
signed a calculation program for micro-element to obtain heat
transfer and pressure drop of tubular heat exchangers. Lian et al.
[28] adopted the segmental LMTD method for the precooler of a
straight channel, and Saeed et al. [29] compared the results of seg-
mental thermal design with numerical simulation to verify the re-
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Fig. 1. Fractal flow channel in nature [21].

Cold fluid inlet

[“Iot fluid outlet

Fig. 2. Model of fractal heat transfer structure.

liability of thermal design methods. However, the NTU method and
the LMTD method cannot be directly applied to the thermal design
of bionic fractal heat transfer structures. On the one hand, physi-
cal properties of the medium, such as supercritical CO, and hy-
drocarbon fuel, vary sharply with temperature and pressure, while
mass flow changes with fractal level in bionic fractal heat trans-
fer structures. On the other hand, conventional design of heat ex-
changer structures is mostly limited by parameters of inlet and
outlet, heat and pressure drop. In complex fractal structures, only
the inlet parameters of working medium are taken as constraints,
so the time cost of LMTD calculation is too high. To accurately
describe heat and power consumption and reduce the time cost
of calculation, a design method of wall temperature iteration suit-
able for complex heat transfer structures is adopted. This method
divides the flow channel into 50 segments and, compared to the
LMTD method, accelerates the calculation time by 10 times while
the design space coverage does not have excessive limitations. Un-
der different design scales, appropriate heat transfer relationships
are selected based on different heat transfer scales.

2.1. Model of fractal heat transfer structure

The fractal heat transfer structure consists of cold and hot fluid
channels, as shown in Figs. 2 and 3. To simplify the computational
model, we assume that the bifurcation channel is uniform at each
branch and that local resistance is only related to the number of
branches. The channel layout on the left side is symmetrical to that
on the right side.

Each microtubule is treated as a computational unit, and heat
and power consumption of each section were calculated piecewise
to obtain the heat and power consumption of the heat transfer
structure. The basic assumptions used in the calculation of each
segment are as follows.

(1) The mass flow rate and specific heat capacity of cold and hot
fluids in microtubes remain constant over the entire heat trans-
fer surface.

(2) The heat transfer coefficient of the microtube is uniform over
the entire heat transfer surface.

(3) The heat transfer structure does not experience heat loss.

(4) Thermal conduction along the axial direction of the pipe in the
heat transfer process can be neglected.

The structural parameters of a heat transfer structure have a
significant impact on its heat transfer performance. Therefore, ap-
propriate optimization methods are required to obtain the optimal
structural parameters. One such method is the Genetic Algorithm
(GA), which is a global stochastic optimization algorithm based on
natural selection and genetic mechanisms [30].

During the optimization calculation process, a random popu-
lation is initially generated and potential solutions are coded as
chromosomes. The fitness of each individual is then calculated,
which represents the objective evaluation of the solution. Individu-
als with higher fitness have a higher probability of being saved for
the next generation. To maintain diversity within the population,
new chromosomes are generated by crossover between each chro-
mosome. Additionally, chromosomes in the population are mutated
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Fig. 3. Pipe heat transfer and flow diagram.

with a certain probability. These genetic operations, including se-
lection, crossover, and mutation, are repeated until the population
evolves in the direction of producing a better next generation. This
process continues until the optimal solution that meets the design
requirements is obtained.

To address the optimization and design challenges of
biomimetic fractal structure, a program for heat exchange structure
optimization and design is established, as illustrated in Fig. 4. The
program consists of three main parts. The first part is the main
program of the genetic algorithm, which employs the elite strategy
to increase the probability of selecting the fittest solutions for the
next generation. The second part is Program A, which integrates
the calculation results of the bionic fractal model into the heat
transfer performance target for genetic operations. Finally, the
third part comprises Programs B and C for heat transfer structure,
which utilize the central wall temperature method.

Detailed steps for the third part are given below.

Step 1: Input the structural parameters of the fractal struc-
ture, including the pressure and temperature of the inlet, the
mass flow rates of the cold and hot fluids at the inlet, and
select the length of the micro-pipe segments and the total
number of segments j.

Step 2: Make an initial guess for the central wall temperature
of each microtubule, T, ;.

Step 3: Make an initial guess for the average pressure and tem-
perature at the first section of the hot fluid. Calculate the
heat transfer, pressure drop, temperature drop, and temper-
ature and pressure at the outlet of the first section using
Egs. (1) and (2). In the calculation of this stage, the fluid
temperature drop and pressure drop of the micro-element
segment are iteratively revised until the given residual error
is met.

Step 4: From left to right, take the outlet parameters of section
i as the inlet parameters of section i+1 in turn. Calculate the
heat transfer parameters of each segment iteratively. Repeat
this process for the side of the cold fluid.

Step 5: Compare whether the heat transfer of the cold and hot
fluids in each micro-element segment meets the require-
ments. If not, adjust the wall temperature of each segment
to obtain a new set of wall temperatures, and repeat step 2
until the requirements are met.

2.2. Basic equations of thermal design

The heat balance equation of each section is as follows.

Q =1ty - ¢y - (), — 1) =rhc - cc - (¢ —t)

(1)

The heat transfer equation of logarithmic temperature differ-
ence is given by following relations.

ATy
Q== )
The logarithmic mean temperature difference is as follows.
ATy = |t — ty| (3)
AT = [t~ tu| (4)
ATy — AT
ATy, = % (5)
In(57)

The thermal resistance of hot and cold side can be calculated
by following relations.
1 1 1)
-—= — 4 —
R h-A 2 Aw-Aw

The convective heat transfer coefficient on hot and cold side of
each segment is defined by following relations.

h— Nul- )\.f (7)

(6)

The Nusselt number of each segment is determined by empir-
ical heat transfer correlation. Considering entrance effect section,
when flow is laminar, Nusselt number adopts the Sieder-Tate cor-
relation.

1

3
Nu=186.(Re.Pr-3y . (L
l Hw
When flow is turbulent, Gnielinski formula is used expression

of Nusselt number.

(8)

_ . 2/3 0.01
Ny — _(f/8)(Re —1000) - Pr 14 <<11> (11:%) )
1+12.7,/(§)-(Pr3 —1) v
f = (1.82IgRe — 1.64) > (10)
The Reynolds number is defined as follows.
Re = p'T”'l (1)

The total resistance of pipe can be calculated by following rela-
tions.

Footal = Kinear + Fpart (12)
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Fig. 4. Thermal design methods of heat transfer structure.
The resistance along path can be calculated by following rela- When the flow is laminar, drag coefficient along path is calcu-
tions. lated by following relations.
l-u? 64
Flinear:é‘z.d.g (13) {= Re (15)
When flow is turbulent, resistance factor proposed by Petukhov The calculation of local resistance is as follows.
[31] is adopted to calculate resistance coefficient along path. u?
Fat =¢ fg (16)
¢ = (0.79 - In(Re — 1.64)) 2 (14)

The bifurcated model is shown in Fig 5.
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Fig. 5. Bifurcated model.

Table 1
Coefficient of local drag.

Number of branches Coefficient of local drag

2 1.12
3 2.37
4 3.49

The local resistance coefficient is a function of the structure,
number of bifurcations, bifurcation angle, and hydraulic diameter.
Typically, an increase in the number of branches results in an in-
crease in the coefficient, but the growth rate may vary. Although
this variability may impact the specific value of the coefficient, it
will not alter the overall trend. Experimental and numerical sim-
ulation methods can provide accurate and reliable values for lo-
cal resistance coefficients. In engineering calculations, the local re-
sistance coefficients in the Practical Fluids Manual [32] are fre-
quently employed and possess a certain degree of reliability. The
model employed in this study comprises uniform and symmetri-
cal branches with uniform traffic distribution. As per the Practical
Fluids Manual, the value of the local resistance coefficient corre-
sponding to the number of branches can be obtained under the
same flow area for each branch. For applications that require cal-
culation accuracy, it is recommended to use the local resistance
coefficient value in the calculation background. The values of the
local resistance coefficient are shown in Table 1.

The total power consumption of heat transfer structure is cal-
culated by

W = py - &1y - By toral + Oc - & Me - F: oral (17)

The Nusselt number, factor of resistance, Stanton number, and
pressure drop are commonly used indicators to indirectly reflect
the heat transfer performance of a structure, as described by He
et al. [33]. However, in order to evaluate accurately the perfor-
mance of the heat transfer structure, its heat transfer and power
consumption are directly measured and analyzed.

(%) - (%)min (%) - (%)min
(%)max - (%)min (% max (%)min
(18)

Q- Q)
= ) = Q) P

+y

The performance index of the heat transfer structure is repre-
sented by E, which is obtained by normalizing and weighting the
efficiency, heat transfer, and power consumption of the structure.
The weights assigned to each component are denoted by «, 8, and
y, each of which is taken as 1/3 to reflect the equal importance of
each target.

3. Results and discussion

The present study firstly analyzes the influence of parameters
and flow direction on the heat transfer performance of fractal heat
transfer structures. To optimize the length ratio, diameter ratio,
and number of branches at all levels of the heat transfer struc-

ture simultaneously, a genetic algorithm is employed, representing
a significant advancement in related research fields.

3.1. Validation of mathematical model

Research on counter-current fractal heat exchangers is lacking,
and to ensure the accuracy of the mathematical model, the heat
transfer parameters of a counter-current straight channel [27] were
used for verification. Table 3 summarizes the comparison of re-
sults between the literature and the mathematical model, indicat-
ing that the maximum error did not exceed 6%. The investigation
of heat transfer characteristics of two-fluid fractal structures and
the optimization methods for improving their performance are cur-
rently the main research directions. Therefore, the acceptable level
of error is reasonable.

3.2. Comparison of heat transfer performance between co-current
and counter-current

In the process of analysis, the fixed parameters including flow
direction, length ratio at all levels, diameter ratio at all levels,
number of branches at all levels, temperature and pressure of flu-
ids at inlet, and other calculation parameters are given. Values of
fixed parameter as shown in Tables 4 and 5. The specific length, di-
ameter, and branch number of numerical references Murray’s law
and its derivation [34].

As depicted in Fig. 6(a), the temperature profile of supercritical
CO, in co-current pattern differs from that of the counter-current
pattern. Specifically, the temperature of the former is lower in the
first half and higher in the latter half compared to the latter. This
behavior can be attributed to the large temperature difference be-
tween the inlet hot and cold fluids in the co-current pattern, lead-
ing to a more efficient cooling effect of supercritical CO,. However,
in the last half part of the co-current pattern, the temperature dif-
ference between the hot and cold fluids is smaller, resulting in a
lower temperature of supercritical CO, than that of the counter-
current pattern. As shown in Fig. 6(b) and (c), the wall tempera-
ture of the fractal counter-current model fluctuates near the aver-
age temperature of the hot and cold fluids along the flow direction.
Additionally, the wall temperature decreases continuously with de-
creasing temperature of the hot fluid. Notably, the wall tempera-
ture is higher in the high temperature section, which necessitates
higher material requirements for the heat transfer structure. It is
also worth mentioning that the wall temperature of the fractal
heat transfer structure exhibits sharp changes at bifurcations. Since
the absolute temperature of supercritical CO, is less than 374 K,
the manufacturing process does not pose significant challenges.

In the counter-current pattern, the entrance effect of H,O in
the initial segment of the next level is relatively weak. As a result,
the thermal resistance of the H,O side in this segment is higher
than that of the last segment of the level above it. This leads to a
higher temperature difference between the H,0 and wall surface
compared to the last segment of the level above. Furthermore, the
temperature of the wall exhibits a slightly upward trend in this
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Fig. 6. Temperature distribution along flow direction in heat transfer structure.

scenario. On the other hand, in the co-current pattern, the impact
of the entrance effect on turbulence is less pronounced than that
on laminar flow when the inlet length is the same. Consequently,
the thermal resistance of supercritical CO, in turbulent flow be-
comes larger, leading to an increased temperature difference be-
tween the supercritical CO, and wall. In this case, the wall tem-
perature exhibits a slightly downward trend.

As shown in Figs. 7 and 8, the loss of local resistance caused by
bifurcation leads to a substantial increase in pressure drop along
the flow path. At the beginning of a branch, the mass flow and
velocity of each tube decrease significantly due to the split-flow of
the branch. In this context, it is important to note that the pressure
drop primarily depends on the velocity of the fluid. Therefore, the
pressure drop of the initial segment of the next level branch of su-
percritical CO, is significantly lower than that of the last segment
of the level above it

As shown in Fig. 9, the velocity of cold and hot fluids decreases
significantly at the same level, primarily as a function of the fluid’s
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Fig. 8. The distribution of unit pressure drop along flow in co-current pattern.

density. The density of H,O is minimally impacted by changes in
temperature and pressure, resulting in minimal variation in ve-
locity at the same level. In contrast, the density of supercritical
CO, is strongly influenced by changes in temperature and pressure.
Specifically, as the temperature of supercritical CO, decreases and
pressure increases, its density increases accordingly. The velocity of
supercritical CO, at the same level is positively correlated with the
direction of density change.

As shown in Figs. 10 and 11, as the inlet mass flow rate in-
creases, the fluid velocity increases continuously. The quantity of
heat transferred and the power consumption are positively cor-
related with the fluid velocity, resulting in an overall increasing
trend. It is important to note that the heat transfer efficiency in
counter-current mode is consistently superior to that of co-current
mode. Furthermore, the power consumption of the counter-current
mode is typically slightly greater than that of the co-current mode.

As depicted in Fig. 12(a), in the next branch, the heat transfer
area is the primary factor that determines the thermal resistance.
The total thermal resistance suddenly decreases as the heat trans-
fer area increases significantly. Conversely, in the next confluence,
the heat transfer area is greatly reduced, and the total thermal re-
sistance suddenly increases. In counter-current flow, the thermal
resistance of supercritical CO, mainly depends on the entrance ef-
fect and fluid thermal conductivity. The entrance effect decreases
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Fig. 10. The heat transfer of fractal structure varies with inlet mass flow rate.

along the path, and the thermal conductivity of supercritical CO,
increases as the temperature along the path decreases. In the ini-
tial stage of each level, the weakening of the entrance effect plays
an important role, and the thermal resistance of the supercriti-
cal CO, side increases along the path. After the middle section of
each level, the increase of thermal conductivity of supercritical CO,
plays a major role, and the thermal resistance of the supercritical
CO, side decreases along the path. Under the joint influence of the
entrance effect and fluid thermal conductivity, the thermal resis-
tance of supercritical CO, first increases and then decreases. On
the contrary, the flow direction of counter-current H,O is opposite
to that of supercritical CO,, and the influence of the entrance ef-
fect is inversely proportional to that of the supercritical CO, side.
Therefore, under the joint action of the entrance effect and fluid
thermal conductivity, the thermal resistance along the direction of
the supercritical CO, flow shows a decreasing trend, and the de-
creasing rate is consecutively increasing. The total thermal resis-
tance in counter-current flow is composed of the thermal resis-
tance of the supercritical CO, side and H,O side. Therefore, the to-
tal thermal resistance in the counter-current flow mode shows an
increasing trend first and then a decreasing trend. When the flow
is co-current, the thermal resistance of supercritical CO, first in-
creases and then decreases. Under the joint action of the entrance
effect and fluid thermal conductivity, the thermal resistance of H,O
will continuously increase along the path. Under the influence of
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Fig. 12. Variation of heat transfer index along fractal heat transfer structure path.

the thermal resistance of hot and cold fluids, the total thermal re-
sistance will continuously increase.

As shown in Fig. 12(b), the co-current fractal heat transfer
structure achieves a larger heat transfer temperature difference in
the initial quarter section, but the mean heat transfer temperature
difference fluctuates greatly along the path. The mean heat transfer
temperature difference in the last half section is too low, whereas
the mean heat transfer temperature difference of the counter-
current structure shows a stable trend. The calculation found that
the quantity of heat in the counter-current mode is 24.4% higher
than that in the co-current mode. The mean temperature differ-
ence of the counter-current fractal heat transfer structure is 24%
higher than that in the co-current fractal heat transfer structure.
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Table 2
Parameters of the counter-current straight channel [27].
Medium Parameter Unit Value
Hot fluid Supercritical Mass flow kg-s1 0.2 x 1073
CO, Temperature of °C 76.2, 34.4
Inlet and outlet
Pressure drop of bar 82.17, 79.87
Inlet and outlet
Cold fluid H,0 Mass flow kg.s~! 03 x 1073
Temperature of °C 25, 50
Inlet and outlet
Pressure drop bar TBD
Quantity of heat W 37.87
Hydraulic m 0.0015
Diameter
Length m 0.96

Thus, the mean temperature difference of the counter-current heat
transfer structure is the main factor impacting the quantity of heat.

3.3. Influence of fractal heat transfer structure parameters on heat
transfer performance

In the process of analyzing the influence of fractal heat transfer
structure parameters on heat transfer performance, the values of
fixed parameters are shown in Tables 2 and 3. By controlling vari-
ation of each structural parameter within a reasonable range, the
influence law of each parameter on the performance of fractal heat
transfer structure can be obtained.

As depicted in Fig. 13(a), the impact of the number of branches
on the performance of the fractal heat transfer structure can be
observed. When the number of branches changes, the total heat
transfer is composed of the heat transfer of each branch pipe
and the number of branch pipes. The total heat transfer is pos-
itively correlated with both factors. However, as the number of
branches increases, the branch pipes also increase significantly.
Consequently, the heat transfer of each branch pipe decreases due
to the decreased flow of each branch. Under the joint influence of
the number of branch pipes and heat transfer of each branch pipe,
the total quantity of heat increases initially and then decreases.

As illustrated in Fig. 13(b), with an increase in the number of
level 2 branches, power consumption initially decreases and then
increases. The power consumption of the fractal structure is af-
fected by two main factors: frictional resistance and local resis-
tance. As the number of branches increases, the frictional resis-
tance reduces due to the decrease of mass flow rate, while the
value of local resistance coefficient increases. Under the joint ac-
tion of the local resistance and frictional resistance along the path,
there will be an optimal number of branches in each level to min-
imize power consumption.

From Fig. 13(c), it can be observed that the influence trend of
the change in the number of level 3 branches on power consump-
tion and heat transfer performance is similar to that of changes
in the number of level 2 branches and level 1 branches. However,
under the joint influence of the number of branch pipes and heat
transfer of each branch pipe, the total heat transfer decreases ini-
tially and then increases. In summary, there is an optimal num-
ber of branches in each level that can maximize the index of heat
transfer performance and minimize power consumption of the en-
tire heat transfer structure.

Fig. 14(a) illustrates that with an increase in the length ratio of
level 1, the quantity of heat and power consumption show an in-
creasing trend due to the increase in frictional resistance along the
path and heat transfer area. Under the joint action of heat transfer
and power consumption, the index of heat transfer performance
exhibits a trend of first increasing and then decreasing. It is worth
noting that when the length of the pipe increases continuously, the
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number.

entrance effect of the fluid decreases continuously, resulting in a
decrease in the rate of increase of heat transfer.

As shown in Fig. 14(b) and 14(c), the influence trend of varia-
tional level 2 length ratio and level 3 length ratio on power con-
sumption and index of heat transfer performance is similar to the
influence trend of variational level 1 length ratio.

It can be observed from Fig. 15(a) that the quantity of heat
first increases and then decreases as the level 1 diameter ratio
increases. When the diameter ratio changes, the quantity of heat
depends on both the heat transfer area and the mass flow rate,
with the magnitude of heat transfer being positively correlated
with both of them. As the level 1 diameter ratio increases, the heat
transfer area increases, and the mass flow rate decreases. When
the diameter ratio is small, heat transfer is greatly affected by
the heat transfer area. However, as the diameter ratio increases,
the influence of flow velocity on heat transfer gradually becomes
dominant, resulting in the maximum value of heat transfer. The
power consumption decreases with the level 1 diameter ratio in-
crease, but the increase in trend is gradual. When the diameter ra-
tio changes, the flow velocity becomes the dominant factor in de-
termining the power consumption of the fractal structure. The flow
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Table 3
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Comparison of results between literature and mathematical model.

Quantity of heat (W)

Pressure drop (kPa)  Temperature of outlet (°C)

Literature results 37.87 3.7 34.4

Mathematical modeling results  35.77 3.63 36.62

Residual error 5.5% 1.8% 6.0%
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Fig. 14. Variation of heat transfer performance of fractal heat transfer structure
with length ratio.

velocity decreases as the pipe diameter ratio increases, and the de-
crease rate of flow velocity also decreases. As shown in Fig. 15(b)
and 15(c), the influence of the variational level 2 diameter ratio
and level 3 diameter ratio on the quantity of heat, power con-
sumption, and performance index is similar to the influence trend
of the variational level 1 length ratio.

3.4. Optimization of fractal heat transfer structure parameters

The heat transfer performance of the fractal structure has been
analyzed, and it has been concluded that varying the length, di-
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Fig. 15. Variation of heat transfer performance of fractal heat transfer structure
with diameter ratio.

ameter, and number of branches at each level has a distinct in-
fluence on the heat transfer, power consumption, and heat trans-
fer performance index of the structure, under the condition that
other parameters are held constant. It is widely recognized that a
heat transfer structure should aim to achieve low power consump-
tion and high heat transfer efficiency. Consequently, in this study,
the pipe length, pipe diameter ratio, and branch number at each
level were taken as optimization variables, and multi-objective op-
timization was carried out on the heat transfer structure to achieve
enhanced heat transfer performance. The design parameters and
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Table 4
Fixed fluid parameters of fractal heat transfer structure [27].
Medium Parameter Unit Value
Hot fluid Supercritical Mass flow kg-s1 0.5 x 1073
CO, Temperature of °C 100
inlet
Pressure of MPa 9.1
inlet
Cold fluid H,0 Mass flow kg.s~1 0.5 x 1073
Temperature of °C 20
inlet
Pressure of MPa 0.1
inlet
Table 5
Fixed parameters of fractal heat transfer structure [27,34].
Parameter Unit Value
Length of level 1 m 0.1
Diameter of level 1 m 0.001
Number of branches at all levels / 2
Levels / 4
Length ratio of all levels / 0.707
Diameter ratio of all levels / 0.793
Table 5
Parameters of fractal heat transfer structure.
Parameter Unit Value
Length of level 1 m 0.1
Diameter of level 1 m 0.001
Levels / 4
Number of branches at all levels / 2-4
Length ratio of all levels / 0-1
Diameter ratio of all levels / 0-1
Table 6
Optimized parameters of structure of fractal heat structure.
Parameter Unit Value
Length of level 1 m 0.1
Diameter of level 1 m 0.001
Levels / 4
Number of branches at all levels / 2,33
Length ratio of all levels / 0.93,0.67,0.48
Diameter ratio of all levels / 0.98,0.97,0.63

Table 7
Comparison of heat transfer performance structure between before and after opti-
mization.

Quantity of Power Index of heat transfer
heat (W) consumption (W) performance

Before 89.90 0.0023 0.79

optimization

After optimization 92.10 0.0020 0.92

Optimization rate  2.4% 15% 17%

optimization parameters of the heat transfer structure are pre-
sented in Table 4, and the parameters after optimization are shown
in Table 5.

Table 7 summarizes the comparison of every heat transfer per-
formance between before and after optimization. It can be found
evidently that power consumption of the optimized heat trans-
fer structure has reduced by 15%. The heat transfer has increased
by 2.4%. The index of heat transfer performance has improved
by 17%. The comprehensive performance of optimized heat trans-
fer structure is significantly better than that before optimization
(Tables 6,5).

1
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4. Conclusions

Based on the principles of biomimicry, this study proposes an
optimization method for a two-fluid fractal heat transfer structure.
The fluids are supercritical CO, and H,0, The main conclusions of
this investigation are as follows.

(1) Under the same design parameters, the power consumption and
heat transfer rate of the counter-current fractal heat transfer
structure are always better than those of the co-current fractal
heat transfer structure.

Heat transfer rate increases with the number of branches when
other structural parameters are constant. Power consumption
decreases at first and then increases as the number of branches
increases. The heat transfer performance index initially in-
creases and then decreases, reaching an optimal value with
an increase in the number of branches. Power consumption
and heat transfer rate increase continuously with an increase
in pipe length. Heat transfer performance index increases ini-
tially and then decreases, reaching an optimal value with an
increase in pipe length. Power consumption and heat transfer
rate decrease continuously with an increase in pipe diameter.
Heat transfer performance index increases initially and then de-
creases, reaching an optimal value with an increase in pipe di-
ameter.

The results show that power consumption has decreased by
15%, heat transfer has increased by 2.4%, and the heat trans-
fer performance index has improved by 17%. The comprehen-
sive performance of the fractal heat transfer structure is signif-
icantly better than that before optimization.
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