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Abstract

Open-cell foams are a promising alternative for the separation of liquid droplets suspended in gas
flows at comparably low pressure drop. The separation in such ceramic foams is investigated
using the residence time distribution of droplets derived from pore-scale CFD-simulations. 20
and 45 pores per inch (ppi) silicon-infiltrated silicon carbide (SiSiC) open-cell foams samples are
considered. The foam structure was reconstructed from micro-computed tomography (uCT)
images. To track the droplets, a Lagrangian discrete-phase model was used. The effect of pore
size and pore density on the droplet retention time was studied. The flow pressure drop showed a
remarkable agreement with the in-house experimental measurements. The droplet separation
efficiency within the foam structure was found to generally increase with the inlet gas velocity

and the droplet inertia.

Keywords: Ceramic foams, liquid droplet entrainment, gas-droplet flow, resolved pore-scale

CFD simulations, droplet residence time, droplet separator device.

1 Introduction

1.1 Open-cell foams for droplet entrainment

Many industrial systems are adversely affected by the entrainment of liquid droplets in gas
flows. In aero-engines, the entrainment of oil lubrication droplets is responsible for both a
decrease in performance of fuel engines and an increase in oil consumption.! In gas turbines,

droplets entrained in the low-pressure part can damage the blades.? In bubble column reactors,
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reactions can take place in undesirable places as a consequence of droplet entrainment. Chemical

reaction may occur in the downstream units.’ In healthcare facilities, the risk of virus

oNOYTULT D WN =

propagation is significantly increased by liquid droplets entrained by air ventilation systems.*

12 Porous materials, such as the open-cell foam illustrated in Figure 1, can be used to mitigate
droplets propagation. Such materials allow gases to easily pass through the porous structure,
17 while providing an enhanced separation efficiency caused by a high probability of droplet
19 collision within the foam structure. This is attributed to the large specific surface area of the

foam.

>4 Figure 1: Scanning electron microscopy of a 20 ppi SiSiC foam (image A) showing the structure
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of the open-cells. Images (B) and (C) show the empty structure of the struts (isolated from the

pore flow). Image (D) shows that the surface is closed.

Research on open-cell porous foams as droplet separators has so far been scarcely addressed.
The permeability, which indicates how easily a fluid can pass through a porous media, is a
frequently used design parameter. However, the permeability does not provide sufficient
information on the porous foam geometry, which plays an important role in the droplet impact
with the skeletal network, and in turn, in the droplet residence time. The vast majority of the flow
simulations in foams used simple equivalent geometries, such as spheres or cylinders, to
represent the porous structure.>® Numerical flow studies in resolved porous structures can

provide much more detailed information.

In this work, droplet separation in open-cell ceramic foams is studied using droplet retention
times and droplet separation efficiencies computed from CFD simulations. Among the vast list of
open-cell foams, silicon-infiltrated silicon carbide foam, (SiSiC - constituted of a silicon carbide
matrix and infiltrated free silicon) was presently used due to its promising properties.” It has a
solid skeleton and exhibits high heat conduction, good thermal shock resistance and low pressure

drop.

1.2 Pressure drop models

The hydrodynamics of the gas flow in open-cell foams are of high importance. In particular, the
pressure drop plays a crucial role. Several models and correlations have been developed to relate

the pressure drop (Ap) to the foam porosity (&). The porosity is defined as the ratio of the volume
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of voids to the total volume of the material. One of the first models was proposed by Darcy
(1856) and is now often referred to as the “Darcy equation™. This empirical equation relates the

pressure drop to the volumetric flow velocity (vf) normal to the cross-sectional area of the flow,

the fluid viscosity (u;) and the Darcy’s permeability (K) according to

K
Darcy’s law lacks an inertial term and is therefore only valid at low Reynolds number (Re«1).
At higher Reynolds number, the inertial effect increases quadratically with the fluid velocity. For

this reason, a second term representing the kinetic energy of the inertial flow yields the improved

Darcy-Forchheimer equation
He
Ap = vp +Cplvplvg . (2)

Both the permeability (K) and the Forchheimer coefficient (C) must be experimentally
determined. For a porous packed bed of spheres, Ergun (1952) suggested a dependency of the

Fochheimer coefficient and the Darcy-permeability as

C=paq_mandp=a——. 3)

Applying oo = 150 and = 1.75 leads to the well-known Ergun equation
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Ap = 150—(1 8)2 ! +1 75—(1 2 |v¢l 4)
v ) velvg.
P e3d,2, ! s3dp 1

Many correlations for the overall pressure drop in open-cell foams can be found in the literature.’
In most of these correlations, the Ergun’s model is associated with a specific porous property,
such as the equivalent pore diameter of either a sphere or a cylinder. Two correlations are here of

particular importance.

The Lacroix correlation® is based on a cubic cell model and relates the diameter of the strut (i.e.
cylindrical filaments that envelop a cubic cellular structure) to a strut diameter. In that

correlation, where the strut diameter is replaced with the “equivalent particle” diameter (d ) of

an equivalent sphere, the pressure drop is given by

600(1—&)%,  7(1—e)p,
Vr+
9e3d? ! 63d,

4
|'l7f|17f with ds = gdd . (5)

Ap =
The Du Plessis correlation® also uses a cubic cell model. A numerical analysis of the three-
dimensional steady flow through a series of samples were performed to obtain an empirical

expression that relates the porosity to an empirical coefficient (X) as

36X(X — 13 —X)u, 2.05X(X — 1)p;,
Ap = 4€%q? vrt 26%a

|vf|17f, (6)

where

ACS Paragon Plus Environment
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4T 1 1
X=2+ 2005(? + §cos‘ (2e — 1)) . (7)
While the pressure drop can be predicted using fairly accurate semi-empirical correlations, there
exist no correlations to predict both the ratio of droplets separated from gas flow by open-cell
ceramic foams and the residence time of droplets within foams. Such information can either be

obtained from experimental work or from Computational Fluid Dynamics (CFD)
1.3 Residence time distributions computed by 3D CFD simulations

CFD simulations in intricate 3D geometries are normally difficult to set up. Hence, equivalent
geometric models based on simple geometries (e.g. spheres or cylinders) are often preferred.
More realistic reconstructed geometries can be gained from tomographic data, for instance from
computed tomography or magnetic resonance imaging. X-ray microtomography is a non-
destructive scanning technology that allows obtaining a precise representation of the skeletal
structure of foams. The high accuracy with a space resolution down to 20 um'? of the obtained

3D volume allows realistic CFD flow simulations.

A practical concept used in engineering is that of the residence time. Roughly speaking, the
residence time describes how much time a droplet has spent in a section of a volume regardless
of the main flow features (dead spaces, circulation, flow profile, etc.). The time distribution of
the various arriving droplets is called the residence time distribution (RTD). Global RTDs can be
obtained by adding droplets as tracers to the flow and measuring the number that cross inlet and

exit of a volume.!! Typically, the RTD is represented by either a residence time distribution
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function or a histogram, which is the response to an infinitely short (Dirac) impulse and includes
the information on the “mean time” spent by the droplet in a continuous system and its variance.
In addition to experimental tracer measurements, RTD can also be determined from detailed
spatial flow field distributions obtained using CFD simulations. For example, Zou et al.!? and
Kalaga'® determined the solid residence time distribution in multi-compartment and multistage
fluidized beds, respectively, and Cruz-Diaz et al.'* compared experimental and simulated
residence time distribution curves from a filter-press electrochemical reactor. Generally, good

agreement between RTD curves obtained using CFD and experimentally was achieved.

2 Methods: Image analysis and process

2.1 Images acquisition

For a visual examination of the structure of SiSiC foams, samples with two different nominal
pore dimensions, 20 ppi and 45 ppi (manufactured by IKTS Fraunhofer, Germany), were
analyzed with a scanning electron microscope (SEM). An exemplary series of images is shown
in Figure 1. The open-foam structure features a convex triangular strut shape (Figure 1Figure
1B, 1C). A closer zoom reveals some crystal structures attached to the surface (Figure 1D).
Cavities in the interior of struts are practically isolated from the main flow and thus, can be
assumed insignificant for the external flow through the pores. Therefore, the flow is only
considered in the pore domain and the cavities are withdrawn from CFD models, which in-turn

reduces the complexity and the computational cost.

ACS Paragon Plus Environment
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A series of 2D digital cross-sectional images of the 20 ppi and the 45 ppi foam samples (40 mm

x 40 mm x 25 mm) with a resolution of 56 x 56 pum? per pixel were obtained by IKTS

oNOYTULT D WN =

(Germany) X-ray micro-computed tomography (LCT). The 3D image reconstruction from the
10 raw attenuation tomographic datasets was carried out using the filtered back-projection

algorithm.

17 2.2 Image processing

21 The images illustrated in Figure 2A present undesirable defects and aberrations, such as double
edges, streaking, and noise caused by X-ray scattering and beam hardening. Therefore, image
26 post-processing had to be performed through contrast adjustment, edge sharpening, 2D median
28 filtering and segmentation (see Figure 2B). Subsequently, the particle analysis algorithm
implemented in the Imagel]'> software package was used to generate images composed only of
33 strut cavities, which were afterwards subtracted from the original images to obtain cross-
35 sectional images without strut cavities (see Figure 2C). The resulting 3D representation is shown

37 in Figure 2D (far right).
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Figure 2. Image post-processing workflow: (A) 2D cross-sectional image from a 20 ppi SiSiC

56 sample, (B) after image-enhancement and segmentation, (C) with closed strut cavities, and (D)
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the final 3D model.

2.3 Determination of the representative elementary volume

The flow only needs to be simulated for a representative portion of the foam. This approach
allows performing representative simulations at bearable computational costs. To this end, the
Mean Representative Cubic Volume element (MRCV), which defines the smallest representative
rectangular cuboid of the foam, is here determined. To evaluate the MRCV, the porosity (as an
intrinsic property related to the geometrical structure) is computed over a range of increasing

sub-volumes. This way, the local average quantities are statistically obtained.

To compute the porosity a voxel-based algorithm!¢ was used. It divides the number of
foreground (foam) voxels by the total number of voxels in the sub-volume. The porosities of the
sub-volumes were evaluated in three different sections A, B and C as shown in Figure 3. This

was done using the specific cubic-volume lengths (Lyrcy), defined as the length of one side of a

cube) normalized with the sphere pore diameter (d,)

ACS Paragon Plus Environment
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Figure 3. Determination of the representative cubic volume element of the foam.

expected value.

The porosity value stabilizes with increasing Lypcy. Hence, Lyrcy Was set to 15 mm (20 ppi)

and to 10 mm (45 ppi), respectively. This ensures that the porosity remained within + 5% of the
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3 Numerical modeling

3.1 Flow modeling

Single-phase flow for non-compressible gases is governed by the equations of continuity and

conservation of inertial momentum given by

V-u=0, (8)
Du Vp 1_ 9

where p is the gas density, u the fluid velocity, T the summation of the viscous stress tensor and
the turbulence stress tensor, and g the gravity acceleration. The CFD simulations were carried
out using a Reynolds-averaged Navier-Stokes (RANS) turbulence model for a wide range of
Reynolds numbers. The two equations associated with the RNG k-e turbulence model are

derived from the renormalization group theory as shown by Carvalho!” according to

d d 1( 0 dk

a(k) + a—xi(kui) = ) a—xi(akyeffa—x]_) + G+ Gp+ pe—Yy+ Sk, (10)
d d 1( 0 de € €?

E(e) + a_xi(eui) = '[_) a_xl ae,ueffa_xj) + GIEE(GI{ + C3eGb) - GZEPE — R+ S¢|, (11)

where the inverse-turbulent Prandtl numbers («,) and (ay) are given by

ACS Paragon Plus Environment
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0.6321 0.3679

a—1.3929
1—-1.3929

a+ 2.3929
1+ 1.3929

HUmol

B Ueff ’

(12)

where iy, 1s the molecular viscosity and prs is the eddy viscosity. In the present work,

temperature gradients and gravity are neglected (G, = 0). The turbulent viscosity is given by

(%)
eu 1.72% Ueff (13)

At higher Reynolds numbers the production of turbulent kinetic energy (Gy) is given by

Gr = HerfS%, (14)

while

G = 1S, (15)
kZ

Ue = pCu? (16)

at low-Reynolds numbers.

The Fluent commercial software package'® includes a swirl modification function for the RNG

model based on the modification of the turbulent viscosity

ACS Paragon Plus Environment
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k
l’l‘t = ﬂtOf(as»Q;E) ) (17)
where (2 is the swirl number, a; is the swirl constant and f(as,f2 ,k/¢€) is a function embedded
the CFD program. In the RNG k-¢ turbulence model, R is defined as

_ CaP(1—n/no)e?
()

(18)

k k

n:SE:EdZSijSij, (19)

where the applied closure coefficients are summarized in Table 1.

Coefficient  Value

Qs 0.07
Cy 0.0845
Cy 100
Gp 0

Gle 1.42
Goe 1.68
No 4.38
B 0.012

Table 1. Splashing threshold criterions.

For a more apropriate simulation of the complex 3D flows, standard wall functions were also

selected after comparing experimental and simulated pressure drop with

ACS Paragon Plus Environment
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1 20
v =—in(y*) +B, (20)

where B =In (9.793) and U™ = u/u, is normalized velocity in the near wall region divided by
the shear wall velocity (u;), and y* = pu,y/u, in which y is the shortest distance to the wall and

K 1s the von K4arman constant.

3.2 Droplet modelling including motion, injection, evaporation by diffusion and wall

interactions

The discrete phase model is a Lagrangian model valid for dilute flows with a particle volume
fraction well below 107.'%1° In this model, the Eulerian gas phase is simulated as a continuum
and the dispersed phase (single droplets) is solved by tracking a large number of droplets in a
Lagrangian manner. The Euler-Lagrange approach is an appropriate numerical method widely
used to simulate the transport of a dilute cloud of small liquid droplets. In this work, the droplet
concentration is well below 107, hence a one-way coupling assumption is sufficient'®. A
significant advantage of the Euler-Lagrange approach is the ease, with which the droplet
impact/splash with the wall could be implemented. The implementation of the splashing using

another multiphase flow method, such as the Euler-Euler?, turned out to be much more difficult.

The droplets were here injected (dilute flow, volume concentration < 10#) and tracked after the
flow simulation of the fluid phase had reached steady state. In this case droplets were treated as

solid. The assumptions with respect to the droplet transport were as follows:

ACS Paragon Plus Environment
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- droplets are spherical,

- molecular diffusion is neglected because the droplet diameter is here greater than 1 pm,

- droplets are surfactant-free,

- droplet-droplet interactions are neglected,

- droplet feedback on the gas phase is also neglected (one-way coupling),

- Because a one-way coupling is considered, no extra source term associated with the liquid-
vapor surface tension needs to be included in the momentum equation. The liquid-vapor surface
tension, however, is directly accounted for in the splashing criteria which is evaluated by the

droplet impacting energy (Equation 36),

- gravity is neglected.

The Lagrangian equation of motions is given as

du, 9x(pp — p)
E=Fp(u—up)+— pp ) (21)
18‘[,[ CDRep
D : (22)
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(23)
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: Co=ay 4ot~ 24
1 =a ’
0 D 1 Rep Re?, ( )

15 where Re, is the relative Reynolds number of a particle and Cp is an empirical drag coefficient

used for calculating the drag force (Fp). For the computation of Cp, the coefficients a4, a; and as

20 are empirical constants of smooth spherical particles given by Morsi.?! For turbulent flow, the
22 fluid velocity (u) is the summation of the mean fluid velocity (%) and a fluctuation velocity (u),
calculated in accordance to a Discrete Random Walk Model?> which relies on a Gaussian
27 probability distribution of a random number ({) between 0 and 1, and a fluctuation component

29 based on the turbulent kinetic energy defined as

3 u = J2k/3, )

38 which is known for each local point of the domain. Each particle position (x,) is updated in time

40 as

dxp

—_ 2
ae ar = W (26)

50 The injection of droplets with a certain size distribution is performed using a Rosin-Rammler

distribution function, where the mass fraction (Y) smaller than a given droplet diameter (dy) is

55 given by

60 ACS Paragon Plus Environment
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1—Y=exp ) (27

da\™
(@

where d,, is the diameter size constant and n, the size distribution parameter. In a first numerical

test, uniform droplets with dimeters of 10 um, 50 pm or 100 pm were considered. In a second

test, the droplet size was specified as multiple-size droplet injection according to a Rosin-

dy 4017 .
) , which was selected to be close to a

Rammler droplet size distribution Y; =exp — (m

Gaussian distribution (R?= 0.9983). Table 2 summarizes the mass fractions of respective droplet

sizes.

. Mass
Diameter .
fraction
range (Lm) (%)
10-15 0.35
15-25 2.34
25-40 13.80
40-55 28.73
55-70 36.64
70-85 15.71
85-95 2.11
95-100 0.29
Total 100

Table 2. Mass fractions for the multi-size droplet injection.

Droplets at ambient temperature and pressure vaporize by diffusion. The molar vapor flux (N;)

that a droplet loses by diffusion is calculated as

ACS Paragon Plus Environment
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N;=kAC, (28)

1
9 (2 + 0.6Re?{5503)Dmp

10 k.=
11 ¢ dy ’

oNOYTULT D WN =

(29)

where AC is the vapor concentration difference between the bulk gas and the droplet surface, k.

18 is the mass transfer coefficient, and D, is the diffusion coefficient of vapor.

22 Droplet-wall interactions are known to depend on the impaction regime, which is represented by
the Weber number (ratio of inertial forces to surface tension forces) and the Ohnesorge number

27 (ratio of viscous forces to surface tension forces), respectively defined as

31 v2d
32 We = PL d, (30)
33 Oy

37 Wel/? u
38 Oh = = .
39 Re  (p,o1,dg)"?

(1)

43 After the impact of a droplet with a non-heated dry rigid surface has occurred, the droplet can
either deposit (i.e. the total mass of the droplet remains attached to the surface) or splash (i.e. the
48 droplet breaks up and produces a rim of fluid ejecting smaller droplets). A widely used threshold

50 criterion (K) to distinguish between deposition and splashing was proposed by Stow?? and

confirmed experimentally by Mundo et al.>* as

60 ACS Paragon Plus Environment
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K= Oh%ReP. (32)

For rough surfaces Mundo et al.?* suggested o = 1, B = 5/4 and K=57.7, while Rosa et al.?’
suggested o = 8/5, p = 2 and K=3.5. Later Roisman?® analyzed empirical data from previous

investigations and proposed two boundary conditions for the droplet impact leading to a

secondary droplet formation with the capillary number (Ca) and Ohnsorg number defined as

Ca=0.067 + 0.6 Oh"3°, (33)

Oh = 0.0044, (34)

respectively. Roisman?® studied the droplet splashing on rough and porous ceramic substrates
manufactured via sintering process. He found that the splashing on such substrates are material
independent. Irrespective of the contact angle?®?’ (for non-super-hydrophobic or super-
hydrophilic)?®, the splashing was found to only depend on the characteristic slope morphology (

Ryk/RSy) and the initial inertial forces in terms of the Weber number for the splashing

thresholds (Wegs) as

Wes = 10.5(Ryi/RSm) 7 =41.885(R, * RP,) ~*7°%3. (35)

For non-super hydrophobic and hydrophilic materials (the droplet splashes when We > Weg). In
Eq. 35, Ry is the average height of the protruding peaks above the roughness core profile, RS,
is the mean width of a profile element, R, is the maximum height profile and RP, is the

standardized number of peaks.

ACS Paragon Plus Environment
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According to Gipperich,” porous ceramics have surface roughness parameters ranging from
R;min = 0.0003 cm (RP:min = 32 peaks/cm) to R;min= 0.0113 cm (RP¢min
= 152 peaks/cm), which results in Weg of 1431.64 to 27.76. Using the thresholds proposed by
Gipperich,?® Mundo?* and Roisman,?® a splashing/deposition figure was produced (see Figure 4)

to distinguish between splashing and deposition.

100000 ¢ - . ————rrg

g ...- Gipperich et al. (max) ]

E e Gipperich et al. (min)

10000 Splash — Mundo et al. 3
----Roisman et al.

L e i b e S s ST L GE W e e S o e ,x?

1000 L PR

Splash uncertainity i 3

We
" /
\
‘.
\

oL - N 4

Deposition

100 1000 10000

Re

Figure 4. Splashing and deposition thresholds for porous ceramics.

In accordance with Figure 4 from We = 28 to We = 1433 the splashing or deposition is uncertain
for the SiSiC material. In this work those uncertainties were treated as certain splashing or
deposition, respectively using the thresholds defined by Mundo?* and Roisman.?® Re-entrainment

of deposited droplets was not considered in this study.

In cases, which coincide with the deposition region, a trap boundary condition for the discrete

phase was used. Else, the splash of small droplets was implemented. The implemented user-
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defined functions (UDF) are described below. To distinguish between deposition and splashing,

the impact energy (E) is calculated as

We

(ho 1y (36)
(mm(d—p,l) + \/ﬁ)

E*=

where hy is the film height (for dry surfaces hy = 0), d,, is the droplet diameter, We is the Weber
number and Re is the Reynolds number. Using Mundo?* and Roisman.?¢ thresholds (see Figure

4) the corresponding quadratic minimum splashing energy (EZ) were calculated as

E%?>3329 for Re < 600
E?>0.18Re'® + 22.6Re"? for 600 < Re <1000
E? > 4.62Re'> — 624.36Re"® for 1000 < Re < 4000 ° (37)
E?>2x10 °Re?*°> — 3x10 ~Re'® 4+ 9x10 ~12Re0> for Re > 4000

a) Deposition:

Trapped boundary condition (i.e. v, ,=0) is achieved when the energy upon collision with a wall

is lower than the minimum splashing energy (E® < E?) given by (Eq. 37).

b) Splashing:

Upon splashing (E? > E?), a portion of the droplet remains on the wall, and subsequently,
smaller droplets re-enter the gas flow. To determine the mass fraction (M/M,, where M is the

droplet mass re-entering the gas flow and M| is the initial mass of the droplet impacting with the

ACS Paragon Plus Environment

22

Page 22 of 50



Page 23 of 50

oNOYTULT D WN =

Industrial & Engineering Chemistry Research

surface) of a spray of smaller droplets (also termed splashed droplets), the correlation of

O'Rourke?®® was used as

B { 1.8x10 ~*(E* — E%., for E%.; = 57.72 < E* < 7500 (38)

M
M, 0.75 for 7500 < E2

To determine the diameter distribution of the splashed droplets, a Weibull probability density

function f(dg;D,2)) is used as
F(d:D,2) =250~ @PY, (39)

where d; is the random variable (in this case, the droplet diameter), Dis known as the
distribution shape parameter and 2 is the scale parameter (fitted to data from Mundo et al.3!). The
corresponding cumulative probability function and the maximum diameter of the splashed

droplet (in accordance with O’Rourke??) are then given by

_ (ﬁ)z (40)
F(dgD2)=1—¢ ‘"7,

dd,max 57.7% 6.4 (41)
= ,—-,0.06].
E? 'We

dd,incident

The total number of ejected droplets that re-enter the gas flow can be calculated with the

splashed mass fraction from Eq. 38 as
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Nparcels (42)
PTT
?Ntot Z (fndgl) =M,

n=1

where Ny, is the total number of splashed drops and N5 is the number of splashed drops per

parcel, where parcels are statistical representations of a number of individual droplets.

Finally, to calculate the velocity, at which the smaller droplets are splashed off from a wall

surface, a second Weibull function fitted to data of Mundo?* was used according to

b
( Vnormal,splashed ) v (43)

Vnarmal.splashed v Vnormal.splashed by—1 Vnormalincident” %v
v ———0uby) =5 \y € ’

Vnormal,incident Vnarmal,incident . wv

[~

Vnormal,splashed (44)
= tan(65.4 + 0.2260))
Vtangential,splashed
where b, and @, are given as
b = 2.1 if &, <50° (45)
v 7 11.10 4+ 0.029, elsewhere
@, = 0.158¢%%17%: (46)
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3.3 Residence time distributions model

The residence time distribution function (E(t)) describes the distribution of droplet that has spent
a given time in a section of the foam volume. It is here obtained using CFD to track the droplets
at the exit of the foam.?? In this case, E(t)dt is the fraction of droplets exiting the foam, which

spent time between t and t 4+ &t inside the foam. The histogram of time at the outlet is the E(t)

defined as
40
Eit)y= /——. (47)
J,_ Ctdt
The average residence time (t;) of the i droplet is calculated as
J tcdt
L= e (48)
J,c@®dt

The mean residence time (7) is computed by averaging the residence time of each particle as

=1% (49)

The global residence time distribution (f,(t)) for multiple integers of individual sections is

computed using the convolution of each RTD functions (E,(t)) according to
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fo(®) =E1(t) ® E2() ® ... ® En(t) . (50)

The function f,(t) reads for example as

[ee]

LO=EOQE®= [ E@OF-0d (51)

—00

A convolution is the response of a system to any pulse. The response to a pulse acting at time (8)

is the shifted impulse response (E(t — 6)) multiplied by the area of the pulse.
3.4 Resolved CFD mesh of the foam

3D surface meshes (of both the 20 ppi and the 45 ppi SiSiC foam portions) were first generated
using the marching cubes algorithm3? for the extraction of iso-surfaces from the scanned foam
volume (in the present case, the 3D foam volume was discretized into a set of voxels). In a
second stage, the meshes were simplified using an edge-collapse decimation algorithm* thereby
preserving boundaries, topologies, and also the normal directions of the mesh surfaces. The
obtained meshes were then smoothed using a Laplacian operator,> holes were flat-filled, small
non-connected structures were eliminated, sharp spikes were flattened, and the fluid domain was
generated. Finally, the CFD meshes were generated using an unstructured grid algorithm with
curvature-based grid-refinement. The produced tetrahedral meshes were suitable for the CFD
simulations. The skewness ratios (min/max) were 0.014 and 0.021 for 20 ppi foam and 45 ppi,

respectively.
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The boundary conditions needed for the CFD simulation are summarized in Table 3 and

illustrated in Figure 5.

oNOYTULT D WN =

Free slip Foam Free slip

Inlet
[T 1T
Outlet (Py)

Free slip Free slip

Figure 5. 2D schematic of the CFD domain: A - inlet fluid surface B - foam domain, C - outlet

57 fluid surface.

31 Interface Velocity Pressure Zone

33 Inlet =555, 0 Calculated A

Outlet —=—=—=0 P=0 C

3 Walls (free sli ox _ 0y 0 op_op 0 A,BandC
38 alls (free slip) el ax 9y , B an

40 Foam (no slip) U+ =0=0 Calculated B

42 Table 3. Boundary conditions used for the CFD simulations.

To avoid influence of flow entrance and exit effects in the CFD simulations, the inlet and outlet
49 mesh surfaces were positioned further upstream and downstream with a distance equalled to 70%

51 of the foam streamwise length.
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3.5 Mesh size and turbulence model

For the CFD flow simulations, the governing Equations (Eq. 8 to 20) were solved with a finite
volume method (FVM). The CFD convergence criterion was set to 10 for the scaled residuals.
To ensure good accuracy of the numerical results, a grid dependence study was conducted with
the 45 ppi foam mesh by varying the maximum cell length segment from 0.1 mm to 0.065 mm
with a constant minimum cell length segment of 102 mm. The convergence study was also
performed for superficial gas velocities (Ugg, the velocity of the flow in a given cross sectional
area) ranging from 0.1 to 1.0 m/s which corresponds to Kozeny-Carman Reynolds numbers (Req
) ranging from 6.6 to 66.2, respectively. The pressure drop was also used as an evaluation
criterion (see Table 4). With a maximum cell length segment of 0.08 mm, the highest percentage
error was below 8% from the experimental value. The variation from 0.08 mm to 0.065 mm
results in less than 3% of the pressure drop change. In all subsequent simulations, grids with a

cell length segment of 0.08 mm were used.

Max. cell length Nodes Pressure drop (Pa/m)

segment (mm) (/10°) Ugs=0.1(m/s) Ugs=0.5(m/s) Ugs=1.0(m/s)

0.1 1.15 146.8 1061 3000
0.09 1.44 141.8 1067 3036
0.08 1.92 142.5 1082 3087
0.07 2.39 143.5 1108 3187
0.065 2.86 143.7 1107 3164

Experimental value 142.7 1136.4 33394

Table 4. Grid dependence study.
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The effect of the turbulence model was also tested for the 45 ppi foam. The simulated pressure

drops were compared with their experimental counterparts in Table 5. The experimental study

oNOYTULT D WN =

was accomplished with SiSiC open-cell foams of 20 ppi and 45 ppi having sample lengths of 100
10 mm. All experimental measurements of the pressure drop were carried out at atmospheric
pressure and at ambient temperature. The inlet superficial gas velocity was varied between 0.1
15 and 1.7 m/s. The two turbulence models (the RNG k-e model with standard wall functions and
17 that with the swirl modification) provided the best agreements with the experimental data. A

graphical visualization of the flow is shown in Figure 6.

24 Turbulence Model Pressure drop (Pa/m) at Ugg = 1.7 (m/s)

25 k-¢ 7977
57 RNG k-¢, standard wall functions 7900
28 k-Q 7635
29 RNG k-¢, enhanced wall functions 7431
Experimental 7800

33 Table 5: Pressure drop for 45 ppi foam depending on the selected turbulence model. The RNG

35 k-g with standard wall functions performs best.
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Velocity

8.0
75
- 7.0
6.5
6.0
- 5.5
5.0
4.5
4.0
35
3.0
25
- 2.0
1.5
- 1.0
0.5
- 0.0
(m/s)

Figure 6: 3D (left) and 2D (right) visualizations of the simulated velocity for single phase flow
(45 ppi foam, Usg = 1.7 m/s). The 2D horizontal cross-sectional plane a mid-section of the 3D

flow volume.

4 Results and discussion

4.1 Foam structure

The foam porosities () reported from the manufacturer (&,,4nuf), and those calculated from the
pre-processed data (&), from the post-processed CFD mesh (gp,5), as well as the pore

equivalent diameter (d,) and strut diameter (d;) were determined from the post-processed

tomographic data (See in Table 6).

d, max.

(um) ds (pm)

ppi Sy (M*M?)  Emanur  Epre  Epost d, mean (pum)
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20 2000 0.87 0871 0.836 2399.94+380.15 3743.75  390.86 + 153.56
45 1004 0.85 0.861 0.821 1036.13+125.56 1437.64 248.80 + 94.77

Table 6. Morphological foam properties (pre-processed d,, and d,; are not shown, since cavities

oNOYTULT D WN =

in the interior of struts interfere with the measurements providing incorrect results).

14 The porosities computed from the pre-processed tomographic datasets are in excellent agreement
16 with the values reported by the manufacturer. The slight differences are likely attributed to losses
18 in the topological morphology from X-ray scanning and 3D reconstructions. As expected, the
porosity of the post-processed tomographic data is slightly smaller due to filled cavities,

23 decimation and Laplacian smoothing.

27 Both, pore and strut diameter distributions of the post-processed data were calculated using the
diameter of the largest spheres that fits inside them as described by Hilderbrand,*® using the
32 Dougherty’s algorithm.3” The mean pore diameter varied between 1.0 and 2.4 mm across all the
34 investigated foams. The equivalent strut diameter was on average more than five times smaller

than the mean pore size.

41 4.2 Comparison of the pressure drop

45 For comparison purposes, the pressure drop was modeled using a modification of the Ergun
47 equation (Eq. 4), which was extended to open-cell foams.3® In this model, the sphere particle
diameter used in the original Ergun equation is replaced with the inverse specific surface area (1/

52 S,) of the foam. As a result, the modified Ergun equation for SiSiC foams (R?=0.9957 and

>4 Rmsd=17.12) is
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(-9, (1—8)Swps
Ap = 559.6 3 Ve + z.sTlvflvf. (52)

The pressure drop calculated using the modified Ergun model in Eq. 52 is compared with the
experimental data (including experimental data of a 30 ppi SiSiC foam) in Figure 7. The pressure

drop is shown as a function of the modified Kozeny-Carman Reynolds number (Re,) defined as

pUo

Rer= o5

(53)

The macroscopic flow regimes “viscous and inertia regime” were considered to describe both the
turbulent (Re;>100)*° and the laminar (Re;<100) flow in the porous. The model fit is generally
excellent. It only tends to overestimate the predicted pressure drop at bigger pore sizes or as
turbulence increases, which is related with the determined dimensionless parameters a and S,
which should not have a constant value, instead these parameters should be functions of the foam

geometry that is different for every pore density.
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25 Figure 7. Comparison between predicted pressure drop (Eq. 52) and experimental values.

29 The CFD calculations were also compared against the data obtained from the Lacroix model (Eq.
5), from the Du Plessis model (Eq. 6), from the modified Ergun’s model (Eq. 52), and from
34 experimental pressure drop data (see Figure 8). The calculated CFD pressure drop is most

36 accurate compared with the experiments since the real foam structure is resolved.
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Figure 8: Comparison between correlated, experimental and simulated (CFD) pressure drop

values for 20 ppi and 45 ppi foams.
4.3 Effect of pore density and superficial gas velocity on droplet residence time

The droplet RTD curves were obtained from the injected droplets and those exiting the foam.
The RTDs were smoothed using weighted adjacent-averaging and then fitted with a modified

Dagum distribution with the five fitting parameters (k,a,f,y and () according to

(5"

(-G

E@®(Gka Byl = <. (54)

The droplet RTDs are shown in Figures 9 to 11. The parameters associated with the fitted

Dagum RTD are summarized in the Supporting Information (see Table S1).
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Figure 9. Droplet RTD curves E(t) computed from the CFD simulations at different frontal
39 superficial gas velocities (Ugs) and droplets sizes for the foam with a pore density of 20 ppi. The

foam length is 15 mm.
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Figure 10: Droplet RTD curves E(t) computed from the CFD simulations at different frontal

superficial gas velocities (Ugs) and droplets sizes for the foam with a pore density of 45 ppi. The

foam length is 10 mm.
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20 ppi

--14m/s 200
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0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1

20 Figure 11: Droplet RTD curves E(t) computed from the CFD simulations at different frontal
superficial gas velocities (Ugg) for Rosin-Rammler droplets; the foam lengths are 15 mm (right)

25 and 10 mm (left).

29 As seen in Figures 9 to 10, the larger the droplets are, the longer they remains within the foam.
Droplets with smaller inertia are easily carried with the fluid and have less interactions with the
34 foam skeleton compared with bigger droplets, in particular at low superficial gas velocity (see
36 Figure 11). It should be noticed that the droplet size is continuously reduced by diffusion, which

38 allows a faster passage of the foam.

To compare the residence time of 20 ppi and 45 ppi foams (see Figure 12), both Dagum RTDs
45 were scaled to a foam length of 30 mm using the convolution of distributions (Eq. 50). The
47 droplet inertias (S - d4pq4/ 18u.), where the density ratio = pPp/pg =829, are 0.45s,0.115 s and
0.0046 s for droplet diameters of 100 pm, 50 pm and 10 um, respectively. The RTDs in Figure
52 12 are shown in terms of so-called box-plots, which graphically show the droplet spectra through

54 their statistics quartiles. No significant difference in the residence time is observed for the
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smallest droplet inertia (0.0046 s) in foams with pore densities of 20 ppi (d,, = 2.4 mm) and 45

ppi (dp = 1.0 mm). Droplets with diameters below 10 pm are unaffected by the foams since the

droplet size is significantly smaller than the mean foam pore size (d,/d; = 240). For droplets

with diameters beyond 50 pum, there is a significant difference between the times droplets are

retained within the foam, which increases with decreasing mean pore size (d,/dg < 43).
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Figure 12. Box-plots of the droplet RTDs at different frontal superficial gas velocities (Ugs) and

droplets sizes for foams of 30 mm length with pore densities of 20 ppi (right) and 40 ppi (left).

4.4 Effect of pore density and superficial gas velocity on droplet separation.

The percentage of droplets escaping and of those trapped (trapped droplets are those who crashed

against a surface of the foam) are shown in Figure 13 (evaporated droplets are intentionally not

included). Splash-generated droplets are considered as well in the trapped and escaped

categories. The pore density of the 20 ppi foam allows for more droplets to escape than the 45

ppi foam. The 20 ppi foam has less specific surface, it hence implies a lower probability of

droplet impact with the foam skeleton. It is also shown that an increase in the superficial gas

velocity results in a decrease of the percentage of droplets escaping the foam, accordingly. This

can be explained by the fact that, as the droplet inertia increases, the motion of droplets resist

longer to the entrainment effect of the long-lived flow patterns within the foam structure. As
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droplets are dominated by their inertia the trajectories they follow decrease avoiding impacts

with the foam skeleton.

For both pore densities, there is not significant difference in the number of droplets escaping the
foams for injected droplets with diameters greater than d; > 50 um in both laminar and turbulent
flows (maximum Ugs = 17 m/s). When the droplets with 10 um - diameter were injected, the
percentage of droplets escaping the foam is considerably larger compared with the larger
droplets. Such that the foam with a pore density of 20 ppi allows, 84.5 % of droplets to pass

through its structure without crashing with the foam.
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Figure 13. Percentage of droplets escaping the foams for injected droplet size of (left-top) 10

um, (right-top) 50 pm, (left-bottom) 100 pm and (right-bottom) the Rosin-Rammler distribution.
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10 5 Conclusions and outlook

14 Inline droplet separation devices composed of open-cell ceramic foams are promising. In the
present work, the residence time distribution of droplets and the separation efficiency of open-
19 cell foams was studied using a numerical approach. Numerical findings were reported
21 considering the pressure drop and the residence time distribution of droplets within foams under
different superficial flow velocities, foam densities of 20 and 45 ppi, and different droplet inertia
26 by injections of droplets with diameters of 10 pm, 50 um and 100 pm. The main results from

28 this work are:

32 * For the pore-to-droplet diameter ratio d,/d; < 50, the droplet residence time increases

35 with the pore density. For practical applications, we recommend foams with high pore

37 density, as they exhibit a better separation performance.

For d,,/dq > 240 and with a superficial gas velocity lower than 1.7 m/s, no significant
44 difference in the droplet residence time exists between open-cell foams with pore density
46 between 30 and 45 ppi. Under these conditions, there is no observable enhancement in

droplet separation between different foams pore densities.

53 = The probability of droplet impact with the foam skeleton increases with increasing

55 superficial gas velocity.
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* The porosity of SiSiC foams becomes constant for non-dimensional lengths Lygcy/d, >
15 (Lyrcv/dy, where MRCV is the Representative Cubic Volume element). This allows

highly accurate pressure drop predictions using CFD simulations.

Other porous SiC foams (i.e. foam used by Lacroix®) and SiSiC exhibit both a similar skeletal
network and a similar triangular strut shape’, if they are sintered using the same fabrication
technique. The presented conclusions on droplet retention time will therefore also apply to

similar SiC foams that have a similar pore size and pore porosity.

Future work will deal with the overall comparison of residence times and droplet separation
efficiency with experimental data and investigations at higher Kozeny-Carman Reynolds number
Req1 > 300 (See Eq. 53). Further correlations of the relevant quantities, such as RTD and droplet
separation efficiency will be derived by performing additional simulations over a wider range of
pore densities and superficial gas velocities. Finally, comparisons with experimental data on the
diameter of the droplet escaping the foam will be performed. Droplet splashing at high Reynolds

number plays a major role in the separation and will be further analyzed in the future.
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A Pore diameter, m
C Forchheimer coefficient, m -

Ca Capillary number

dp Sphere pore diameter or equivalent pore diameter, m
dq Sphere droplet diameter or equivalent particle diameter, m
ds Strut diameter, m

K Hydraulic permittivity, m?
Ks Splashing parameter
L Length, m
Nu Average Nusselt number based on the hydraulic diameter
Oh Ohnesorge number

Vp Pressure drop, Pa/m

d

d_l; Linear pressure drop, Pa/m
Pr Prandtl number

ng Droplet spread parameter
Y Mass fraction

Re Reynolds number

Re, Relative Reynolds number of a particle

Rey Modified Kozeny-Carman Reynolds number

Sc Schmidt number
Sy Specific surface area, m?/m?3
t Time, s

Ugs Frontal superficial gas velocity, m/s
Vf Fluid phase velocity normal to the cross-section displacement, m/s

We Weber number

Abbreviations

CFD  Computational Fluid Dynamics
MRCV  Mean Representative Cubic Volume
RTD  Residence Time Distribution

SEM  Scanning Electron Microscopy
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SiSiC Silicon-infiltrated Silicion Carbide

Greek symbols
a Permittivity constant related to the pore properties
B Forchheimer constant related to the pore properties
€ Porosity
ML Liquid dynamic viscosity, Pa - s

Umot  Molecular viscosity, Pa - s

PL Liquid density, Kg/m3

Oly Liquid-vapor surface tension, N/m
Subscripts
g Gas
1 Liquid
d Droplet

Supporting Information

Table S1. Parameters of the droplet RTDs in accordance with the modified Dagum distribution.
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