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ABSTRACT

Conventional cooling channels inside-aroled turbine blades were mainly constructed by regular geometric features
suchas pinfins, ribs or dimples. The heat transfer potential of such features were already well exploited by the literature
in the past few decades, and the cooling performance of turbine blades has reached a bottle neck. Instead of manually
crafting regulageometry shapes and making combinations, a novel concept arising in recent years advocated to generate
complicated geometries by rules, which was named generative design. This study proposed a geometry generation method
based on bionic rules and partidferential equations. The concept was inspired by theamgHnization phenomenon of
natural objects. Heat transfer evaluation was conducted on multiple geometries generated in different domains, with
different length scale and with different equatiorrgmaeters. The results indicated a wide range of heat transfer
performance that generatively designed cooling channels could pr@éadmetriesvith low porosity or high connectivity
of the solid tended to have better heat transfer perform&uraplex gemeties weregenerated successfully undee
controlof the initial value of the phase file@his method was expected to produce new possibility for enhancing cooling
performance of turbine blades.

INTRODUCTION

In order to ensure gas turbines to operate at higher temperatures, advanced cooling technologies are needed to reduc
the metal temperature of gas turbine airfoils. Internal convective cooling is a very important cooling method, which
enhances the heat tisfer between the coolant and the metal by arranging turbulence generating features inside cooling
channels of the airfoils. Typical geometry features include ribs with different inclination angles and shajies with
different sizes and arrangemeatsd dimples with different depth and shaffschfeatures cause strong mixing of fluids
in the channels and greatly enhance heat transfer at thesdlligtinterface

In the past decades, scholars have conducted numerous studies on channel intergaHedwi et a[1] analysed
the heat transfer rate of varied geometries of rip turbulators wititérnal cooling channels of gas turbine blades
experimentally.The results showd that the highest heat transfer performance occurs in the shape of-tlegrée
staggered arrow away from tirdet andoutlet Han et a[2] investigatedthe effect of rotation on the heat transfer in the
ribbed channellt was concluded that rotation increased heat transfer at one side of the channel but heat transfer at the
opposite side was reduced. Metzger ¢8hbtudiedthe effect of two differentategorie®f pin fin arraywith circular and
oblong crosssections on the cooling performance of the internal channels of the .blddesesult indicated that both
family of pins can increase heat transfer whilegdhngfamily of pins also increased pressure loss. Sahiti[@f &¢sted
the heat transfer of cooling channels with different pin fins shapespite the highest pressure loss, the cirquilafins
also providd the strongest heat transfer performance

Conventional structural design methods were based on standard geometricebmeBbolean operations, which
could hardly satisfy the demand of generating complex and compact fractal structures due to the extremely high degree of
freedom and the imagination of human brains. Therefore, more flexible and powerful generative desgitscand
methods has been continuously pursued to help design complex heat transfer components within short design iterations.
Generative desigfb,6]is a systematic digital approach that supports the entire forward design process, reducing or
eliminating manual components byodelling design equirements and rules, thus significantly improving design
efficiency. The generative design approach has the potential to design lightweight, compact, and efficient heat transfer
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structures by creating complex geometries that are not easily accesditalditignal design paradigms and unimaginable
to the human mind.

Existing generative design methods mainly included fractal algorithm, bionic algorithm and topology optimization
algorithm. Fractal algorithms were based on the fractal theory of geofiigtrand their basic principles were self
similarity and iterative generation, which made it possible to generate infinitely fine structures. The fractal algarithm tha
was frequently used in engineering design was thgdten|8], which was used by Runions e{%]l to generate a complex
leaf structure. Lohan et fl0]designed a complex trdike fractal structure using-kystem for the thermal conductivity
problem in finite space, which effectively improved the heat transfer performance. Althoughytserh had some ability
to generate complex structures, it was mainly suitable for the structural design of heat conduction problems and did not yet
meet the connectivity requirements necessarily for convective heat transfer problems with the presense of fluid

Bionic algorithms, on the other hand, were based on the observation of natural organisms and phenomena, and design
complex structures by imitating the shapes of organisms with similar functional characteristics in nature. There were many
types of bionidike structures, but the vast majority of them could only be obtained by passive design. Alikéonic
algorithm with real active, generative design capabilities was the reatitiosion systenfl1], whose principle was based
on the interaction and selégulation of two chemicals (activator and inhibitor), which thus forming various forms
independently of the preform and emerging into an infinite number of stesctihe complex structures formed by
reactiondiffusion systems were also called Turing's patt¢ii23. One example of bionic algorithm studies was on the
shark epigrmis. The shield scales covering the shark epidermis have properties such as high strength and low flow
resistance, and Cooper ef{&B] modelledthe growth of theshark shield scale patches based on readiifusion theory
by continuously modifying the diffusion, growth, and decay rates of the two morphogenetic elements. Similarly, Dede et
al [14] used reactiomliffusion theory in the design of a mutiutlet (hundreejuantity) processable microchannel flow
network, which not only satisfied the need for flow resistance regulation, resulting in a uniform flow distributian amon
nearly a hundred outlets, but also improved the design efficiency by nearly an order of magnitude. In addition to the flow
problem, Petrovic et dlL5] also designg a Turinglike patchlike machinable microchannel heat sink structure in the
optimization of electric vehicle powertrain heat sinks, which also significantly improved the design efficiency and
performance.

Topology optimization algorithm mainly referreal the search for the optimal form of material distribution with the
minimum (or maximum) objective function in a specific region to satisfy the given constraints, so as to determine the
number and location of cavities in the structure and their conndotigrs. The essence of topology optimization was to
seek the optimal distribution of materials in the design space, i.e., the process of effective material retention and invalid
material deletion, which has the advantage of giving the optimal topolog atrircture and the general shape of the
boundary. The current matured methods of topology optimization included the density method and the level set method.
The density method was widely used due to its strong topology generation ability, but the deestdite could include
over many complex microstructures, which were usually difficult to process directly and needed tedipusgessing.

The level set method has better flexibility in describing the topology and boundary changes of complexsstamctine

generated structures could be processed directly. However, because level sets were essentially based on the boundary shif
on the basis of the initial structure, the generated structures had strong initial value dependences and relatively few
applications. Alexanderson et §L.6] summarized the research on topology optimization in flow heat transfer problems

and pointed out that its current application waainly in two-dimensional, laminar, and pure flow problems, and its
application in threelimensional, turbulent, and heat transfer problems is currently facing great challenges.

This study introduced a unique bionic algorithm proposeldnghiniet al.[17] to gas turbine airfoilénternalcooling
channels. The algorithm simulated the constructing process of termite nests. In contrast with thedifastansystems,
the termite nest algorithm followed a diffusianti-diffusion rule and maintained both connectivity and smoothness of
structures. The algorithm was implemented in two computational domains to gesevatgen complex structures.
Geometric studies, heat transfer studies and flow filed analysis were conducted on the generatively designed cooling
channels. Unique heat transfaroperties and a wide performance range was exploited in these new structures that went
beyond the imagination of human brains.

METHODOLOGY

Problem Definition

The selected prototype geometries were two cooling channels with different sizes which dogtaieeative
structuresThe thickness of the external solid wall of the cooling chaweeét; = t; = 1 mm andhelengthwerel; = L,
=9 mm. The width of the first geometry w4 = 3 mm along the width directio¥](. H1 = 3 mmwasthe height of the
channel along the Z directiormhe width and height of the second geometry Wére 9 mm andH, = 2 mm.To facilitate
the definition of the flow boundary conditions, the fluid domain is extended by 27 mm at the inlet and outlet. The origin of
the axial syste is located in the middle of thedrection and the starting point of the solid domain is located in the X
direction.The space to locate generative structuresevdefined within the space of,(y;, z)r {[0, L]} [-0.5W, 05W]



I [-0.5H;, 05Hi}, i = 1 or 2. The generative structures were created by a bionic algorithm ibtder®ain on the bottom
surface and extruded through the Z direction to fill the chafie lajout of the cooling channel is illustratedFigure
1
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Figure 1 Geometry Parameters of the Generatively Designed Cooling Channels

Self-Organized Geometry Generation

In this study, a selbrganized growth equation proposedHacchiniet al.[17] was used tgeneratehe inner structure
of each coolinghannel. The algorithm assed the geometry was controlled by a phase filed f, in whic@.5 referred
tosolidwhilefO 0.5 referred to fluid. The geometry could eith
phase filed fO. The equation had a 2nd ordered kapiaerm which had a factor 6{1- f) to control the growth of far
filed regions and introduced ndimearity to the system. The 4th ordered term in Eq. 1 waslapacian term and had a
factor of-1. Mathematically, the 4th ordered diffusion equattonld be decomposed into the convolution of a diffusion
equation and an andiiffusion equation, which meant that the growth was driven by diffusion and constrained-by anti
diffusion. Specially in this study, two control factkr and k; was introduced tehe original equation ofl7], so as to
increase the diversity of the equations. The fakiovas an exponent of f to control the difficulty of growth, which had a
range of [0.012]. A smallk; could promote the growth to a fast speed, which &jpigstrained the growth. The factior
was a constant generation tewith a range of{L 10], which was used to control the ratio between fluid and solid.

— Qp QYQ YQ 0 (1)

As the growth equation was a time dependent system (i.e. the final solution was dependent on the initial status of f), a
rand phase filed fO was specified for each geometry. This mechanism also increased the diversity of géwmnétges
algorithm could obtain. The-R computation domain for Eq.1 was a rectangle/i)r {[0, Li]q -0.5W, 05W]}. The value
of f at the left and right boundaries along ¥direction was forced to the 1, while tiéoundaries had a constant fibf
Eq. 2illustrates the boundary conditions of the geometry generation pradesslgorithm was coded with anfiouse
form in this study. The computational doxrliemmwledmest r uc
steptocalcuae t he g e b=rBO0Sr Fpr each clcutption, a geometry could be obtained through 5,000 explicit
iterations, which took less th&seconds.
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Figure2 andFigure3 shows the geometries generated by the Bionic diffuaitthdiffusion system (Ed.). Porosity
of each geometry was calculated and listed@able1 andTable2. It was observed that the algorithm mainly generated
curved strips and isolated fins. The minimum curvature radius was a@dimn, which presented at the tip of each strip
or at the location of pins. Although the pattern was affected by the initial fsalmere significant influence on topology
was caused by the factlrandk.. With a smalk; andk;, the geometry had morermaection for the solid domain than the
fluid domain, which resulted in long and continuous strips and braches. Withk:ahitk., the connection inside the fluid
domain increasedrorthe second category of cooling channstsps started to break durinthe iterations and pins started
to appear at; =0.5andk; =1. Beyond the range &f > 0.5andk; > 3, the algorithm only generated pins for the solid, and
the geometry degenerated into a regulasfppirthannel. 1fk; andk: increased further, the number of pins decreased rapidly
and thepin-fin arraybecamecoarse
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Figure 2 Generatively Designed Cooling Channels Category 1 (W =3 mm)
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Figure 3 Generatively Designed Cooling Channels Category 2 (W =9 mm)

Table 1 Porosities of Cooling Channels Category 1 (W =3 mm)

CaseNumber k1 ko Porosity Internal Aredim?|
01 0.05 0.5 81.4%% 1.40E04
02 0.05 -0.5 75.026 1.45E04
03 0.05 -1 70.68% 1.50E04
04 0.05 0 76.9%% 1.40E04
05 0.5 0 70.08% 1.50E04
06 1 0 67.78% 1.55E04




07 1 1 69.68/% 1.52E04

08 0.5 0.5 74.0%% 1.46E04

09 0.05 -0.05 77.6®% 1.44E04

10 0.05 0.05 77.6%6 1.40E04

11 0.05 1 83.2%% 1.28E04

12 0.5 -0.5 67.5006 1.52E04
Table 2 Porosities of Cooling Channels Category 2 (W =9 mm)

CaseNumber ki ko Porosity Internal Aredim?]
13 2 7 89.10% 2.99E04
14 0.5 3 82.58/% 3.29E04
15 0.5 1 69.64/%6 3.72E04
16 0.5 0.5 66.32% 3.75E04
17 1 1 64.2%% 3.76E04

Simulation Setups

The CFX solver of ANSYS workbenakias dilized to solve theRANS modek to simulate the flow and temperature
fields insidethe cooling channel in the computational domain shown in Figureeturbulence model weSST k¥ mo d e |
and he turbulence Prandtl number wasate®.9.

A conjugate heat transfer modehs developed in which the coolant flowed through the interior of the solid and
removed the heat borne by the outer surface o$dofid. The boundary conddins were shown in Figure 4. For the fluid
domain, the coolant at temperature= 500 K flows from the inlet at a constant mass flow rate of 0.007 kg/s with a
turbulence intensity of 5%. The coolant is real gas air, whose viscosity and thermal condodtwid Sutherland's law,
while the heat capacity was linearly interpolated as a function of temperature. The outlet is a pressure boundary condition
with a averged back pressure df<1L0® Pa In the solid domain, the top and bottom surfa¢tbe twowall surfaces
perpendicular to the-directior) experiencd convective heat transfer loads fgf= 3000 W/ndK and Ty = 1100 K The
solid thermal conductivityvasreferenced to Inconel alloy and linearly interpolated (taken as 10.8K\&B00 K and
18.3 Wn?K at 1100 K) The walls of the fluid domain perpendicular to theifectionwere adiabatic nosslip walls. The
boundaies of the solid domain perpendicular to the X directieereadiabatic wak. The couptdinterface between the
fluid domain and thesolid domainwere nonslip walls. The boundaes of the fluid domain and the solid domain
perpendicular to the Mdirectionwere both periodic.

Eq. 2defined somenondimensioml parameterghat characterizéthe temperature and pressure informatiohe
Reynolds number of the twoategorie®f channels were 8:404 and 45x10“ respectively
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Information about the mesherealso contained ifrigure4. The mestwasmainly consisted ofetrahedral elements
and prism elements, formingflation layers at all locations where thesere flow boundary layers in the fluid and solid
domains, with 21 layers in the fluid domain and 1 layer in the solid domairy*Widch defined in Eq3 wasless than 4.
The first geometryvasselected for the mesh independence check. The results were compared for temperature and pressure
dropfor elements 0.026, 0.6@,97,1.67, and 3.01 million, and it was found that the properigddpendence was achieved
at 1.67 million elements
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Figure 4 Overview of Mesh, Local Views of Mesh and Boundary Conditions

RESULTS AND DISCUSSION

With the geometry generation and CFD simulation process described algbtexn cooling channels were evaluated
for heat transfer, pressure drop and flow field, which induced twelvedirsgorychannelsfive secondtategorychannels
and ondraditional pin finchannel Figure- showthe CFDpredicted average Nusselt numberthe bottom surfacethe
overdl cooling effectivenes on the external surfacele pressuralistributionat the plane of = 0, andthe streamlinest
the plane oz = 0.

Heat Transfer Analysis of Cooling Channel Category 1

For the firstcategoryof cooling channel€Case03, 05, 06,09 and 12showedhigher heat transfer rate thathercases
as indicated b¥rigure. A common phenomenon of heat transfer for all cases was that the leading edge of each pin or strip
showed high heat transfer. This was due to the flow impinged to the surfaces and the stélgaiatigenerated the
boundary layers and created she@ase3 benefitted from such an effect almost for all strips/pirigat explained why it
had the highestveraged Nusselt number among the geomettiase 06 showed two branching flowhigure where
the heat transfer was also substantially enharfdédtructures shoedstrong heat transfer area inhomogeneity compared
to thetraditionalpin fin structure

Among these geometries, Cageadd 0 had high pressure drop, while C&&had asimilar pressure drop with Case
09. The streamlines iRigure indicated that large part of théluid inside the channelfowed through the gapsn the
two lateral sidegor all category Ichannels, while the flow speed in the generative desigggidns were lowThis was
not an expected effect and should be improved in future studies by generating structures that were attached to the lateral
walls. For Case 06, fastflow region was observed on the right side of the flow direcfitr bottle eck areas for each
cooling channel were the dominating reasons that determined the féad distribution. Completely discrete giim
arrays generally had low pressure drop due to the larger opening area. The pressure drop for channelsositin lous
strips Case 12 was also low as compared with channels which had blocksgeendicular to the flow direction (e.g.
Case 06 and 07Among the structure§asell hal the lowest pressure drop due to its smalifpirsize and the presence
of several short strips in the downstream that regulated the¥lost structuretadlower pressurdropthanthe traditional
pin fin structure, probably because thedhigher flow velocities in some areas

The overall cooling effectiveness is displayed-igure for all cases. Among the geometries, Case 06 showed the
highest cooling effectiveness. Although it did not have the highest averaged Nusselt numbenatssintiice was larger



than most cases. However, such large internal area was at the cost of flow branching and recirculation, which induced
extremely high pressure drophe cooling effectiveness of the traditional pin fin structuesin the middle class of all
structures

A summary of the heat transfer and pressure drop properties on the cooling channels is proFidecebyl he
horizontal axigepresented the productionigéisselt number and internal surface afé@se 01 could serve as a reference
point which had regular pifin arrays. Anongthe complicated geometries, both bad performance geometries and good
performance geometries were ohtad.Representative cases included Case 07 which reduced the heat exchanging amount
substantially but brought in over much pressure drop, and@3ased Case 08hich enhanced the heat transfer at the cost
of a slightly increased pressure drop. This destraited the importance of organizingolantflow. As the simulated
geometries were randomly selected from the-eajfinized algorithm, the performance of the geometries were also
random. Therefore, for future studies, the hyper paramietgts and thenitial value fO should necessarily be optimized
to generate high performance geometries.
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Figure 5 Nusselt Number Distribution on the Bottom Surfaces of Cooling Channel Category 1
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Figure 6 Pressure Distribution on the Middle Plane of Cooling Channel Category 1
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Figure 7 Surface Streamlines on the Middle Plane of Cooling Channel Category 1
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Figure 8 Overall Cooling Effectiveness on the External Surfaces of Cooling Channel Category 1
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Figure 9 Product of Nusselt Number and Internal Surface Area and Friction Factor of Cooling Channel
Category 1

Heat Transfer Analysis of Cooling Channel Category 2

The second category of cooling channbbsd a three times wider channel width that the first category. The channel
height was also reduced from 3 mm2aanm. This section of studies aimed to reveal howagjanized geometries
performance inside high aspect ratio channels.



The data obtained from this batch of cooling channels were more regiiatedCase 13 to 17, the geometries varied
from small pinrfin arrays to bigger pHiin arrays, to a mixture of pins and short strips, then to long strips with braches.
with such a geometry variation, the heat transfer intensity on the bottom surface increased globally as indficates by
The enhancement was due to the change of flow sphednin Figure. Due to the increase of s connection, local
flow speed increased at several location of the cooling channel for Case 15 and 16. The impingement effect became stronger
and more mixing of flow was induced. However, the heat transfer intensity stopped increasing from Casesd@.7 Ca
The might be due to the frequent presence of perpendicular strips il T&ech blockage also increased the pressure
drop of Case 17As compared with the result of the square cooling channels (category 1), the flow and heatwenesfer
more uniform. The impact of the lateral gaps was less impoftartoverall cooling effectiveness is displayedrigure
for all cases. Among the geometries, CE&showed thénighest cooling effectivenesBhis was consistent with the trends
of Nusselt number variations.

A summary of the heat transfer and pressure drop properties on the cooling channels is provigacebyrom
Casel3 to 16, the friction factor increased faster than the incredsmabtransfer amount. Although the geometry of Case
17 had the highest blockage and the largest internal surface areandt didow a better heat transfer performance than
Case 15, which was caused by thiearmoniousetween the main flow direction and the directions of the strip patterns.
As such, it is essential to find a way to control or optimize the layouts and orientation of geometric patterns generated by
the proposealgorithm
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Figure 10 Nusselt Number Distribution on the Bottom Surfaces of Cooling Channel Category 2

Figure 11 Pressure Distribution on the Middle Plane of Cooling Channel Category 2












