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ABSTRACT

This paper proposes a new periodic cellular material (PCM) by integrating the X -l attice into a rectangul ar
honeycomb. Convective heat transfer in this new PCM is explored. For a given Reynolds number, the overall
Nusselt number of the new PCM is up to 360% and 55% higher than the parent honeycomb and X - attice
sandwich panel, respectively. The introduction of the honeycomb walls to the X -lattice sandwich panel
enlarges or induces new separation vortices near the four corners of each rectangular passage, which weakens
the tangential flow perpendicular to the mainstream; the no-slip honeycomb walls and the modification of the
separation vortices change the counter-rotating vortex pair behind the ligaments, significanty reduce the bulk
turbulent kinetic energy magnitude and limit the convective transport of the high turbulent kinetic energy to
the endwalls, due to severe dissipation of the energy by the viscous sub-layer. Corresponding to the flow
pattern variations, local heat transfer on the endwall and the X -lattice ligaments is deteriorated. However, the
X -lattice induced spiral flow and secondary flows enhance the heat transfer on the honeycomb walls by
approximately 230%. For a given pumping power, the new PCM exhibits up to 42% higher heatremoval than

the parent X - atti ce sandwi ch.
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NOMENCLATURE

b, b, thewidths of theintersection point of two ligaments as shownin Fig. 3(b) (m)

G the specific heat of ar (J(kgK))

G dimens onl ess pressure coefficient asdefined in Eq. (9)

fy dimend onless friction factor based on thel atti ce core height as defined in Eg. (6)

h the overdl heat transfer coefficient corresponding to the /" unit cdl as defined in Eq. (4) (W/(m%K))
H; the height of the periodic cdlular cores (m)

i the serid number of the X-lattice unit cdls

ke specific turbulent kinetic energy (J/kg)

k, ks thethermd conductivities of air and the solid materid, respectivdy (W/(mK))

/ thelength of an X-lattice unit cell (m)
L thelength of the test sample (m)
Nu locad Nussdt number based on | attice core height

Nuye — area-averaged vdue of loca Nussdt number

Nuy average overdl Nussdt number as defined in Eq. (3)

Nu; overdl Nussdt number corresponding to the /" unit cell as defined in Eq. (3)
p local static pressure at an arbitrary position (Pa)

Phin the minimum pressure on a specific x-y plane (Pa)

Pr the Prandtl number of ar

q heat flux (W/m?)

rief,  radi of thefilletsas shownin Fig. 3(b) (m)

Ra, Reynol ds number as defined in Eq. (2)

k the thickness of the honeycomb walls perpendicular to the endwals (m)

13 the thickness of the X -l atti ce ligaments (m)

A the thickness of the substrates (m)

Ti bulk mean fluid temperature corresponding to the /" unit cell as defined in Eq. (5) (€C)
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T the measured wall temperature corresponding to the /! unit cell (€C)

Tin the ar temperature at theinlet of the test section (&C)
U. centerline vel ocity measured upstream the test sample (m/s)
Une mean ve ocity overdl channd height (m/s)

Vin vel ocity magnitude (m/s)

Vi tangentia vel ocity magnitude (m/s)

w the width of ahaf X-lattice unit cdl (m)

W the width of the joint between the endwal and thelattice ligaments as shownin Fig. 3(b) (m)
w the width of an X-latti ce ligament as shownin Fig. 3(b) (m)

the width of the test sample as shownin Fig. 3(a) (m)
X, ¥, z thethree components of an Cartesan coordinate system (m)
4 the dimens onlesswall distance
Greek symbols
ssee theincd uded angl es between thel atti ce ligaments as shownin Fig. 3(b) (8

°p the pressure drop through the sample under investi gation (Pa)

oo the dynamic viscosity of ar (Pd s)
oo the dendity of ar (kg/m?)
Abbreviations

OA orientation A of the X-lattice asshowninFig. 1
OB orientation B of the X-latticeas showninFig. 1
PCMs periodic celular materids

SCMs stochastic cdlular materids

WBK  wire-woven bulk Kagome

1. INTRODUCTION

Open-cel cdlular metds with high porosity and specific surface area topologies are promisng
mul ti functiona materia sfor engineering appli cations where the materid i s required to have multipl e functions
such as s multaneous mechani ca |oad bearing and convective heat/masstransfer [1]. Typicd examplesincude
active therma protection of aerospace vehicles[2], active cooling of jet blast deflectors on an arcraft carrier
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[3], passve cooling of ventilated brake discs for high-performance vehides [4] aswel as catdyst supporting
for automobiles [5]. Based on the topol ogy, they can be classfied into stochastic celular materids (SCMs)
such as meta foams [6] and periodic celular materid s (PCMs) as those schematicadly shownin Fig. 1[1, 7-
13]. In generd, PCMs are mechanicaly superior to SCMs for a given porodty because their deformationis
dominated by cell wall stretching/compressionin contrast to cell wal bending for SCMs|[1]. Therefore, PCMs
may be more suitable when mechanica strength is anecessty.

Asoutputs of efforts during the past decades, PCM s with avariety of topol ogies as those showninFig. 1
have been invented and fabricated by using various manufacturing technologies. The meta sheet assembling
and brazing method can be used to fabricate smple two-dimensiond PCMs such as square honeycombs [7].
By usng the weaving and brazing method, complex textiles with severd topologies can be fabricated with
metd wires, such as the diamond/square woven textile [14] and wire-woven bulk Kagome (WBK) [5]. With
the investment casting method, the tetrahedrd, pyramida and Kagome lattices without sharp edges on the
ligaments can be fabricated [1]. I n addition, the metd sheet fol ding method can be used to make the tetrahedrd
[12], pyramidd and X-type lattices [13] with sharp-edged ligaments. Recently, additive manufacturing
technology is adopted to fabri cate more complex PCMs [15]. At present, folding expanded metd sheet with
specificdly designed patterns [16] is eader to implement with production lines and more cost-effective
compared to other methods. Although the additive manufacturing alows more flexible desgn of the cdl
topol ogy, its widespread appli cation depends on drasti ¢ suppresson of cost in the future.

As expected, the topol ogies of the above PCMs have great effect on their thermo-fluidic properties. For
the two-dimensond PCMs, Wen et d. [7] presented a comprehensve study of convective heat transfer in
sguare, diamond, trapezoida and hexagond honeycombs; they found that both heat transfer and pressure drop
increases with increas ng surface area dendgty and the shape factor; for a given Reynol ds number or cool ant
flow rate, however, the straight channd endows the honeycombs with evidently |ower heat transfer coefficient
rel ative to other PCM's, dthough the pressure drop islower.

For the three-dimensiond PCMs, Kim et d. [10, 17-19] conducted detaled anays s of both the overal
and detailed flow and heat transfer characteristics in tetrahedrd |attice sandwich pane's with casted circular
ligaments; they found that the heat remova from the ligaments is smilar to that of banks of cylinders; in
addition, the formati on of horse shoe vortex s gnificantly enhances heat transfer on the endwall. Simil ar studies

were carried out by Gao et d. [20] on a composite tetrahedrd lattice sandwich pand. Zhang et d. [21]
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numericaly compared the thermd performance between two tetrahedrd |attice sandwich pands separatey
fabricated by casting and meta sheet folding; for a given porosity and Reynolds number, they found that the
folded lattice with shape-edged rectangular cross-sectioned ligaments results in higher heat transfer and
pressure drop re ative to the casted lattice with circular ligaments; for a given pumping power, the cheaper
folded lattice have smilar thermd performance to the expensive casted one, highlighting its superiority in
terms of engineering applications. For the Kagome PCMs, Hoffmann et d. [11] investigated the convective
heat transfer in a casted Kagome | atti ce sandwich pand; they found that the flow orientation rdative to the
core has evident effect on the pressure drop and heat transfer; pressure drop and heat transfer increases with
the increase of core porosity. Joo et d. [9, 22] and Feng et d. [3] investigated the forced convective heat
transfer in multi-layered WBK sandwich panes, they found that the brazing of the hdica wires at their
i ntersection section can evidently enhance the heat transfer but have negligibl e effect on pressure drop; they
ad so made a compari son between their WBK and a single-layered K agome fabricated by castingin [11] and
found that the WBK is superior. Given that the comparisonsin [3, 9, 22] may be unfar because the WBK and
Kagome sandwich pands have evidently different dimens ons and number of layers of the unit cells dong
sandwich height, Shen et d. [23] made a more reasonabl e compari son between a sngle layered WBK and a
snglelayered Kagome with exactly the same porosty and overdl dimensons, for a given Reynol ds number,
they found that the heat transfer of the Kagomelatticeis actudly superior than that of the WBK lattice, while
the pressure drop is smilar. Based on the compari sons above and those by Yang et d. [24] and Ba et d. [25],
the Kagome PCM seems to be thermdly superior than the tetrahedrd PCM. Recently, Chaudhari et d. [26]
and Ekade et d. [ 27] investi gated the convective heat transfer of the octet truss| atti ces with different porosities
and pore dengties; they found that the heat transfer performance of the octet trusslatticeis not inferior to the
meta foams, while the pressure drop islower. Ho et d. [15] further investigated severd PCMs with different
configurations of the Rhombi-Octet unit cells, they found that these PCMs exhibit lower friction factor and
heat transfer coefficient than meta foams.

Yan et d. presented the convective heat transfer characteristics of a geometricaly anisotropic X-lattice
sandwich pand; two representative orientations, i.e., orientation A (OA) [28] and orientation B (OB) [29] as
shown in Fig. 1 were selected for the investigations; for a given porosity and Reynolds number, they found
that OA of the X-lattice sandwich pand exhibited up to 170% higher heat transfer than the Kagome and

tetrahedrd |atti ces [28]; for a given pumping power, the thermd performance of both orientationsis superior
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to the reference K agome and tetrahedra lattices [28, 29]; further exploration shows that the uni que topol ogy
of the X-latticein OA induceslarge sca e spird primary flow and three kinds of secondary flows asindi cated
by the streamlinesin Fig. 2(a), which were argued to be responsble for its improved thermd performance
[28]. A amilar study by Jn et d. [30] further reved s that the heat transfer of the X-latticeis much better than
that of the pyramidd lattice under both the fixed Reynol ds number and pumping power conditions. I n view of
the above, the cost effective X-latti ce fabri cated by folding expanded metd sheet may compete with most of
the multifunctiona heat disd pation media reported in the open literature.

Motivated by the unique primary and secondary flows as shownin Fig. 2(a) for OA of the X-lattice, this
paper introduces a new PCM called 2 X -l attice cored rectangular honeycomb® as shownin Fig. 2(b). In each
passage of the honeycomb, an array of hdf X-lattice unit cdlsisinserted and connected to the honeycomb
walls. With this modification, three aspects of improvements are expected. First, locd heat transfer on the
honeycomb walls may be substantidly enhanced by the strong spird flow and vortex induced turublence on
the symetrica plane as shown in Fig. 2(a). Second, compared with a bare X-lattice, the introduction of the
honeycomb wadl to the X-lattice can further restrict the freedom of the intersection point of the ligaments,
which can further improve the mechanica strength of the X -l atti ce according to [31]. Findly, theintroduction
of the honeycomb separates the X-lattice into separated passanges, which is important to supress fluid
ma distrubition in applications of the X-latticein therma management systems, heat exchangers, etc.

Hence, this paper presents a comprehens ve study of the forced convective fluid flow and heat tranfer in
the new PCM by comparing it with the parent rectangular honeycomb and the X-lattice. To this end, a series
of experiments and numericad smulations were conducted. Man focuses of this paper are: (a) how the
honeycomb wals modify locd heat tranfer on the X -l attice surface; (b) how the X-lattice modifiesloca heat

transfer on the honeycomb walls; (c) the fluidic mechanisms underlying the above effects.

2. EXPERIMENTAL DETAILS

Although a detailed vaidation of the numericad modds for bare X-lattice sandwich pane's has been
performed by comparison between experimentd and numerica results [28, 29|, further vaidating the
numericad mode for the present X-lattice cored honeycomb is still necessary since the introduction of the
honeycomb walls adds additiond confinement to the flow through the X-lattice unit cdls. To this end, anew
sampl e was fabri cated and tested by modi fyi ng the test secti on of the experimentd system previoudy presented
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in[29].

2.1. Test sample and facilities

A photograph of the sngle-layered X-latti ce cored honeycomb is shownin Fig. 3(a). It was fabricated by
three-dimensiona printing with Incond 718 stainless sted having a therma conductivity of ~11.4 W/(mK)
[32]. To fabricate the test sample, geometric modd of the test sample should be obtained first. To this end,
geometricad modd of the X attice with exactly the same morphology as that in [28, 29] was constructed by
using the sheet metd todls in the commercid software package Solidworks™ 2013; then two substrates
tangentid to thelatti ce core were mode ed; afterwards, two fill etswith the radius of 1.0 mm were built between
each node of the lattice and the substrate; findly, the sharp edges of the fill ets were removed to diminate
defections during printing. More details of the geometric mode have been presented in [28, 29]. The modd
wasimported into the machine to print the test sample.

Thetest sampleincorporates 18 passagesin the transverse direction (i.e., the x-direction asshownin Fig.
3(a)) and 10 X-lattice unit cell s d ong the zdi rection to minimize the sidewadl, entry and exit effects according
to previous studies [28, 29]. The corresponding width (14} and length (L) of the sample are 127 mm and 120
mm, respectively. Detaled parameters of the unit cdl of the X-lattice cored honeycomb are schematicaly
illustrated in Fig. 3(b) with the aid of isometric view and front views separately in OA and OB. The vd ues of
the parameters are summarized in Table 1.

The open-loop wind tunnd system for heat transfer and pressure drop measurementsisillustrated in Fig.
4(a). It is mainly composed of the ar supply and control system, the test section and the data acquisition
system. Ambient ar is pumped into the wind tunnel by a centrifuga blower. The ar flow rate can be varied
by changing the rotati ond speed of the blower through aninverter. To break up thelarge-scd e vorti cesinduced
by abrupt expanson of ar, afine screen layer isinstdled after the inlet of the tunnd. Severd hexagond
honeycombs are instaled subsequently to make the flow pardld to the flow channd, followed by another
mesh screen. Afterwards, the flow experiences a carefully designed two-dimensond contraction and enters
the test section.

The test section is made of transparent Perspex plates. Since the height of the tunnd exit is bigger than
the height of the test sample, atwo-dimensond contraction and a fine honeycomb layer areintroduced at the
inlet of the test section. To make the flow fully deve oped before entering the sandwich pane and leaving the
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test rig, two long flow passages with alength of ~46H, are desi gned upstream and downstream the test sample.
The sampleis embedded into the channd with the inner endwall s flush with the inner surface of the channed
wals. To diminate flow |eakage, the test sectionis securdly sed ed with a glicon sed ant.

To obtain the coolant flow rate, a stagnation pressure probe isinstdled at the centroid of the channd
cross-section placed 9H, upstream the test sample, where a static pressure tap is dso instaled at the channd
wadl. Thus the centrdine veocity (U.) can be measured. In addition, another stagnation pressure probe
mounted on a traverse tabl e and a stati ¢ pressure tap are used to measure the fully deve oped ved ocity profiles
at the channd exit; therefore, the mean veocity (U,,) over channd he ght can be obtained by integrating the
velocity profile. In thisway, a correl ation between U, and U is obtained as follows

U, *+0.8097U, »<0.1426 1)

The determi nati on coefficient of this correlation is 0.9993. More detail s can be found in [29].

2.2. Heat transfer and pressur e drop measurements

For heat transfer measurement, the heating and temperature measurement assembly is carefully des gned
asshowninFig. 4(b). A flexibl e heating pad composed of etched Incond foilsand K apton € ectricd insul ation
filmsis used to heat the sample through the bottom substrate. A copper plate with a thickness of 0.5 mmis
used as atherma spreader plate to minimize the therma non-uniformity caused by the gaps between adjacent
heating foil s. To measure endwall temperature, grooves with adepth of 0.5 mm were fabri cated on the bottom
substrate; ten bead-type thermocouples (OMEGA™ TT-T-36) with abead diameter of 0.4 mm were embedded
in the grooves, the thermocoupl es arelocated at the centreline of the flow passage with an streamwiseinterva
of 12 mm as shownin Fig. 4(b). To minimize therma contact resistance, atherma glue (Artic Silver™) was
used to fill the gapsin the grooves and to bond the above heating pad to the substrate. During experi ments, the
test section was covered by thick rubber plastic foam to minimize heat | 0oss. To measure air temperatures, two
additiona thermocouples (OMEGA™ TT-T-36) areinstdled separatdy upstream the test sample and at the
exit of the test section.

For pressure drop measurement, two stati c pressuretaps areinstal ed at the upstream s de and downstream
s de of the test sample, respectively. The distance between each tap and the edge of the sample substrateis 6
mm. Detail ed operating conditions of the present experi ments are summarized in Table 2, where the Reynol ds

number (Ra;) is defined in the next section.



2.3. Data reduction and measur ement uncer tainties
To compare the present X -l atti ce cored honeycomb with the parent X -l atti ce and rectangul ar honeycomb,
the Reynolds number (Ra;) is defined as

R @

where* isthedensty of air; H.isthe channd height; « 4sthe dynamic viscosty of air; 4 and warethe thickness
of the honeycomb wal and thewidth of ahaf X-latticeunit cdl asshowninFig. 3, respectively. Thisdefinition
isdso applicable for the bare X -l attice with & = 0.

To evduate overdl heat transfer, the overdl Nussdt number is used and defined as.

10 10 ..hH LY}
Ny, oo Nu e o', ©)

jed jeq @@ LX)
where k isthe ar therma conductivity based on the arithmetic mean temperature at theinlet and outl et of the

test section. /1 isthe overdl heat transfer coefficient measured by the thermocoupl es corresponding to the /1

unit cdl, defined as;

q"
hoee 4
/ T oo, @

where @' is the heat flux imposed by the heating pad; 7; and T; ; is the measured wall temperature and bulk
mean fluid temperature, respectively. According to the coordinate system as shown in Fig. 4, T; ; can be

cd culated based on the energy bdance as

s+ 0.54¢"
C e H.c,

mc” “c

()

where T;,istheinlet air temperature; /isthe serid number of the unit cdl; /isthelength of the X-lattice unit
cdl asshowninFig. 3(b); G, isthe specific heat of ar.

For pressure drop evad uati on, the friction factor is used and defined as:

2
00 ) oo/ 030 mes oo e0ol
£, oo p C./.ﬁ..l..ﬁ.umcn.. (6)

oo °f ggl o0 Wee ee gy

where ¢ pisthe pressure drop through the sample with a streamwi se length of L.
Based on the root mean square method [33], measurement uncertai nties were estimated for the present

study. Pressure was recorded by a Scanivadve™ 3217 pressure transducer with a resolution of 0.3 Pa



Temperature was measured by an Aglient™ 34970A module; the corresponding uncertainty is 0.1 °C. More
detals of the measurement instruments are avalable in [28, 29]. According to the energy badance, heat |oss
through the channd walls were cd culated based on the heating power input aswell astheinlet and outlet air
temperatures; correspondingly, the actua heat flux applied to the sampl e was obta ned by subtracting the heat
loss from the power input. The variation of the air therma conductivity was estimated to be less than 3.0%.
Therefore, the uncerta nties for Reynolds number, Nusset number and friction factor are less than 1.0%, 6%

and 2%, respectivdly.

3. NUMERICAL SMULATION

To facilitate a comprehens ve compari son among the X -l attice cored honeycomb, the bare X -l attice and
the rectangular honeycomb, three-dimensiona smulations were carried out by usng ANSY S 15.0. After
vaidation of the numerica modd aganst the experimentd data, detailed fluid flow and locd heat transfer

characteristics are and ysed and compared. Detail s of the numerica modd s are presented bd ow.

3.1. Computational domain and boundary conditions

Fig. 5(a) presents the solid and fluid domains smulated in the numericd mode's. Due to geometric
symmetry, only one passage is cond dered. Relevant dimens ons of the bare honeycomb and the X -l attice are
the same as those of the X -latti ce cored honeycomb. A short channel with alength of H, and alonger channd
with alength of 6H, areinc uded upstream and downstream the sampl e for better convergence of the numerica
sol ution.

Symmetric conditions are used for the symmetric pairs of both the solid and fluid domains. For theinl et
boundary, fully deve oped turbul ent flow between two pardld platesis s mulated first; then the obta ned flow
field and a constant fluid temperature are applied to theinlet of the domai ns as boundary condition. Vdidation
of theinlet boundary condition isavalablein [29]. At the outlet, mass flow rateis specified according to the
inlet conditions to ensure mass conservation. Constant heat flux isimposed at the outer surface of the bottom
substrate. Conservative interface flux boundary conditions are used at dl the solid-fluid interfaces. Other

surfaces of the computational domain are set to be adiabatic. All the solid wals are set to be no-dip walls.

3.2. Numerical methods and mesh independency

As shown in Fig. 5(b), for the rectangular honeycomb, structured hexahedrd & ements are generated by
10



ANSY SICEM CFD 15.0 to discreti se the computationd domains for its geometrica smplicity; for the other
two structures, tetrahedra € ementsin conjunction with prism layers near the solid walls are used. The flows
in the rectangul ar honeycomb, the X -l atti ce sandwi ch pand and the X -l atti ce cored honeycomb are thought to
be turbulent according to the Reynol ds number range in Table 2. Therefore, the height of the first layer of
dements on the solid walsis about 0.01 mm to ensure a dimensonless wdl distance (y*) less than 1.0.The
flow is assumed to be steady and incompressible. At each Reynal ds number, thermo-physica propertiesof air
upstream and downstream the tested X-lattice cored honeycomb are cdculated in the NIST software [38]
according to the measured air temperatures and pressures. Then the arithmetic mean vd ues arefinadly usedin
the numerica smulationsfor al the PCMs, as summarized in Table 3. I n addition to thel ncond 718 stainless
sted, d uminium with atherma conductivity of 236 W/(mK) isd so cons dered to d arify the effects of materid
therma conductivity on rel ative merits among the three PCMs.

The shear stress transport turbulent modd [34, 35] isused to i ncorporate turbul ence effect dueto its good
performance in predict convective heat transfer in various PCM sandwich pand s [21, 23, 28-30] and smooth
channds [36, 37]. The corresponding governing equations for mass, momentum, turbulent kinetic energy,
turbulent frequency and energy conservations have been presented in [21, 30], which are not included here for
brevity.

The high resolution scheme and the centra difference scheme are used to discretise the advection and
diffus on termsin the governing equations, respectively. Detals of these numerica schemes can be foundin
[39]. The conjugate heat transfer problemissolvedin ANSY S CFX 15.0 based one finite d ement based finite
volume method and time marching agorithm [39]. A solution is consdered to be converged when (a) the
normalized residudsfor al the governing equations are | ess than 106 and (b) representative parameters (e.g.,
average temperature on the heated substrate surface) reman constant within at | east 200 iterati ons.

Mesh independency test is carried out at the highest Reynolds number cond dered in the present study.
For the rectangular honeycomb, three meshes separatdy with 1.32 million, 1.92 million and 2.32 million
dements are cons dered; the predicted overal Nussdt numbers and friction factors from these three meshes
exhibit adeviationlessthan 0.3%. For the X -l atti ce sandwi ch pandl, three meshes separately with 11.6 million,
18.8 million and 29.8 million e ements are consdered; the predicted overal Nussdt numbers and friction
factors from these meshes show a di screpancy | ess than 2.1%. For the X -l atti ce cored honeycomb, two meshes

separately with 17.4 million and 33.8 million € ements are generated; the overdl Nussdt numbersand friction
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factors from these two meshes show a deviation less than 1.6%. To badance the computationa cost and
numerica accuracy, meshes with 1.32 million, 11.6 million and 17.4 million d ements are finaly used for the

rectangular honeycomb, the X -l atti ce sandwi ch panel and the X - atti ce cored honeycomb, respectively.

4. DISCUSS ON OF RESULTS
4.1. Enhanced over all heat transfer

Since the overdl heat transfer performance of the PCMs is the first concern in terms of engineering
applications, itiscong dered first. Figs. 6(a) and 6(b) present the streamwi se profil e of overal Nussdt number
(Ny) for the PCM s separately made of the Incond 718 stainless steel and d uminium at the highest Reynolds
number consdered in the present study. When the solid therma conductivity (k) is 11.4 W/(mK), the three
PCMs exhibit different trends. For the rectangular honeycomb, Nusset number first decreases and findly
approaches a constant va ue due to gradua devel opment of the flow and thermd boundary layers; the entry
effect i s obvious but no exit effect i s observable. On the contrary, for the X - atti ce sandwi ch pand, the Nussdlt
number within the first two unit cdlsis evidently lower than that in the rest unit cels due to insufficient
deve opment of the complex primary and secondary flows[28]. Asaresult of the above two effects, the profile
of Nussdt number for the Xl atti ce cored honeycomb seems to be a horizontd line, without obvious entry and
exit effects. Quantitativey, the Nusset number for the X-latti ce cored honeycomb is 90~190% and 30~50%
higher than that of the rectangular honeycomb and X-lattice sandwich pane, respectively. Furthermore, the
numericd and experimenta results for the X-lattice cored honeycomb agree wel, showing a maximum
deviation of 5.6%.

With theincrease of materid thermd conductivity, the streamwi se profile of Nusset number changes as
reveded by Fig. 6(b) when the therma conductivity of solid (k) is 236 W/(mK). With a constant heat flux
imposed on the substrate, the fluid temperature increases monotonicdly dong the flow direction.
Correspondingly, the substrate temperature a so i ncreases d ong mai nstream. Hence, heat conducti on will take
place from the hotter solid to the cool er solid in the bottom substrate, i.e., in the opposite direction to the fluid
flow. In such a stuation, the solid materid closer to the PCM inlet acts as additiond extended surface to the
substrate section away from the PCM inlet; overal Nusset number for these unit cell sincreases. As aresult
of the above reasons, the entry effect for the rectangul ar honeycomb dimini shes, while a monotonic increase
of overdl Nussdt number dong the flow direction is observable for the X -l atti ce sandwich pand and the X-
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| atti ce cored honeycomb. Quantitatively, the Nussdt number for the X - atti ce cored honeycomb i s 250~450%
and ~40% higher than that of the rectangul ar honeycomb and X -l atti ce sandwi ch pand, respectively. Since the
heat transfer coefficient on the surface of the new PCM is expected to be higher than that of the rectangul ar
honeycomb, the fin efficiency of the new PCM increases more rapidly with the increase of materid therma
conductivity. Hencethe superiority of the new PCM re ative to the rectangul ar honeycomb drasti cdly i ncreases.
Before comparison of the overdl heat transfer at various Reynolds numbers, the numerica modes are
carefully vaidated. For vdidating the modd for the bare honeycomb, asmilar problem, i.e., convective heat
transfer in a rectangular channd is smulated due to lack of the experimenta data for the honeycomb within
the present Reynol ds number range. To this end, the numericad modd for the rectangul ar honeycomb as shown
inFig. 5(a) is modified; the solid walls of the honeycomb are replaced by a no-dip wal with zero thickness;
constant heat flux i s applied to thewdl; and auniform flow ve ocity is specific at theinl et of the computationa
domain. Fig. 7(a) comparesthe area-averaged Nussd t number (Nuy) numericaly predi cted with that cd cul ated
by the well-recognized Gnidinski equation [40]. It should be noted that the origind Gnidinski equation takes
the hydraulic diameter of the tube as the characteri stic length sca e instead of the channd height in the present

study. Therefore, the equation is modified and has the foll owing form:
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where Nu is the area-averaged Nussdt number based on the height (H,) of the channd; Reg; and £, are
separately defined in Eq. (2) and Eq. (6) with & = 0; Pristhe Prandtl number of ar. The friction factor (#) for

fully devel oped flow is cd cul ated by the Blas us equati on expressed as follows [41, 42]:

+0.25
oo/ 'H e 2W oo e
f '0.3164.. ¢ Y -R oo 8
H e 2W o:..W’ 'HC .o q*" ( )

For the empty rectangular channd, it is demonstrated by Fig. 7(a) that the deviation is more than 15% at the
first two Reynol ds numbers snce the flow is within the trangtiona flow regime. As pointed out by Abraham
et d. [37], the shear stress transport turbulence modd generdly over predict the heat transfer performance
withinthisregime. For therest data points, the deviation gradualy decreaseswithincreas ng Reynol ds number,

showing an acceptable discrepancy less than 11.6%. For the other two PCMs, Fig. 7(a) reveds that the
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deviations between the numerica and the experimenta data areless than 12% and 3%, respectively.

After the vaidation of the numericd mode, the overal Nussdt number (Nu) is ca culated based on the
Nussdt numbersin the unit cels of each PCM as those shown in Fig. 6 and is plotted in Fig. 7(b). When the
Incond 718 Alloy is used to fabricate the PCMs, the overal Nussdt number for the new PCM is ~170% and
~55% higher than those for the bare honeycomb and X-lattice, respectively. When auminium is used for

fabri cation, the superiority is 340~360% and 26-40%, respectively.

4.2. Fluid flow characteristics

In cong deration of the evident difference on overdl heat transfer among the three PCMs, it is useful for
theinvention of more advanced PCM s to get ing ght into detail ed mechani sms underlying the mutua thermo-
fluidic effects between the X-lattice and the rectangular honeycomb. To this end, the fluid flow is andysed
first, whichisthe bass of locd heat transfer andyss.

In order to dearly present the complex large-scade separated flow and heat transfer in the X-lattice
sandwich pand and the X-latti ce cored honeycomb, the | attice ligaments, flow area and the endwal of each
unit cdl are carefully dassfiedinto different typesas schematicaly showninFig. 8. To facilitate the foll owing
descriptions, coordinate system is dso included in the figure. The two ligaments of each unit cdl are cdled
ligament A and B, respectively. They are separately inclined to the downstream and upstream directions from
the bottom endwadll at y= 0 mm. In each unit cdl, the fluid flow approaching ligament A is divided into three
streams passi ng cross-sections A, B and C, respectivdy. Similarly, the three flow areas around ligament B are
denoted as cross-sections D, E and F, respectively. The bottom endwal region at x < 0 and the upper endwal
region at x> 0 are denoted as area A, while the rest endwall regions are denoted as area B. Readers are kindly
suggested to refer to Fig. 8 for easer understanding the following complex flow and heat transfer

characteristics.

4.2 1. Bulk flow, vortex structures and turbulence fid d

Figs. 9+« <present the bulk flow characteristics, where plenty of three-dimensond streamlines are
released from the representative flow areas as depicted in Fig. 8. The smple pardld flow in the bare
honeycomb is not incdluded for brevity. Due to the periodic nature of the PCMs, the flow becomes fully

devel oped after a short entrance region. Therefore, the fully deve oped flow after the fifth unit cdl is sd ected
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and presented. For the Xl attice sandwich pand, it isfound that the fluid flows downstream cross-sections A,
B and C are correspondingly the same as those downstream cross-sections D, E and F, respectively. Therefore,
only the streamlines through cross-sections A, B and C asshownin Fig. 9 are andyzed. For the X -l atti ce cored
honeycomb, however, the flows downstream these Sx cross-sections as shown in Figs. ¢« e« caresdifferent
from one another.

As reference, fluid flow in the X-lattice sandwich pand is discussed first. It is cdculated that the mass
flow rate through cross-section A accounts for 13% of the tota mass flow rate in this sandwich pand. As
reveded by Fig. 9(a), some fluid passng cross-section A of the unit cedl isforced to flow upward, leftward,
downward and rightward in sequence as a result of the blockage by the downstream ligaments arranged in a
spird topology; thus, alarge-scd e spird flow takes place. At theleesde of the sharp-edged ligament A, alow
pressure wake region is expected to form; consequently, some fluid through cross-section A is driven to
impinge on the leesde of ligament A by pressure difference, findly turning into a par of counter-rotating
vortices as shown in Fig. 9(a). When the bulk fluid through cross-section B passes the bottom endwadl, it is
separated due to continuous deve opment of the boundary layer and adverse pressure gradient as a result of
flow stagnation near the y-zplane at x = « « * v hence, a separation vortex isinduced near the passage corner
at (x )) * «(-0.5w; 0) asreved ed by theright figurein Fig. 9(a). Part of the fluid through cross-section A isa so
transported to the leesde of ligament B in the same unit cell and impinges on the backs de of theligament B,
forming two legs of the counter-rotating vortex pair asreveded by theright figurein Fig. 9(a). The mass flow
rate through cross-section B is much higher than those through the other two cross-secti ons, accounting for 77%
of the total mass flow rate; therefore, this stream as shownin Fig. 9(b) isthe most important contri butor to the
large-scd e spird flow dueto the spird topology of the X-lattice. Somefluidisaso forced to theleesde of the
ligament A and B in the same unit cel and sgnificantly contributes to the vortex par there. Due to Smilar
reasons, a flow separation vortex near the passage corner at (x, J)  *(0.5w; H;) Smilar to that near the bottom
endwall is observablein Fig. 9(b). The mass flow rate through cross-section C accounts for 10% of the totd
mass flow rate. As shownin Fig. 9(c), this stream is completely skewed towards the positive x direction after
passing the cross-section C and feeds fluid to the leeside of ligament B, contributing to the the locd vortex
par.

Corresponding to the streamlinesin Fig. 9, visudization of the vortex structuresin the X -l atti ce sandwich

pand ispresentedin Fig. 12(a) by us ng theiso-surfaces of the pos tive secondinvari ant of the vel ocity gradient
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tensor according to the @-criterion [43]. It should be noted that the reasonability of the vortex extraction
method is generdly case-dependent. In particular, the vortices in this paper extracted by the Q-criterion are
found to be reasonabl e based on careful vaidation with streamlines. It can be seenin Fig. 12(a) that the shape
and location of the vortices downstream ligaments A and B are amost the same. The legs of the counter-
rotating vortex pair generated from the stream through cross-sections B or E are findly merged with alarge
longitudind vortex, which dominates the bulk flow. Asmarkedin Fig. 12(a), the centreline of thelongitudina
vortex downstream ligament A is ~0.62H, and ~0.36w away from the bottom endwal and the y-zplane at x=
-0.5w; respectively. In comparison, the other leg of each vortex pair at the leesde of each ligament and the
separation vortices near the endwadls are rel atively much smaller.

The specid bulk flow and vortices in the X-lattice sandwich pand lead to unique production,
transportation and disd pation of the turbul ent kinetic energy, resulting in the spatid di stribution as exhibited
by the contoursin Fig. 9 and Fig. 12(a). According to available experimenta and DNS investi gations on the
separated turbul ent flow past bl uff blunt bodi es [44-46], the turbul ence production at the vicinity of the vortex
boundary is the highest due to strong shear and interaction between the high-velocity and the low-vel ocity
fluids separately outsde and insde the vortex cores, while the turbulence disspation there is reativey
moderate. In addition, the vortex induced turbul enceis generdly much stronger than that induced by the fluid
shear in thewadl boundary layer, whil e the fluid shear in the sub-layer of thewal boundary layer |eadsto rapid
diss pation of turbul ent kineti c energy. Specificaly for the present X -l atti ce sandwich pand, itis demonstrated
by the contoursin Fig. 9 and Fig. 12(a) that the counter-rotating vortex par is the main source of turbulent
kinetic energy. Asshownin Fig. 9(a), the fl ui d passing the cross-section A isbroadly dividedinto two streams,
i.e., the vortex behind ligament A and the high-ve ocity flow around it; strong shear and interaction between
these two streams leads to high turbulent kinetic energy around the intersection point of the ligaments,
subsequently, as aresult of the spira flow pattern, the turbulent kinetic energy is transported to the endwalls
mainly by convection. Similarly, high turbul ent kinetic energy isd soinduced at the vicinity of the vortex from
the fluid through cross-section B as shown by the left figurein Fig. 9(b), which dso contributes to the locd
high turbulent kinetic energy near the endwals mainly by diffusion. For the stream through the cross-section
C as shownin Fig. 9(c), theloca high turbulent kinetic energy region is manly induced by the diffusion of
the turbul ent ki neti c energy from therest flui d. I n compari son, the turbul ent ki neti c energy in thewall boundary

layer isvery low due to rapid diss pation by molecul ar viscosity.
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Based on the above understanding of the turbulent flow in the X -latti ce sandwich pand, the smilar and
dissmilar characteristicsin the X-lattice cored honeycomb is subsequently explored. It is ca culated that the
mass fl ow rates through cross-sections A, B and C (or D, E and F) of the X - atti ce cored honeycomb are d most
identicd to those through cross-sections A, B and C of the X-lattice sandwich pand. Therefore, the
i ntroducti on of the honeycomb wall s does not s gnificantly change the di stri buti on of the cool ant through these
cross-sections. However, the flow pattern is evidently modified by the honeycomb walls. Fig. 10 and Fig. 11
separatdy present the fluid flows through cross-sections A, B and C aswell as that through cross-sections D,
E and F in the X-latti ce cored honeycomb, which are different from one another. Smilar to the fluid flow in
the X -l atti ce sandwi ch pand, alarge-scd e spird flow isclear in the X - atti ce cored honeycomb as reved ed by
Figs. 10 and 11. The streamsthrough cross-sections A and B feed fluid to thelees de of theligament A, leading
to thelocd counter rotating vortex pair which is then merged with alarge longitudina vortex as reved ed by
Figs. 10(a) and 10(b). S milarly, a counter rotating vortex pair is observabl e behind ligament B asreved ed by
Figs. 11(a) and 11(b). In particular for the X-lattice cored honeycomb, severd unique flow features exist as
detailed below. First, the formation and devel opment of the flow boundary layer on the honeycomb walls
enlarges the separati on vortex near the cornersat (x; ) « {-0.5w; 0) asreved ed by Fig. 10(a) and (x, ) « {0.5w,
H,) asreved ed by Fig. 10(b), respectivey. In addition, two new separati on vorti ces near the corners separatey
a (x; ) * *(-0.5w, H,) as shownin Fig. 10(a) and (x; }) * *(0.5w; 0) as shown in Fig. 10(b) are induced due to
conti nuous deve opment of the boundary layer on the honeycomb wall s and flow stagnati on near the x-zplanes
at y= H.and y= 0, respectively. Second, the vortex flows near thelees de of theligament A are different from
those of theligament B, in contrast to the similar vortex flows behind dl theligamentsin the X -l atti ce sandwich
pand. Asreved ed by the streamlinesin Figs. 10(a) and 10(b), both the streams from cross-section A and cross-
section B dgnificantly contributes to the counter-rotating vortex par near the leesde of the ligament A; in
comparison, theleg of the vortex pair from the stream through cross-section E only touches asmal portion of
the lees de of theligament B as shownin Fig. 11(b), while vortex flow near the leesdeis manly dominated
by the stream through cross-section D where a new big separation vortex forms near the top section of the
ligament as shown in Fig. 11(a). Findly, by comparing the streamlines through cross-section C or D between
the Xl atti ce sandwi ch pane as shownin Fig. 9(c) and the X -l atti ce cored honeycomb as shownin Figs. 10(c)
and 11(c), it can be concluded that the formation of the flow boundary layer on the honeycomb walls and the

correspondingly enlarged and newly i nduced separati on vorti ces weakensthe tangentid flow near the endwalls
17



and the honeycomb walls.

Corresponding to the streamlinesin Figs. 10 and 11, Fig. 12(b) presents the vortex structuresin the X-
| atti ce cored honeycomb. Similar to the X -l atti ce sandwich pand, the counter-rotati ng vortex pairs behind the
ligaments dominate the vortex structure; separation vortices near the corners separatdy at (x; J) * *(-0.5w; 0)
and (x, )) *+(0.5w;, H,) are dso dear. In particular, the X-lattice cored honeycomb exhibits severd unique
features as detail ed bel ow. I n contrast to the dmost identicd vortices behind dl theligaments as shownin Fig
12(a), the vortex structure seemsto repeat every two unit cdls as shownin Fig. 12(b). Asreved ed by the top
figurein Fig. 12(b), the counter-rotating vorti ces flow dl the way aong thelees de of ligament A with theleg
from the cross-section B turning into alongitudina vortex which is much stronger than the other leg. Behind
theligament B, however, theleg of the vortex par from the cross-section E flows far away from the backs de
surface of theligament B once generated as reved ed by the bottom figurein Fig. 12(b); thus a new separation
vortex forms behind the ligament in additi on to the other leg of the vortex pair as reveded by the streamlines
inFigs 11(a) and 11(c). Further, more separation vorticesis clear near the four corners of the flow passage
and the honeycomb wal's, which is much bigger than the separati on vorti ces near the endwall s of the X -l atti ce
sandwich pand.

To further ducidate the sgnificantly distinctive vortices downstream the ligaments between these two
PCMs, pressure distri butions on severd representati ve planes corresponding to the sixth and the seventh unit
cdls are extracted as shown in Fig. 13, where p and pin istheloca pressure and minimum pressure on each
plane, respectivdy. Detaled anadysis of the vortex devedopment from the inlet to the outlet of the
computational domain reveds that the fluid first approaches ligament A of the lattice unit cel and resultsin
the vortices behind ligament A. Asmarked in Fig. 12(b), thelongitudina vortex behind ligament A of the X-
| atti ce cored honeycomb is closer to the top endwall and further from the plane at x = -0.5w compared that of
the X-latti ce sandwich pand, which is possbly caused by the blockage of the newly generated and enlarged
separation vortices compared to the X-lattice sandwich pand. Correspondingly, the low pressure region
induced by thislongitudina vortex in the X -l attice cored honeycomb is c oser to the root vertex of ligament B
compared to that of the ligament A as reveded by the comparison between Fig. 13(a) and Fig. 13(b); thus
stronger entrainment of the flui d near the root of the ligament B in the X -l atti ce cored honeycomb is expected,
which forces the vortex behind ligament B flow far away from the lees de as reved ed by the bottom figurein

Fig. 12(b). Subsequently, the effect of the longitudina vortex behind ligament B on the root region of the
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ligament A becomes smilar to that of the X-lattice sandwich pand and leads to smilar counter-rotating
vortices flowing close to theleeside of theligament A as reved ed by the top figurein Fig. 12(b).

The modification of the fluid flow by the presence of honeycomb wals resultsin a distinctive spatia
distri buti on of the turbul ent kinetic energy as depicted by the contoursin Figs. 10, 11 and 12(b). Similar to the
X-lattice sandwich pand, strong shear near the vicinity of the counter-rotating vortices downstream the
ligamentsis the main source of turbulent kinetic energy production. However, its transport and disspationis
sgnificantly affected by the no-dip honeycomb walls. For the X-lattice sandwich pand, the planes at x =
* ©.5ware symmetric planes, theloca gradients of dl the variables are zero, which | eads to weak diss pation
of the turbul ent ki neti c energy. For the X -l atti ce core honeycomb, however, the planesat x=* 8.5ware no-dip
walls where strong disd pation dominates; therefore, the vortex induced turbulent kinetic energy is quickly
disspated with the proceeding of its convection and diffuson. Therefore, the turbulent kinetic energy

magnitude in the X -l atti ce cored honeycomb is drasticaly reduced.

422 Local flow behaviors

Corresponding to the above bulk flow characteristics, locd fluid flow dominating the loca heat transfer
patterns on the surfaces are expl ored be ow. Fig. 14 first depicts the tangentia flow behaviours by the surface
streamlines and tangentia velocity contours on severd representative planes. For each PCM, the quditative
characteristicsin the x-yplanes, i.e., planes 1 to plane 5, are Smilar; hence the flow on plane 3issdected asa
representative for the anaysis bel ow. For the X -l atti ce sandwi ch pand, the fluid near the symmetry plane at x
=« « e yyflows smoothly towards the endwal and stagnates there without flow separation as reveded by the
surface streamlines in Fig. 15(a); for the X-lattice cored honeycomb, however, the flow separates near the
upper section of the honeycomb wall at x= e « « vwand changes the flow direction; therefore, the stati ¢ pressure
near the corner at (X, J) = =« « w1 o/+ls) of the X-lattice cored honeycomb is expected to be lower than that of
the X -l atti ce sandwi ch pand due to | ess prominent flow stagnation. After changing the flow direction, the flow
separates near the corner at (x; ) = (0.3w;, H.); more severe flow separation for the X -l atti ce cored honeycomb
induces a bigger separation vortex and | eads to more promi nent bl ockage to the fluid flow; therefore, theloca
static pressure near the corner at (x, J) = (0.3w; H,) of the X-latti ce cored honeycomb is expected to be higher
than that of the X-lattice sandwich pand. Due to the above two reasons, the transverse pressure difference

dong the positive x-direction of the X-lattice cored honeycomb is evidently lower than that of the X-lattice
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sandwich pand as reveded by Fig. 13, which is disadvantageous to the tangentia acced eration of the fluid in
the boundary layer over the endwadl. As a result, the high-tangentid veocity flow is further away from the
endwadl of the X attice cored honeycomb compared to the Xl attice sandwich pane as demonstrated by the
tangentid ve ocity contourson planes« « 4ndig. 14. Correspondingly, the flow downstream the joint between
the ligament and the endwall spreads more quickly in the X-lattice sandwich pand than that in the X-lattice
cored honeycomb as reved ed by the surface streamlines on plane 6. In addition, the formation of the flow
boundary layer and newly generated/enlarged flow separation vorti ces near the honeycomb wallslower | ocd
tangentid flow velocity and thickens the flow boundary |ayer as reved ed by the contours on plane 7.

Fig. 15 then presents the contours of velocity magnitude on severa planes placed 0.1 mm away of the
adjacent wdls or the symmetry planes. Under the centrifugd effect of the spird flow pattern and the compl ex
secondary flows, the flow veocity near the four boundaries of the square flow passage in the X-lattice
sandwich pane and the X-lattice cored honeycomb is much higher than that of the rectangular honeycomb.
According to the velocity distributions on plane 6 in Fig. 15, it can be concluded that the lower tangentid
vel ocity downstream the joi nt endows the X -l atti ce cored honeycomb with a bigger | ow-ve ocity wake region.
Comparison of the veocity distributions on plane 7 reveds that the thickened boundary layer near the
honeycomb wadls of the Xl atti ce cored honeycomb lowerslocd flow ve ocity.

Fig. 16 findly presents the distributions of turbulent kinetic energy on the aforementioned planes. It can
be seen that the X-lattice induced turbulence is much stronger than that of the rectangular honeycomb. More
interestingly, the presence of the no-dip honeycomb walls significantly reduces the loca turbulent kinetic
energy in plane 7 due to severe disspation by the boundary layer flow. Such low turbulence fluid is then
transported to the endwall by convection of the spird flow. For the X-lattice sandwich panel, however, the
vortex generated high turbulent kinetic energy is transported to the endwadl by the spird flow because the
turbulence disspation is limited due to zero gradients of dl the variables on the symmetry plane. Further,
corresponding to the stronger tangentia flow on plane 6 of the X-lattice sandwich pand as shownin Fig. 14,

more high turbul ence fluid spreads and covers alarge portion of the endwadl (i.e., areaB inFig. 8).

4.3. Local heat transfer characteristics
The different turbul ent flow behaviours as clarified above result in different locd heat removad s from the
endwadls, the lattice ligaments and the honeycomb wals, which are responsble for the overadl heat transfer
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performance. Detail ed comparisons of thelocd heat transfer among these three PCM s are presented bel ow.

4.31 Local heat transfer on the endwall

Figs. o« oo o oshinappresent thelocd heat transfer distribution on the bottom endwall of the three PCMs as
indicated by the locd Nussdt number (M) based on locd heat flux, wal temperature and bulk mean fluid
temperature. For the rectangular honeycomb as shown in Fig. 17(a), when the fully deve oped flow between
two pardld platesenterstheflow channd s, theflow and therma boundary | ayersredeved op. Hencethe Nussdt
number at the entrance section is relatively higher due to thinner boundary layer; then the Nusset number
gradudly decreases and approaches a constant distri buti on.

For the X-lattice sandwich pand as shownin Fig. 17(b), however, thelocd Nussdt number in the first
two unit cdlsissgnificantly lower than that in the downstream unit cells, thisimpliesthat heat transfer in this
PCM is dominated by the complex flow mixing via vortex flow induced by the X-lattice. When the fully
devdopment pardld flow enters this PCM, it gradudly changes the flow pattern under the effect of the
ligaments until a new fully devel oped flow pattern builds up, which gradualy intensifies flow mixing by the
complex vortex flows. Therefore, the Nussdt number gradudly increases and approaches a constant vaue
dong the flow direction. It can dso be observed in Fig. 17(b) that heat transfer on area B of the endwall is
sgnificantly superior to that on area A, which attributes to the velocity and turbulent kinetic energy
distributionsin Figs. 15 and 16. As previoudy discussed, strong tangentia flow near the endwal helps to
spread the high-ve ocity fluid over area B asindicated by the ve ocity magnitude counter in Fig. 15(b), while
alarge low-ve ocity wake predominates over area A. In addition, the vortex-induced high turbulent kinetic
energy istransported to areaB and spread over it, whil e the turbul ent kinetic energy over area A ismuch lower
asshownin Fig. 16(b). The specific heat transfer distribution on area A and areaB isaresult of the above two
effects.

For the X -l atti ce cored honeycomb, the effect of the no-dip honeycomb wall s gradualy accumul ates. The
locd heat transfer pattern within the first unit cell is smilar to that of the X-lattice sandwich pand due to
i nsufficient influence by the honeycomb walls. Further downstream, the loca heat transfer pattern gradualy
differs from that in the X-lattice sandwich pand. It can be seen that heat transfer on area B of the sandwich
pand is sgnificantly deteriorated by the honeycomb walls. Asreveded by Fig. 15, the weakened tangentia
flow by the honeycomb wallslimits the transport and spread of the high-ve ocity flow to the wake region and
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conseguently resultsin abigger low-momentum wake region; in addition, the presence of the honeycombwalls
dso significantly reduces the turbulent kinetic energy magnitude over area B as reveded by Figs. 16(b) and
(c). Asaresult of the above two points, locd heat transfer on area B is deteriorated. The heat transfer on area
A of the X-latti ce cored honeycombis quantitatively c oseto that of the X -l atti ce sandwi ch pand dueto smilar
velocity and turbulent kineti c energy magnitude as shownin Figs. 15 and 16.

Fig. 17(d) presents a quanti tative compari son of the heat transfer on the endwall among these three PCM s,
where N, represents the area-averaged Nusse t number obtai ned by i ntegrati ng the countersin Figs. ¢ ¢ oo o esssscees
Itiscd cul ated that the average Nussel t number for the X -l atti ce cored honeycomb i s approxi mately 30% lower
than that for the X -l atti ce sandwich pand. Due to limited flow mixing in the rectangul ar honeycomb, average
Nussdt number for the X -l atti ce sandwich pand and the X -l atti ce cored honeycomb is approximately 3 times

and 1.9 times higher than that of the rectangular honeycomb, respectively.

4.3 2 Local heat transfer on theligament

Figs. 18(a) and 18(b) illustrate the locd heat transfer patterns on the ligaments of the PCMs where the
loca Nussdt number is defined in the same way asthatin Fig. 17. For the X -latti ce sandwich pand, the heat
transfer pattern repeats every sngleunit cel after the entry region asshownin Fig. 17(a), while the di stri bution
for the X -l atti ce cored honeycomb repeats every two unit cdlsas showninFig. 17(b). On the upstream surfaces
of the ligaments, the Nusselt number for the X-lattice cored honeycomb is dightly lower than that of the X-
| atti ce sandwich pane partidly due to significantly reduced bulk turbulent kinetic energy magnitude. On the
downstream surface of the ligament A, both PCMs exhibit smilar magnitude and distribution of Nusset
number; on the downstream surface of the ligament B, however, the area of the arc-shaped high heat transfer
region is evidently reduced by the honeycomb walls because the dominant | eg of the counter-rotating vortex
par moves away from the leesde of ligament B as shown in Fig. 12(b). Overdl, the heat transfer on the
downstream surface of the X-lattice cored honeycomb islower than that of the X -lattice sandwich pand. As
quantified in Fig. 18(c), the average Nussdt number is reduced by 6% to 9% within the present Reynolds

number range.

4.3 3 Local heat transfer on the honeycomb wall

Fig. 19findly highlights theinfluence of the X -lattice onloca heat transfer on the honeycomb walls. For
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the bare rectangular honeycomb, a Smilar heat transfer pattern to that on its endwall is observable due to
rebuild and graduad devel opment of the boundary layer. In comparison, it is clear that the heat transfer of the
X-lattice cored honeycomb is much higher than that of the rectangular honeycomb due to higher vel ocity and
turbul ent ki neti c energy as shownin Figs. 15 and 16. For the X -l atti ce cored honeycomb, in particul ar, Nusselt
number as high as 150 to 180 presents at the upper region of the honeycomb wadl; flow reattachment due to
the separation vortex near the corner at (X, J) = (0.5w; H,) (see Fig. 14(c)) and the corresponding high ve ocity
and turbulent kinetic energy are responsible for the superior heat transfer. Further downstream adong the
negative y~direction, the Nussdt number decreases due to deve opment of the boundary layer and the decay of
turbulence as shownin Figs. 15 and 16. As quantifiedin Fig. 19(b), theintroduction of X -l attice enhances the

average Nussdt number on the honeycomb wall s by approxi matdy 2.3 times.

4.4. Pressuredrop

As an important performance index for therma management or heat exchange systems, pressure drop of
the new PCM is conddered. Fig. 20(a) first compares the numerica resul ts with the experimenta or empirica
data; the deviation isless than 5.2%, 11.4% and 9.6% separately for the empty square channd, the X -lattice
and the rectangul ar honeycomb, which is acceptable.

To ensure a meaningful comparison among the three PCMs, the entry and exit effects on the pressure
drop must be darified. Therefore, Figs. 20(b-d) show the stresmwise variation of pressure coefficient (&)

defined as;

'O,H,Z“" 001H1 oo ot
C s .p c 14 c c (9)
p e o0
'ﬁool..*cumcoc"

v2eee wae ™,

Severe entry and exit effects separatdy due to abrupt contraction and expanson are observable for the
rectangul ar honeycomb asreved ed by Fig. 20(b). For therest two PCMss, such effectsare negligibl e the curves
show a periodi ¢ pattern corresponding to the geometric periodicity.

Fig. 20(e) findly compares the friction factors among the three PCMs. For the rectangular honeycomb,
the friction factor is cd culated based on the pressure drop from ZL = 0.1 to ZL = 0.9 to diminate the entry
and exit effect. Itis demonstrated that the friction factor for the X -l atti ce cored honeycomb i s higher than that

of the rectangul ar honeycomb as expected. Theintergration of honeycomb with the X -l atti ce dightly i ncreases
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the pressure drop by ~16% mainly due to additiona friction loss from theincreased surface area.

4.5. Overall thermal performance

Inlight of the fact that the integration of the rectangular honeycomb to the X-lattice leads to increased
overdl Nussdt number and pressure drop penadty concurrently, it is necessary to evduate and compare the
heat transfer performance under the fixed pumping power condition. Asargued by Tian et d. [14], the pumping
power consumption for transporting the fluid is proportiond to the non-dimensiona parameter #;,Ra;3 [2§],
while heat transfer i s proportiond to the overal Nusset number Nuy. Therefore, Fig. 21 presents the N, asa
function of 1;Ra,. It can be seen that the X -l attice cored honeycomb is superior, showing a 33-42% and 21-
34% higher Nussdt number at fixed pumping power when the materid therma conductivity is 11.4 W/(mK)

and 236 W/(mK), respectivdy.

5. CONCLUSIONS

To further improve the mechanicd strength and the heat di ss pation performance of the X-lattice, a new
periodic cdlular materia caled @X-lattice cored rectangular honeycomb® is devised by integrating the X-
| atti ce with the rectangular honeycomb. Overdl heat transfer and pressure drop as well as detail ed turbul ent
flow and locd heat transfer mechanisms are clarified in this paper. Concl us ons obta ned based on the above
andys s are summari zed be ow.

(1) Under fixed Reynolds number conditionswithin therange of e s« e« ¢ ¢« « sminemthese PCM s are made
of thelncond 718 stainless sted with alow therma conductivity of 11.4 W/(mK), the superioriti es of thisnew
PCM relative to the parent rectangul ar honeycomb and the X - atti ce sandwi ch panel are up to 170% and 55%,
respectivey. When they are made of the duminium with a high therma conductivity of 236 W/(mK), the
superiorities are up to 360% and 40%, respectivey.

(2) For the X -l atti ce sandwi ch pand , in addition to the spira flow and secondary flow patterns uncovered
in our previous studies, new ingght into the flow mechanisms dominating loca heat transfer is found in this
study. Itisfound that strong shear near the vicinity of the counter-rotating vortex par behind the ligament is
the domi nant source of turbul ent kinetic energy, whichis effectively transported to the endwall s by convection
and diffuson.

(3) Theintroduction of the honeycomb walsinto the X -l atti ce sandwi ch pand g gnificantly modifies the
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turbulent flow patterns. First, in contrast to smooth flow on symmetry plane between the adjacent | atti ce unit
cdlsin the X-latti ce sandwich paned, new separation vortices are induced due to formation and devel opment
of flow boundary layer on the newly added honeycomb walls; in addition, existing separati on vorti ces near the
endwadls are dso enlarged by the honeycomb wals, consequently, the tangentid flow perpendicular to the
mai nstream i s weakened due to variation of the flow stagnation conditions near the four corners of the square
flow channd. Second, the bl ockage i mposed by the newly generated/enl arged separati on vorti ces modifies the
vortex pairsbehind theligaments, with one dominant | eg of the vortex pair downstram ligament B moves away
from the leesde of these ligaments;, in addition, the vortex flow pattern repeats every two unit celsin the X-
lattice cored honeycomb in contrast to the dmost identicd vortex flow in dl the unit cdls of the X-lattice
sandwich pand. Findly, the presence of the no-dip honeycomb wals sgnificantly reduces the bulk turbul ent
kinetic energy magnitudein the flow and restri ctsits transport to the endwal s due to severe diss pation by the
viscous sub-layer and the deteriorated tangentid flow.

(4) The corresponding reduction of tangentid flow veocity and the turbulent kinetic energy near the
endwall s due to the no-dip honeycomb wall s reduces the heat transfer on the endwal by approximatey 30%.
The reduced shear by the dominant I eg of the vortex par behind the ligament B and turbul ent kinetic energy
deteriorate the heat transfer on the ligaments by up to 9%. However, intendfied flow mixing, increased loca
flow veocity and flow mixing induced high turbulent kinetic energy near the honeycomb walls drasticdly
enhance the heat transfer on the honeycomb walls by 2.3 times.

(5) Theintroduction of the honeycomb wal sleadsto a~16% higher friction factor. However, under fixed
pumping power conditions, the new X-lattice cored honeycomb provides up to 42% and 34% higher heat
transfer than the X - atti ce sandwi ch panel when Incond 718 dloy and a uminium s used for the fabri cation of

the PCMs, respectivey.

ACKNOWLEDGEMENTS

This research was supported by the Nationd Key Research and Deveopment Program of China
(2017YFB1102801), the Nationa Naturd Science Foundati on of China (51806176), the Naturd ScienceBasic
Research Planin Shaanxi Province of China (2018JQ5159), the Research Fund of Key L aboratory of Aircraft
Environment Control and Life Support, MIIT, Nanjing Universty of Aeronautics and Astronautics
(KLAECL S-E-201901), the Fundamentd Research Funds for the Centrd Universties (3102018zy004), the

25



111 Project (B18041), the Open Project for Key Laboratory of Intense Dynamic Loading and Effect

(KLIDLE1801) and the Aviation Science Foundation Project (20170970002).

REFERENCES

[1]

(2]

(3]

[4]

(9]

€]

[7]

(8]

[9]

H.N.G. Wadley, Multifunctiond periodic cdlular metds, Philos. Trans. Roy. Soc. A 364 (1838) (2006)
L. Ferrari, M. Barbato, B. Esser, |. Petkov, M. Kuhn, S. Giandlg, J. Barcena, C. Jmenez, D. Francesconi,
V. Liedtke, A. Ortona, Sandwich structured ceramic matrix composites with periodic celular ceramic
cores. an active cooled therma protection for space vehicles, Compos. Struct. 154 (2016) ¢ ¢« ¢ o sessces
S.S. Feng, M.Z. Li, JH. Joo, K.J. Kang, T. Kim, T.J. Lu, Thermomechanica properties of brazed wire-
woven bulk Kagome cdlular metas for multifunctiond applications, J. Thermophys. Heat Transfer 26
(1) (2012) oo o o soneoee

H.B. Yan, Q.C. Zhang, T.J. Lu, Heat transfer enhancement by X-typelatticein ventilated brake disc, I nt.
J. Therm. Sci. 107 (2016) 39:+55.

K.J. Kang, Wire-woven cellular metds. the present and future, Prog. Mater. Sci. 69 (2015) ¢ ¢ ¢« ¢ o sscsscece
A. Merabtine, N. Gardan, J. Gardan, H. Badreddine, C. Zhang, F. Zhu, X.L. Gong, 2018. Experimenta
and numericd thermd anayss of open-cdl metd foams deve oped through a topologica optimi zation
and 3D printing process. Eur. Phys. J. Appl. Phys. 83, 10904.

T. Wen, J. Tian, T.J. Lu, D.T. Quehelldt, H.ING. Wadley, Forced convection in metdlic honeycomb
structures, Int. J. Heat Mass Transfer 49 (19) (2006) ¢ ¢ ¢« ¢ ¢ o o csscsccccce

J Tian, T.J. Lu, H.P. Hodson, D.T. Queheilldt, H.N.G. Wadley, Cross flow heat exchange of textile
celular metd core sandwich pands, Int. J. Heat Mass Transfer 50 o e oo e eef2(3@57) oo e o0 oo o sccsscsccce
JH. Joo, K.J. Kang, T. Kim, T.J. Lu, Forced convective heat transfer in dl metdlic wire-woven bulk

Kagome sandwich pand s, Int. J. Heat Mass Transfer 54 (25-26) (2011) e ¢ ¢ e ¢ o o scscccscces

[10] T.Kim, C.Y. Zhao, T.J. Lu, H.P. Hodson, Convective heat di ss pati on with | atti ce-frame materid s, Mech.

Mater. 36 (8) (2004) += =+« = swsessse

[11] F. Hoffmann, Heat Transfer Performance and Pressure Drop of Kagome Core Metd Truss Panels,

Cambridge Univerdsty Press, Cambridge, 2002.

[12] H.N.G. Wadley, N.A. Fleck, A.G. Evans, Fabrication and structurd performance of periodic cdlular

26



metd sandwich structures, Comp. Sci. Technol. 63 (16) (2003) ¢ ¢ e ¢ e« o o sscsccscces

[13] Q.C. Zhang, Y.J. Han, C.Q. Chen, T.J. Lu, Ultrdight X-type lattice sandwich structure (I): concept,
fabrication and experimenta characterization, Sci. China Ser. E: Tech. Sci. 52 (8) (2009) ¢ ¢ e e e ¢ o ¢ seesccssces

[14] J Tian, T. Kim, T.J Lu, H.P. Honson, D.T. Quehdlldt, D.J. Sypeck, H.N.G. Wadley, The effects of
topology upon fluid-flow and heat-transfer within celular copper structures, Int. J. Heat Mass Transfer
47 (14) (2004) o+ oo oo oo csnsssanee

[15] JY. Ho, K.C. Leong, T.N. Wong, Experimental and numericd investigation of forced convection heat
transfer in porous latti ce structures produced by selective laser melting, Int. J. Therm. Sci. 137 (2019)

[16] G.W. Kooistra, H.N.G. Wadley, L attice truss structures from expanded metd sheet, Mater. Des. 28 (2)
(2007) e+ 0o o sosesene

[17] T. Kim, H.P. Hodson, T.J. Lu, Pressure loss and heat transfer mechanisms in alatti ce-frame structured

heat exchanger, IMechE J. Mech. Eng. Sci. 218 (11) (2004) eseecceee

[18] T. Kim, H.P. Hodson, T.J. Lu, Fluid-flow and endwal| heat-transfer characteri stics of an ultrdight | atti ce-
frame materid, Int. J. Heat Mass Transfer 47 (6) (2004) ¢« ¢ ¢ o« o o csesccscces

[19] T. Kim, H.P. Hodson, T.J. Lu, Contribution of vortex structures and flow separation to locd and overdl
pressure and heat transfer characteristicsin an ultrdightwe ght | attice materid, Int. J. Heat Mass Transfer
48 (19) (2005) s+ s e s e o cessssease

[20] L. Gao, Y.G. Sun, Thermd control of composite sandwich structure with lattice truss cores, J.
Thermophys. Heat Transfer 29 (1) (2015) ¢ o ¢ ¢ o ssescce

[21] X.Q. Zhang, X. Jn, G.N. Xie, H.B. Y an, 2017. Thermo-fluidic compari son between sandwi ch panel swith
tetrahedrd |attice cores fabri cated by casting and metd sheet folding. Energies. 10, 906.

[22] JH. Joo, B.S. Kang, K.J. Kang, Experimentd studies on friction factor and heat transfer characteristics
through wire-woven bulk kagome structure, Exp. Heat Transfer, 22 (2) (2009) ¢ ¢ o ¢ o  sesscees

[23] B.B. Shen, H.B. Yan, H.Q. Xue, G.N. Xieg, The effects of geometrica topology on fluid flow and thermd
performancein Kagome cored sandwich panes, Appl. Therm. Eng. 142 (2018) o ¢ ¢ o ¢ sssseee

[24] G.M. Yang, C. Hou, M.Y. Zhao, W. Mao, 2019. Compari son of convective heat transfer for Kagome and
tetrahedrd truss-cored | atti ce sandwich pands. Sci. Rep. 9, 3731

[25] X.H. Ba, Z.H. Zheng, A. Nakayama, 2019. Heat transfer performance andys s on latti ce core sandwich
27



pane structures. Int. J. Heat Mass Transfer. 143, 118525.

[26] A. Chaudhari, P. Ekade, S. Krishnan, Experimentd investigation of heat transfer and fluid flow in octet-
truss|attice geometry, Int. J. Therm. Sci. 143 (2019) o ¢ ¢ o o sessces

[27] P. Ekade, S. Krishnan, Fluid flow and heat transfer characteristics of octet truss | attice geometry, Int. J.
Therm. Sci. 137 (2019) «+ o s«  sssssssee

[28] H.B. Yan, Q.C. Zhang, T.J. Lu, T. Kim, A lightweight X-type metdlic lattice in sngle-phase forced
convection, Int. J. Heat Mass Transfer 83 (2015) ¢ ¢ ¢ ¢ o o ssesscess

[29] H.B. Yan, X.H. Yang, T.J. Lu, G.N. Xie, Convective heat transfer in a lightweight multifunctiond
sandwi ch panel with X-type metdliclattice core, Appl. Therm. Eng. 127 (2017) ¢ oo ¢ e o ¢ o sscscscsee

[30] X. Jn, B.B. Shen, H.B. Yan, B. Sunden, G.N. Xie, Comparative evduation of thermofluidic
characteristics of sandwich pand s with X-lattice and pyramidal -l attice cores, Int. J. Heat Mass Transfer
127 (2018) e oo« oo sessesese

[31] Q.C. Zhang, A.P. Chen, C.Q. Cheng, T.J. Lu, Ultrdight X-type lattice sandwich structure (Il):
micromechanics modding and finite eement andyss, Sci. China Ser. E: Tech. Sci. 52 (9) (2009)

[32] IN. Sweet, E.P. Roth, M. Moss, Therma conductivity of Incond 718 and 304 stainless sted, Int. J.
Thermophys. 8 (5) (1987) 593+606.

[33] H.W. Caeman, W.G. Sted e, Experimentation, Vdidation, and Uncertainty Analyssfor Engineers, third
ed., John Wiley & Sons|nc., Hoboken, 2009.

[34] F.R. Menter, M. Kuntz, R. Langtry, Ten years of industrid experience with the SST turbulence modd,
in: K. o oo eeoeecdbescpdrnano, M. Tummers (Eds.), Turbulence Heat and Mass Transfer, Begell HouseInc.,
Danbury, 2003, pp. e ¢ e o sseescees

[35] F.R. Menter, Two-equation eddy-viscodty turbulence modd s for engineering applications, AIAA J. 32

(8) (1994) sseesssece

[36] JP. Abraham, E.M. Sparrow, JCK. Tong, Heat transfer in dl pipe flow regimes laminar,
trangtiona /intermittent and turbulent, Int. J. Heat Mass Transfer 52 (2009) ¢ ¢ ¢ ¢ o ¢ ssescscce

[37] J.P. Abraham, E.M. Sparrow, W.J. Minkowycz, Internd-flow Nussdt numbers for the low-Reynolds
number end of the laminar-to-turbul ent trangtion regime, Int. J. Heat Mass Transfer 54 (2011) oo o e ¢ o csscsccce

[38] E.W. Lemmon, M.L. Huber, M.O. McLinden, NIST Standard Reference Database 23: Reference Fuid
28



Thermodynamic and Transport Properties, version 7.1, 2003.
[39] CFX 14.5, ANSY S CFX-Solver Theory Guide, ANSY SInc., Canonsburg, 2012.
[40] V. Gnidinski, On heat transfer in tubes, Int. J. Heat Mass Transfer 63 (2013) ¢ o ¢ o ¢ o o cssccesce

[41] P.F. Li, JE. Seem, Y.Y. Li, A new explicit equation for accurate friction factor cdculation of smooth

pipes, Int. J Refrig. 34 (2011) seeceeesce
[42] C. Hong, T. Nakamura, Y. Asako, |I. Ueno, Semi-locd friction factor of turbulent gas flow through
rectangul ar microchannds, Int. J. Heat Mass Transfer 98 (2016) ¢ ¢ ¢ ¢ o o o ssssssces
[43] V. ¢ «eeccebortex identification: new requirements and limitation, Int. J. Heat Fluid Flow 28 (2007)
[44] K. Nagata, Y. Seka, T. Inaba, H. Suzuki, O. Terashima, H. Suzuki, 2013. Turbulence structure and
turbul ence ki netic energy transport in multi scd e/fractd -generated turbul ence. Phys. Fluids. 25, 065102.
[45] A. Cimardli, A. Leonforte, D. Angdi, On the structure of the sdf-sustaining cycle in separating and
reattaching flows, J. Fluid Mech. 857 (2018) ¢ e ¢ ¢ e e o seessesee
[46] A. Cimardli, A. Leonforte, E. De Angdlis, A. Crivdlini, D. Angdi, On negative turbul ence production

phenomena in the shear layer of separating and reattaching flows, Phys. Lett. A 383 (10) (2019)

29



LIST OF TABLE AND FIGURE CAPTIONS

Table 1. Geometric parameters of the tested X -l atti ce cored honeycomb.

Table 2. Operating conditions of the present pressure drop and heat transfer measurements.

Table 3. Thermophysica properties of air used in the numerica smulations.

Fig. 1

Fig. 2

Fig. 3.

Fig. 4.

Fig. 5.
Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.

Fig. 10.

Fig. 11.

Schemati ¢ illustration of periodic cdlular materia s with avariety of topologies.

Proposa of anew periodic celular materia based on thermo-fluidic mechanisms: (a) the unique flow
induced by the X-lattice in a sandwich pand [28]; (b) details of the newly invented X -l attice cored
honeycomb.

Details of the test sample: (@) an overview; (b) geometri c parameters governing the morphol ogy.
Test facilities (@) three-dimensiond illustration of the wind tunnd system and the i nstruments; (b)
detail s of the heating and temperature measurement assembly.

Numericd modeds: (a) computationd domain and boundary conditions; (b) representative meshes.
Streamwi se profile of Nussdt number at Rg, = 7450: (a) & = 11.4 W/(mK); (b) & = 236 W/(mK).
Comparison of overdl heat transfer under the fixed Reynol ds number condition: (a) vaidation of the
numerica modd by comparison between experimenta /empiricd and numerica results; (b) overdl
Nusselt number as a function of Reynolds number for the three PCMs.

Classfication of the representative lattice ligaments, cross-sections and the endwal for the
convenience of interpreting fluid flow and locd heat transfer mechani sms: (a) the X -l atti ce sandwich
pand; (b) the X-lattice cored honeycomb.

Fluid flow in the X-lattice sandwich pand characterized by three-dimensona streamlines at a
representative Reynol ds number of Rgy = 7450, separatdy reeased from (@) cross-section A, (b)
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Comparison of overdl thermd performance under the fixed pumping power condition.
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Table 1. Geometric parameters of the tested X -l attice cored honeycomb.

Parameter Vdue Parameter Vdue

b 2.70 mm k 1.00 mm
b 2.31 mm i 0.91 mm
H. 9.66 mm A 0.90 mm
/ 12.0mm w 6.00 mm
L 120 mm W 4.15mm
rn 0.30mm vy 216 mm
ry 4.30 mm w 127 mm
ra 1.05 mm oo 50°

Iy 1.00 mm oo 47°

Table 2. Operating conditions of the present pressure drop and heat transfer measurements.

Parameter Vdue

Reyr]oldsnumbef',Ra_| ece0000000000000000
Inlet ar temperature, 7, 23.9°82.4 &C

App“edheatﬂux,(@ .coco.o.oo.o\Aﬁ/mZQoi

Table 3. Thermo-physicd properties of ar used in the numerica smulations.

Reynol ds number D[Egjlr%] Dy”f‘(T(')S Ellig?g]g ty Ther;qnffiv\clzltzrrf;;]ti vity
3591 1.0888 1.8979 0.02679
4727 1.0947 1.8946 0.02674
5287 1.0834 1.9144 0.02703
5886 1.0857 1.9148 0.02704
6539 1.0866 1.9177 0.02708
7450 1.0875 1.9234 0.02716
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Fig. 1. Schematicillustration of periodic cdlular materid s with avariety of topol ogies.
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@ (b)
Fig. 2. Proposd of anew periodic cellular materid based on thermo-fluidic mechanisms: (a) the unique flow

induced by the X -latticein asandwich pane [28]; (b) detal s of the newly invented X - atti ce cored honeycomb.
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@ (b)

Fig. 3. Detals of the test sample: (a) an overview; (b) geometric parameters governing the morphol ogy.
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(b)
Fig. 4. Test facilities (&) three-dimensiond illustration of the wind tunne system and the instruments, (b)

detall s of the heating and temperature measurement assembly.
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(b)

Fig. 5. Numericd modds (a) computationa domain and boundary conditions; (b) representative meshes.
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Fig. 6. Streamwi se profile of Nusset number at Rg; = 7450: (a) k= 11.4 W/(mK); (b) Ak = 236 W/(mK).
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Fig. 7. Comparison of overdl heat transfer under the fixed Reynolds number condition: (a) vaidation of the
numericad modd by comparison between experimentd /empirica and numerica results;, (b) overal Nussdt

number as a function of Reynol ds number for the three PCMs.
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Fig. 8. Classfication of the representati vel atti ce ligaments, cross-sections and the endwall for the convenience

of interpreting fluid flow and | ocd heat transfer mechani sms: (a) the X -l atti ce sandwi ch pand; (b) the X -l attice

cored honeycomb.



Ligament B
Ligament A

% LA
z

xﬁat Vortices
0 5 10 15 20 25 30 35 40 45 50
BT T T T 1T T T T

Bottom endwall k, [J/kg]

(b)

0 5 10 15 20 25 30 35 40 45 50
k. [Jkg] BT T T T

Vortices

0 5 10 15 20 25 30 35 40 45 50
[ I N I S Y N N |

Fig. 9. FHuid flow in the X-lattice sandwich pand characterized by three-dimensona streamlines at a
representati ve Reynol ds number of R, = 7450, separatdy re eased from (@) cross-section A, (b) cross-section
B aswell as(c) cross-section C as schematicaly shownin Fig. 8. The streamlines are col oured by the turbul ent

kinetic energy magnitude.
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Fig. 10. Fluid flow in the X-lattice cored honeycomb characterized by three-dimensiond streamlines at a
representati ve Reynol ds number of Re; = 7450, separately rel eased from (a) cross-section A, (b) cross-section
B and (c) cross-section C as shown in Fig. 8. The streamlines are coloured by the turbulent kinetic energy

magni tude.
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Fig. 11. Fuid flow in the X-lattice cored honeycomb characterized by three-dimensona streamlines at a
representative Reynolds number of Ra, = 7450, separatdy rel eased from (a) cross-section D, (b) cross-section
E and (c¢) cross-section F as shown in Fig. 8. The streamlines are coloured by the turbulent kinetic energy

magni tude.
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(b)
Fig. 12. Vortex structures visuaized by theiso-surfaces of the positive second i nvari ant of the ve ocity gradient
tensor according to the Q-criterion [43] at Rg, = 7450: (@) the X -latti ce sandwich pand; (b) the X -l attice cored

honeycomb. Theiso-surfaces are coloured by the turbul ent kineti c energy magnitude.
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(b)
Fig. 13. Pressure distributionsin five representative planes placed at theinlet, middle and the exit of the Sxth
and the seventh unit cdls at Rg, = 7450, where p and fi, are separatdy theloca pressure and the minimum

pressure on each plane: (a) the X -l atti ce sandwich pand; (b) the X -l atti ce cored honeycomb.



Fig. 14. Surface streamlines and di stri buti ons of the tangentid vel ocity magnitude (V) in severd representative

planes at Rg, = 7450: (a) the X -latti ce sandwich pand; (b) the X-latti ce cored honeycomb.
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Fig. 15. Distributions of the velocity magnitude (V) in severd representative planes at Rg; = 7450: (a) the

rectangul ar honeycomb; (b) the X-latti ce sandwich pand; (c) the X-latti ce cored honeycomb.
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Fig. 16. Distributions of the velocity magnitude (V) in severd representative planes at Rg; = 7450: (a) the

rectangular honeycomb; (b) the X -l atti ce sandwich pane; (c) the X-latti ce cored honeycomb.
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Fig. 17. Comparison of locd heat transfer on the endwall: =+ «+soed heat transfer distribution at Rg, = 7450
for the rectangul ar honeycomb, the X -l atti ce sandwi ch pand and the X -l atti ce cored honeycomb, respectively;

(d) area-averaged Nussdt number as afunction of Reynol ds number.
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Fig. 18. Comparison of loca heat transfer on the X -l attice surface: (a) locad heat transfer distribution at Re, =

7450; (b) area-averaged Nussdt number as a function of Reynol ds number.
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Fig. 19. Comparison of locd heat transfer on the honeycomb wall: (a) locd heat transfer distribution at Rg, =

7450; (b) area-averaged Nussdt number as a function of Reynolds number.
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Fig. 20. Comparison of pressuredrop: (@) vaidation of the numerica modd; (be ¥ streamwi se profiles of static

pressure; (d) friction factor as afunction of Reynolds number findly used for compari son.
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Fig. 21. Comparison of overdl therma performance under the fixed pumping power condition.
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Highlights

++A new cdlular metd by integrating the X-| atti ce with honeycomb i s proposed.
*<Thisnew cdlular materid exhibits better heat transfer than references ones.

*sThe honeycomb wall s gnificantly modifies the vortex flows and turbul ence fid d.
«<The honeycomb wall deteriorates heat transfer on the endwall and I attice ligaments.

*<The X-lattice significantly enhancesloca heat transfer on the honeycomb wals.
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