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Abstract

Opencell metal foam is a promising porous media for thermdluid systems. Flow characteristics
inside a 10 PPI (Pores per inch) metal foam with a porosity of 0.92 are analyzed with a laminar inlet
flow condition. The flow inside the metal foam structure$ randomly furcated and interflowed by the
interconnected pore network. Strong transverse motion is shown inside metal foam with about 23%
of bulk velocity. This spanwise velocity is similar value to the result of Onstad et al. (2011) who
investigated flow inside metal foam using magnetic resonance velocimetry in a turbulent inlet flow
condition. It is evidence that the metal foam structure has a dominant influence on transverse motion.
In addition, the evolution of spanwise vorticity was similarto the integral time andlength scales of
the streamwise center plane. The spanwise vorticity fluctuation inside metal foam structure is shown.
Strong vorticity fluctuation was found. The results presented in this study are useful to understand
turbulent characteristics of flow through metal foams.

1 Introduction

Opencell metal foam is an irregular metallic porous media with opeistell topology. The skeletal
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skeletal portion forms bone-like cell topology, this provides desirable geometrical characteristics to
thermo-fluid applications such as high porositylarge specific surface area, tortuous flow path, good
elastic moduli, and strength. Because of applicability tdve various fields by these characteristics, the
metal foamhas been attracting attention.

Various experimental and numerical approaches have been used to understand metal foam flow.
Experimental flow visualization is a promising approach to understand the underlying physics of
metal foam flow. Lumpedparameter study inherently neglects the lochized flow characteristics. The
numerical simulation requires experimental validation data although they are a powerful tool to
visualize the metal foam flow. Several experimental visualization studies have been performed.
Onstad et al. (2011) investigatd characteristics of ensembleaveraged flow fields inside a 4x scale
opaque metal foam replica using magnetic resonance velocimetry (MRV). A turbulent flow of bulk
Reynolds number of 7900 passes through the metal foam replica that is filled in a duct. THeund
that the flow inside that replica has a strong transverse motion of 280% of the superficial velocity.
MRYV is the most advanced technology, which allows observing the flow inside an opaque material,
but it has a drawback that cannot achieve timeesolved measurement of flow in complex and small
structures like metal foam.
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The characteristics of flow inside metal foams are still unclear. The flow features for nagarbulent
inlet conditions, temporal characteristics, and the evolution of the flow ingie metal foams should be
examined further. Thus, this studyconducted atime-resolved PIV measurement in a -® printed
transparent metal foamreplica. Theturbulent characteristics of the flow in the metal foam were
analyzedunder incoming laminar flow cordition.

2 Experimental setup

A 10 PPI aluminum foam was prepared for the metal foam sample. Arra§y computed tomography
system was used to obtain a-B CAD (Computeaided design) file. Under 200 kV, 200pA and 267ms
condition, 743 x 740 x 459 voxels weg generated with a spatial resolution of 0.032 mm. The voxels
were converted to a 3D CAD file. In CAD software, a part of the metal foam replica CAD file is cropped
into a perfect hexagon that has a size of 10 mm x 10 mm x 25 mm. Because of the resolufdahe 3-

D printer, the size of the cropped model was doubled. Therefore, the final size of the metal foam
replica file is 20 mm x 20 mm x 50 mmThe metal foam replicavas printed by Polyjet type 3-D printer
(Objet Eden260VS, Stratasys Ltd.). Vero Cleassin and water-soluble support material (SUP707)
were selected as printing materialsFigure 1shows the 3D printed transparent metal foam replica
after completion of everypost-processingprocess.

The refractive index of Vero Clear material is 1.515 fo832 nm. Refractive index matched (RIM)
solution based on Nal was prepared. As shown in Figug(a), an acrylic square duct, which has size
of 20 mm x 20 mm x 500 mm, was manufactured. Nedimensional sizes and distances by duct
diameter (D) are indicated That duct has one inlet and one outlet, and they are positioned above the
duct to observe the flow in the spanwise plane.-B printed metal foam replica is placed 15 D away
from the inlet. A test loop has been configured to circulate the RIM solution thugh the test section.
As shown in Figure 2(b), it consists of a RIM solution container, a gear pump, a flowmeter, a bubble
trap, a test section, and a traverse to move the test section. The RIM solution container is partially
immersed in water bath. Acd OOAT & OAI PAOAOOOA EI O Pi AOA xEOE
bath to maintain the temperature of RIM solution. The RIM solution is transported by the gear pump.
Flowrate was measured by a turbine type flowmeter.

One CMOS highpeed camera (1k x 1kesolution) and one continuous wave laser (532 nm, 5 W)
power were used to conduct timeresolved 2-D PIV experiment. Because equivalent diameter of struts
is 0.8+£0.06 mm, the thickness of laser sheetgas set to 0.5 mm. Rhodamine B coated fluorescence
polymer particle (1-20 pm) was used as tracer.

Calculated bulk velocity () from the flowrate was 0.82m/s. Reynolds numbers based on channel
hydraulic diameter and pore diameter are 511 and 100, respectivelfLaminar).

Figure 1: 3-D printed transparent metal foam replica
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Figure 2: PIV setup and validated velocity vector field

3 Results and discussion

Figure 3 shows a contour of mean velocity magnitude of ux-direction) and v (y-direction)
components on the plane at z = 0 D. Mean velocity vector field is superimposed on the contour. Fluid
flows to the right side. The distance of xdirection is non-dimensionalized by the channel diameter
and pore diameter, respectively. The former is shownrothe downside of the figure and the latter is
shown on the upper side of the figure. The distance ofdirection is non-dimensionalized by the
channel diameter. Mean velocity is nomdimensionalized by bulk velocity.

The unidirectional upstream flow of thechannel is furcated into two or three by the pore network as
soon as they encounter the metal foam structure. Four jets are formed at the entrance of metal foam
structure (x = 0 to 0.25 D). The jets are decelerated after passing through one or two celist new
jets are simultaneously formed through other pores. The new jet interflows into another jet. This
furcating and interflowing process occurs throughout the metal foam and leads mixing of fluid inside
metal foam structure. Considering this is just awo-dimensional plane, the number of furcating or
interflowing jets could be larger than two or three.

The separation area behind struts should be noted due to its influence on pressure drop. Although
Figure 3does not show outof-plane velocity componentthe flow separation behavior is similar to
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MRYV data ofOnstad et al. (2011) The size of the separation region is believed that depends on strut
shape of metal foam. The shape of the metal foam strut is circular or triangular, and it depends on the
porosity according to Plateau's law. The higher porosity, the shape of strut becomes triangular from
circular. The strut shape of the present metal foam is triangular. The variations in heat transfer and
pressure drop due to the strut shape change of Kelvin celivere studied byMoon et al. (2018) but
the effects of strut shape in irregular metal foams should be investigated.

When O 75 is averaged over the inside of the metal foam, O 75 is about 23%; O andJ
indicates time and spatial average, respectivelyrhis is similar to the result ofOnstad et al. (2011)
20-30%. This similar result is important because the Reynolds number of present study is much lower
than that of Onstad et al. (2011) This representsthat the advection flow inside the metal foam is
dominantly affected by the metal foam structure itself, and is consistent well with the prediction of
Onstad et al. (2011)hat large transverse motion may occur in laminar flow condition.

Figure 4shows the root mean squared fluctuation velocity generated inside the metal foam.

Root mean squared fluctuation velocity can be defined as:

6 S (1)
where 6 is root mean squared fluctuation value of streamwise velocity,i$ the number of vector
frames. 10000 frames were used to obtaid . Root mean squared fluctuation value of transverse
velocity (b ) can be defined as in the same manner.
At the entrance of metal foam¢ XY andb  TY are near zero, but it increases to 0.D.4 inside
the metal foam structure. After passing the exit of the metal foam, they approach to zero again.
Velocity fluctuation occurs at the outlet region of the pores, at the junction of the jets, and behind the
strut. This represents that the fluctuation might be caused by transverse motions generated by metal
foam structure or unstable shear layer by the interaction of jets. However, these phenomena are
extremely complex, so it seems that an extensive investigation tfie cause of this fluctuation is
considered necessary.
Integral time and length scales can be calculated for better understanding. Temporal atdorrelation
function (m ) for streamwise velocity componentd is defined as:
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where n is the time thatm reaches the first zero. In this study, n is set to point thah reaches
sufficiently low value (0.05) for a practical purpose. If the Considering Taylor hypothesis, the integral
length scale () can be defined as:
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Figure 5shows calculated integral time and length scales of 0 on the plane at z = 0 D. The scales
were normalized by the maximum their value, respectively. Overbar indicates line average the y-
axis. The integralscalesrapidly decreaseat the early stagelt logarithmically decreases from 0.5 D to
2.25 D. The integral scateslightly increasefrom the outlet region of the metal foam x = 2.0 £2.25 D.
These results represent that the flow is gradually complicated as it passes through raktfoam
structure. This may be effect of evolving transverse motion in the metal foam structure.

The evolution of spanwise vorticity through metal foam structuresshould be investigated. Batially

averaged vorticity magnitude (1 ) and root mean squarel vorticity fluctuation (1 ) of
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spanwise planes are shown irFFigure 6. The "1 value increases inside the metal foam and
dissipates to the original state at the downstream of the metal foam. Variationjof ;  is interesting.
This is dso one of the evidence that the metal foam causes considerable flow disturbances even at a
relatively low Reynolds number.The] | value increases sharply in the entrance region of metal
foam. After the entrance region, the  value ismaintained at a similar level inside metal foam
structure. From x =2.0 D, the ; value rapidly decreases. After thent gradually decreases in the
section of x = 2.754 D which is downstream of the metal foam structure. The reason the;  value
rapidly decreases at x = 242.5 may be the effect of outlet flow of metal foam. On the downstream

side of the metal foam, a flow separation area larger than the inside is formed, thereby lowering the
static pressure. This flow separation influeces the upstream flow.
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Figure 4: Root mean squared fluctuation velocity field at z=0 D
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Figure 6: Spatially averaged vorticity magnitude and vorticity fluctuation along »axis

4 Conclusion

Fluid flow entering the metal foamstructure shows turbulent features. Jetlike flows are generated
by the pore network, and the flow is furcated and interflowed successively. Shear layers generated by
a jet are disturbed by interflowing jets.Strong transverse velocity was generatedy 23% of U, and

this was consistent with Onstad etal. 20 p 8 O POAAEAOQEIT 1
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foam may occur even in laminar flow condition. Evolution of the spanwise vorticity in the metal foam
structure was presented. The spanwise vorticity inside metal foam is predicted to increasendiarly
along streamwise and this evolution shows a similar tendency of variation of integral timend length
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scales on the streamwise plane at z = 0 D. Spanwise vorticity shows considerable fluctuation due to
the complexity of flow maotion in the metal foamstructure. It is expected that this fluctuation enhances
heat and mass transfer inside the metal foam. However, in this study, the investigation was conducted
only for a single Reynolds number and single metal foam geometry. Present channel size is alsio n
large enough to avoid wall effect. It is necessary to study the flow characteristics under the various
Reynolds number and metal foam structures.
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