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Calcium-Magnesium-Alumino-Silicate (CMAS) is a category of atmospheric debris in the form of dirt, sand, and ash
that damage thermal barrier coatings (TBC) in aircraft engines. The damage is not a direct result of erosion, but
rather, CMAS melts in engines and impacts the TBCs. In this state, the CMAS can in Itrate the TBC microstruc-
ture which leads to surface damage from secondary stresses associated with thermal loading and expansion in the
micro-structure. Understanding the uid dynamic processes of the in ltration is key to develop TBCs that mitigate
TBC in ltration damage. The uidic processes are evaluated using micro-structure-resolving, nite-volume, multi-
phase, volume-of- uid computational uid dynamics simulations (CFD). CFD results using experimentally measured
temperature-dependent polynomial CMAS viscosity are compared to experiments and analytical models and indicate
that feathery-shaped microstructure in TBCs inhibit CMAS in Itration more than rectangular channel TBCs. Such
observations are conditional on the Ohnesorge Number (Oh). For low Oh values, the rectangular channel reduces in-
Itration, while the feathery channel is more effective at reducing in ltration for higher Oh values. Three-dimensional
CFD results under-predicted experimental and theoretical in Itraiton depth. A novel in ltration model for feathery
channels, the “Feathery Pipe-Network Model” (FPNM) was implemented. FPNM results agree with experiments and
other analytical models. Using FPNM in conjunction with the concentric-pipe model achieves a 25% margin-of-error
when evaluated against experimental results. This is a 15% reduction in error compared to using the open-pipe and
concentric-pipe models as the prediction. This enhanced prediction model can lead to safer and more cost-effective
aircraft operation in debris-laden environments.

I. INTRODUCTION of engine design. These TBC systems can utilize a variety of
materials and be implemented using different methods. One

Ingestion  of  Calcium-Magnesium-Alumino-Silicate approach uses electron-beam physical vapor deposition (EB-

; ; : PVD) to manufacture 7% yttria-stabilized zirconia (7YSZ)
(CMAS) particles by airplane engines threatens the safety and ™ ~. ; . )
durability of aircraft. When CMAS particles enter the engine,coat'ngs' 7YSZ coatings manufactured with this method are

the high temperatures melt the particles that can later be dé@_\/ored for their aerodynamic performance and strain com-
posited and solidify on engine componéntIhe deposition pliance bene ts over TBCs manufactured with other “.“eth'
of these melted particles can damage the thermal barri ds. N_ote that t?e top coat is the Iayer most susceptible to
coatings that protect the high-pressure turbine blades a MAS in !trat!on ' Th‘? co!umnar mmrostructure oian EB',,
combustor liners, which leads to overheating and damage VD“coatlng ',',5 shown in Fig. 1, which ?hO_WS both no_rmal_
surfaces that can cause engine $tallhe issue is not limited and “feathery TBCS'. These fea_tures |nd|cate potential mi-
to engines on xed-wing aircraft. Helicopters operating in crostructure pattems in TBC coating design.

sandy desert environments are at even higher risk of CMAS \elted CMAS in Itrates the inter-columnar gaps, and due
damage through engines ingesting sand kicked up during takg the established thermal gradient throughout the coating
off and landing. It is clear that the relationship of CMAS  thickness, some areas of the coating are in Itrated, while oth-
to aircraft safety and durability is crucial to understand howers are not. As a result of this, an overall decrease in strain
CMAS behaves inside aircraft engines to prevent damage tglerance, and an increase in thermal conductivity is observed,
both airplanes and the global economy. as well as a discrepancy in thermal expansion coef cient be-
Thermal Barrier Coatings (TBCs) are outer ceramic layersween the in ltrated and unin ltrated regiofis. This causes
applied to aircraft engine components, such as high-pressuthe coating to become susceptible to delamination, if the coat-
turbine blades, to protect them from prolonged exposure ting is in ltrated beyond a critical dep#i. The CMAS attack
hea®. These coatings can reduce component temper4tureslso causes a sintering phenomena to occur, which also erodes
from around 1700 K to 1200 K. As higher temperature tur-TBCs'l. As manufacturers seek to help aero-engines achieve
bines are required for more ef cient and higher thrust appli-higher temperatures for ef ciency gains, molten CMAS is be-
cations, such coatings are essential for the heat-related aspectsning more of a probleld, because the viscosity of CMAS
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columnar channef8. There is no shortage of theoretical mod-
els that could help solve the CMAS/TBC problem. However,
all of these models would need to be expanded and speci cally
tuned to accommodate CMAS/TBC in Itration. The OPm and
CPM sought to accomplish this, but results fell within a wide
margin of error compared to experimetitsOPM and CPM
assume a large porous medium, and the microstructure boils
down to a couple of geometric parameters. So, a new thoerti-
cal model is needed to accurately capture effects complicated
microstructures, such as the "feathery" microstructure in Fig.
1. So, additionally, this work proposes the “Feathery Pipe-

FIG. 1: Feathery and parallel microstructure for EB-PVD  atwork Model” (FPNM) as a way to describe the ow in an
TBCs under magni catiof These side views were obtained isolated feathery TBC columnar gap.

by extracting a cross-section of TBC samples. In summary, this work seeks to do the following: 1) Provide

details of a methodology in which CMAS in Itration into a

TBC is directly resolved using numerical simulation 2) Com-
is temperature dependént Thus, higher engine operating pare the directly-resolved simulation results to expected re-
temperatures make the CMAS less viscous, and increases &slts from the analytical pipe modéfs(Shown in Appendix
ability to in ltrate the coatings. Depending on composition, A), the FPNM, and previous experiments measured at the Ger-
most forms of CMAS melt between 1150 - 1250316 The  man Aerospace Center (DLR) 3) Characterize the in Itra-
sintering occurs when the molten CMAS comes into contaction process based on physical and geometric properties.
with the TBC. In one such case, molten volcanic ash inter-
acted with a YSZ TBC to form yttria-iron garriét

Previous simulation-based in Itration models have used dl. METHODS

nite-element based approatf, but this approach comes

with several challenges, including dif culties associated witha,  Computational Fluid Dynamics Simulations
surface tension forces. Kabir and Sirigiri's approach uses a
coupled Euler-Lagrange methodology. Here, the TBC is a
rigid-body in a Lagrangian domain, and the molten CMAS is
a uid in an Eulerian domain. However, the Eulerian domain
is not multiphase (i.e. the air-CMAS interface is not explic-

itly resolved). Void cells are used instead of an air-phase, an fie y, and the reader is referred to the Star-CCM+ User Man-

surface tension forces are modeled at the free-surface. ual fo,r more information on the speci & However, the im-
This paper proposes the application of nite-volume plementation of these methods is novel in that VOF has not yet

method (more speci cally and as described in Section I, theheen used to analyze the CMAS in Itration problem. Lattice-

Volume-of-Fluid Method (VOF)) computational uid dynam-  Bojtzmann methods are commonly used to resolve compli-

ics (CFD), to evaluate CMAS in ltration using rst principles cated geometri@8. However, it has been shown that Navier-

methods for several idealized TBC geometries. Overall, th&tokes based methods are capable of resolving micro uidic

approach has the potential to push the understanding of in Iproplems as wetf.

tration processes. Previous work using this methodology has The st step in simulating the in ltration of CMAS was

determined that experimental measurements for viscosity leg, ensyre the VOF method is a valid approach for capturing

to more accurate in ltration times. However, there was a larg&he melting-solidi cation of a CMAS particle. A mesh in-

discrepancy between simulated and experimental in Itrationgependence study was conducted in previous #orknd it

times'®. is shown that melting particles between the solidus and lig-
Many theoretical models exist to evaluate problems thatidus temperatures of CMAS can be accurately resolved with

are similar to the CMAS/TBC In Itration Problem. TBC the VOF method. For multiphase physics, the Eulerian Mul-

columns are considered capillary coluinghus, seepage- tiphase Volume-of-Fluid method was used to simulate the in-

based theoretical models for soil ows may be applicable.teractions between the two Eulerian phases, air, and CMAS.

One such theoretical model is Layered-In Itration Theory in Modeling surface tension properly is critical as the in Itra-

which water in ltration depth in soil is estimated based onftion is driven by capillary forces. The governing equations of

the properties in the different layers of s#il. The open-pipe  the VOF-CFD model from Star-CCM¥include conservation

model (OPM) and concentric-pipe model (CPM) have beerequations for mass,

derived from soil-based ows, and applied to the CMAS/TBC

in ltration problem?1=22 A theoretical model for predict- g2 | 7

ing capillary imbibition in rocks was developed by correct- _ .o- 8 "

ing the Hagen—Poiseuille equation to account for pore shape Tt v v+ A A= V(S) av; S= al Safic (@)

and orientatiof’. The Lucas-Washburn equation was also

modi ed to model large porous structures instead of isolatednomentum,

The simulation methodology used in our effd?$° is
based on the nite-volume-based, VOF CFD approach. These
models are built into Star-CCM¥, and are not unique or
ovel. Hence, the numerical methods will only be described
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The sub-iterations calculated with Eq. 6 are summed to get

1 z | the overall contribution for the whole time step.

— rvdvV+ rv v dA

t, v A 7

= rl dA+ T dA+ rgdv ) ai+1V  aV+t(gari+1(t)v da)
ZA A v A

+  fudv 601 arivei VaidA = t(a™™;:) fori= 1;2;:5N (6)
\% i A
I A drawback of using the VOF method for the in Itration
and energy, is the very small time steps required to resolve the CMAS
in Itration. So, adaptive time-stepping combined with sub-
z | iterations was used to balance computational speed and ac-
1 r EdV+ rHv+ p+ airiHivg; dA= curacy. A free-surface condition was enforced so that the
fit Y A ' Courant numberGo = %) at the interface was around 1.0.
= g dA (3)  Such a criterion is demanded to accurately capture interfa-
;A 7 z cial dynamics. These equations are solved using a segregated
+ T vdA+ Sdv+ fodV: SIMPLI_E-C, solver using numerics that are s_econd-order ac-
A v v curate in space, and rst-order accurate in time. Note that
the lower-order time accuracy is offset by the implicit multi-

Equations .1'3 couple to the EuIerian_MuItiphase VOF 8P-stepping in the segregated VOF solver, described in Equations
proach, which solves a transport equation for volume fraction _ ¢’

of a phaseé (aj = Vj=V) and is formulated as follows

i z l 1. Solidi cation Model
ﬁ a;dVv+ ajv dA
Y A
4 a; Drj Solidi cation is captured in the CMAS using an approach
=, o dv (4)  that couples to the VOF method. Within the CMAS VOF
z ' phase, there is a solid-coloring functian,, given as
7N air vy av
VAR 8
21 T <0

In these equations, the subscriptenotes a particular phase
(in this case, air or CMAS), an§, is a source term that con- as=_f(T) 0<T <1; @)
trols phase change. This equation is discretized using High- "0 1<T

Resolution Interface Capturing (HRIC). HRIC blends the up-

wind and downwind solution around an interface to satisfywhere
a Courant number limit (i.e. Co = 1.0), and if the Courant T T
number is exceeded, then the HRIC scheme reverts back to a T = | 'solidus .
standard upwind scheme, which results in a smeared interface. Tiiquidus ~ Tsolidus
This smeared interface can be corrected by implementing tem- . .
poral subcycling. The general idea of temporal subcycling id" this effort, the latent heat of fusioh;usion i important to
shown in Eq. 5, where the right-hand side of the equation is §onsider and is captured through

single source term that combines the right-hand side contribu-
tions from Eq. 4. The use of a multiphase model is a key de-
parture from Kabir and Sirigiri's work'®because it allows for
direct resolution of the capillary effects at the air-CMAS in-
terface, as opposed to a modeled free-surface boundary driv
downward with a prescribed capillary pressure.

®)

hs=his+(1 ag)htusion 9)

ch a model ensures that energy associated with phase-
change effects are accounted for. Beyond this, a “ ow-stop
submodel” is employed to stop the uid ow in the cells
that have reached a particular solid threshold (the owabil-
Z ot o ity threshold,FT). Speci cally, when the solid volume frac-
a™Pv a'v+ - (aai(gv dg tion from Equations 7 - 9 reaches tR& , the velocity in that
‘ A cell is set to zero. In order to maintain numerical stability
_ g in the solution of the continuity equation, the density in the
T on (Sa(s);:)ds ®) stopped cells must be held constant, which is achieved with
the ow-stop mass compensation option. For the numerical
In this work, an implicit multi-stepping version of this tem- studies in this work, the ow-stop submodel was turned off,
poral subcycling is employed, which gives an unconditionallyexcept for the solidi cation characterization in Section Il E,
stable solution, and a sharp interface is achiev%‘i)m 0:5.  where it was varied.

Z inex
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2. Geometry, Mesh, and Boundary Conditions so any walls on the same x-plane will have a constant tem-
perature, and any walls along the same y-plane will have a
In this study, several different microstructures (shown intémperature that varies. _
Fig. 2) are evaluated to represent the micro-scale pores. 1ne wall contact angle of the CMAS phase is expected
Firstly, a rectangular micro-channel, represented by a twol® P& somewhere between 40 and 70 degrees based on
dimensional (2D) plane extending in nitely into the z- expenment%?_ Th_e_se values are temperature dependent
direction. The rectangular channel's purpose is to serve agough. For simplicity, a constant wall contact angle of 67

a benchmark; a case that allows the numerical methods in thegrees was uséti _
model to be compared to analytical models for capillary ow. The thermal gradient described above for the boundary con-

This rectangular geometry was evaluated against the resulfilions was also used as the initial temperature condition for
from a feathery micro-channel. This feathery micro-channePOth the uid region and solid region. The uid domain's ini-
was scanned by DLR scientiétand a representation of the tial velocity was set such that there was a very small down-
geometry was converted into a 2D and three-dimensional (30§/2rd velocity. This is done because it helps with convergence
geometry, shown in Fig. 2. The 3D geometry is just the 2DI" the rst calculations in the simulation. An additional as-
geometry extended into the page. Here, the feathery patteff!MPtion made in the CFD is that TBC walls are perfectly
shown on the right is repeated downward until the TBC col-Smooth, which is not necessarily the case in an actual TBC.

umn is 200mmdeep. This is half the depth of the TBC Samp|eGravity was also enabled to capture any in Itration eff_ects
used in experimen®8. It should be noted that a typical TBC T0M buoyancy. Turning on gravity also adds the Boussinesq
coating on an aircraft component is150 180 mm deep. Approximation to the energy equation to account for natural

The TBC coating used in the experiments was larger in Orde?onvection. However, the effects of natural convection do not
to perform longer kinetic experiments. dominate the ow.

The geometry is then meshed using an unstructuredrap, g |: Summary of labeled boundary conditions for the

tr_imnl”neq-cell m%Sdehi.Ch can Ee seen in Fig. 3. TEe 3_D 2D domain (pressure values with respect to reference
simulations used adaptive mesh-re nement (AMR) at the air- pressurdes = 101325 Pa)

CMAS interface.
Due to limitations in the 2D model, a separate set of bound=

ary conditions had to be used in the 2D and 3D models. Thé“"‘lbeI Hgte Boungfezsi?:d't'on VeguMeF()gmts)
2D model is not capable of spontaneously producing capil- ) Temperature 1530 K

lary ow, unlike the 3D model. The interface resolution, 5 Inlet Pressure 3.DIPa

paired with the lack of a in ow/out ow boundary in the z-  _ - T(X) 1530 DT, x (x in mm)

direction causes the inertial forces to dominate the ow in 3 Symmetry . .

the 2D model. So, the ow in the 2D model must be "jump- 4 Outlet Pressure -5 Pa

started” by an enforced pressure gradient. The boundary con- - - Temperature 1324 K

ditions for the 2D model are summarized in Table I. 5 Walls T(X) 1530 DTx  x (x in mm)
Boundary conditions and domain dimensions for the 3D

model are summarized in Fig. 2b and Table Il. Note that only

the feathery geometry was simulated in 3D. All ow bound- TABLE |I: Summary of labeled boundary conditions for the
ary conditions are zero-gradient, that is, pressure and volume  3p domain (pressure values with respect to reference
fraction on each of the boundaries is the same as the uid eN-pressurdes = 101325 Pa). Note that the 3D domain is the
tering/leaving the boundary. These boundary conditions aresgme as the 2D domain shown in 2b, but extended in the -Z
important because they ensure the ow of the CMAS is purely 5nd +7 directions (into and out of the page). The -Z and +Z

driven by capillary effects and not pressure gradients. While poundary conditions are unlaballed, but are shown in this
it could potentially make more sense to use engine operating table.

pressures for the simulation's reference pressure, this domain
was set up to be more in line with experiments conducted by Label
Naraparaju et &i:'4?3to ensure the comparison to experimen-

Type Boundary Condition Value (Units)

1P

tal data is as accurate as possible. 1 Inow/Outow X 0
. . - - Temperature 1530 K

For both the 2D and 3D geometries, conjugate heat trans- 2 In ow/Out ow 1P 0
fer was considered by setting the TBC as a solid region, the fx .

. . - - T(X) 1530 DTy x (X in mm)

walls of the TBC were prescribed as a temperature gradient, Symmetry - )

(i.e. DTy), of -1 K=nmm, such that the top of the coating is close 4 In ow/Out ow [ 0
to a typical operating temperature for an engine environment.  _ _ Temgérature 1324 K

The gradient is de ned this way to relate the simulation to 5 Walls T(X) 1530 DTy x (x in nm)
the TBC sample that was used in experim&htsvhich was -Zand +Z In ow/Out ow 1P 0

around 400mdeep, and manages to be around 400 K coolet
at the bottom of the TBC than the top, such that the operating

temperature is below the melting point of the materials used. Additionally, due to the 2D model assumptions and incom-
It should be noted there is only a gradient in the x-direction pressible air phase, air pockets within the feather gaps de-

LIRS
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FIG. 2: Dimensions and boundary conditions applied to two channel types. The contours indicate the thermal boundary
conditions in the solid. The dark-red colored area is lled with CMAS which in Itrates into the gray region (air). The
red-to-orange gradient represents the decreasing temperature within the TBC as depth increases.

tively. With this model, the air can escape the pore based on
the local pressure and is limited to a maximum velocity of
0:017% according to Eq. 10.

B. Theoretical Model: FPNM

This works also seeks a more representative, but still in-
tuitive way of describing the ow within the feathery mi-
crostructure of a TBC. Therefore, a feathery-pipe-network
model (FPNM) is formulated and proposed and is based on
considering a network of capillary channels. This model
was inspired by a capillary ow electrical circuit analotjy
However, the circuit analogy does not allow for con gura-
tions matching the TBC gap. So, FPNM is proposed. The-
oretical model development has also shown that the Lucas-

to a scanning electron microscope (SEM) image (yellow). Washburn equation cana%qeidttiﬁ_eﬁtﬁnde?‘ |n|to Ia[jgefr: het-
The mesh has zoomed-in view in the near-wall region. Also,erogeneous porous me » but this theorelical modet 1S

Iso more generalized and is dif cult to speci cally model
the feather shape can beig;réglated to feathers from the SEI?'he con gurations seen in Figures 1 and 2. In FPNM, there

is a primary channel, with other secondary channels extend-
ing (almost) perpendicular from the primary tube. In the con-

manded paths to escape. To accomplish this, the uid-soli(ieXt of the FPNM, these secondary channels, effectively retard

interface was modeled as a porous boundary to allow the al pe pnmary—chgnnel ow. The FPNM. mode! formulathn de-
to escape. The boundary was modeled with a pressure ri ands added input using the following variables (which can
calculated as e referenced in Fig. 4:

FIG. 3: Overall computational mesh and domain compared

DP= r(ajvpj+ b)vy: (10) « n, the number of secondary channels affecting the ow
in the primary channel (increases as depth of CMAS in
Here, the values of the external pressubP)( inertial resis- primary tube increases)

tance &), and viscous resistancb ), were set to the ambi-
ent pressure (i.e.,A&), 100 (dimensionless), andg1 respec- * hp, the depth of the CMAS in the primary channel
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“resistance” in the primary channel). If we assume that this
resistanceRs, takes the form

b? DP
Rs= EL—Scosq; (13)
it can be said that
dh, _ B?DP b2 DP
@ omi, "%mi (14)

The number of feathers affecting the ow in the primary chan-
nel (n) increases as the depth of CMAS in the primary channel
increases. Howevemn,can be solved directly since the primary
channel heightl(,), feather width ), and feather gap width
(Db) are known.

n= 2b+ -

So the overall equation becomes, after substituliRg s =d,

dhy _ Bs hp bs
——= — 2c0 — 16
dt  hpm 9 b+ Lsm (16)
FIG. 4: Visual representation of geometric parameters  Now, it is assumed that the time it takes for the ow to in |-
describing FPNM trate the featherd,s(t) is much smaller than the time scale of
the primary ow. So,Lg(t) can be integrated with respect to
time to get
« hg, the depth of the CMAS in a secondary channel s
. . . . f— S tb.
« Bis the inter-columnar gap (width of the primary chan- LsM= (17)

nel)

Implementing this de nition and rearranging yields a time-

* bis the feath idth
's the feather gapwi dependent differential equation

« Dbis the separation between each feather gap
s ___

sb
b+ Db m (18)

* g is the feather angle dh, sB 1
— —~ 2cogihp(t)
* Ls andL, are the lengths of the primary channel (the t m hp(t)

coating depth), and the feather length respectively which can be rearranged and rewritten in terms of@hevith

A visual representation of these variables is shown in Fig. 47€Spect to the primary channel, as well ag;non-dimensional
It is proposed to adapt these variables into the Washburoariameshp: h,=B, andt = t=tg, wheretg = fsﬁ
modefP?, which is given as

ro___
dh r B3 1
- adl

hp(t) gt 2coq)

2
s beop ) (19

2
dn = d—% (11) s
——p—=h,(t )= Ohg™:
WhereDP = s =d, this is the proposed relation for the primary mB- "t

channel, as so . . .
Here, we have a nonlinear, rst-order ODE that is readily solv-

able. To account for non-linear variations of uid properties,
dh, _ B?DP. such as viscosity, Eg. 19 is solved in small time increments,
T mL. (12) and the properties are updated after each increment. Impor-
tantly, the maximum viscosity is limited to the viscosity the
However, an additional term to account for the ow in the CMAS achieves at its solidi cation temperature. Viscosity
secondary channels must be added (i.e. the ow thatis causingoes not change above this point in FPNM.
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C. TBC and CMAS Material Properties A. CFD Model

. . 1. Benchmark: Capillary Rise in a Circular Tube
The material properties of both the CMAS and the TBC

affect in ltration. Some of these properties are widely doc-
umented, such as thermal conductivity of the FBCTable ! ;
Il shows the properties used for both the CMAS and the ow, the methodolog_y above must_ be vahdated. for use with
TBC. Blank entries are properties not relevant to the mode?UCh. ows. A C?”O”'Ca' con guration for'a caplllary—drlven

(in this case, for the solid TBC region). Importantly, silicate ow is the transient capillary rise in a circular tube. This

melts tend to obey Hooke's Law and behave like a viscoelastdSe is typically used when validating multiphase numerical

9,40 ; oA
tic materiaf*. Thus, CMAS is considered an incompressible,m?thOdg . To do this, a 3D. cyI|r_1dr|caI _tube was set up
Newtonian uid®2334 While an equation-of-state has been using the same methods described in Section Il. Constant vis-

implemented for CMAS in previous numerical effdithe cosity water with no solidi cation model was used in place of

density variation was found to be incredibly small. Thus, con-the molten CMAS, and the domain was isothermal. The tube's

stant density is assumed. Another key departure from Kabﬁ;ilmenSIOnS aqd boundary c_ondmons are shown in Fig.5. Zerq
and Sirigiri's workd"!8 s the implementation of temperature- pressure gradient boundaries were used to ensure only capil-

dependent properties in both the CMAS and TBC, as s:eeﬁ’lry forces are drlylng the ow. (_)nly water was allowed to
enter the tube, while water and air can exit the tube.

in Table Ill. Particularly, the temperature-dependent viscos- Fio. 6 shows the volume fraction of water throuahout the
ity of CMAS would greatly affect the ow kinetics because apiﬁéry fise simulation. Here. a meniscus spor?taneously
of the thermal gradient imposed at the outer boundary of th orms due to the capillary action at the tube wall. Then, the

TBC. Capillary ow in microchannels is greatly dependent on ; : :
viscosity’2, so the rheological properties of CMAS, particu- meniscus continues tq ascend. Thg ascent rate of the meniscus
larly viscosity, will affect the ow solution. At lower tempera- accorg:ilrr)& to an analytical formulation of the Lucas.-Washburn
tures, the viscosity will be higher, and thus the in Itration will equatio . shou_ld be around 0.38Fs (Not_e that this value
be slower. Higher temperatures lead to less viscous CMA as achieved 'gnoring effec_ts of dynamic contact angle, as
and faster in Itration. To account for this, the viscosity is IS phenomenqn IS |gnorgd in the present study). The ascent
modeled as a polynomial from experimental measurerd@nts rate of the meniscus in this benchmark CFD model is around
0 ) ) !
and is implemented as a nonlinear solution step in the CF :36m=s. A 12.5% error is achieved between the analytlc_al
solver. _ucas-Washt_)urn equation and the CFD mod_el. The quz_illta-
tive observations in Fig. 6 and the quantitative comparison
between the analytical Lucas-Washburn equation and the CFD
model demonstrate the ability of the simulation methodology
to resolve capillary-driven ow.

Since CMAS in ltration in a TBC is a capillary-dominated

TABLE IIl: Summary of thermal and physical properties of

CMAS and TBC
Property CMAS TBC 2. Validation: Mesh Sensitivity Study
Thermal Conductivity (W/m-K) 1.1% tabulaP®
i 3 o .

Specic Hea;?EJ/kg'K) 900256 tab“';i A mesh sensitivity study was conducted where a single

Dens'ty. (kg./ ) . 269 o3 480 CMAS droplet was resolved. The droplet's initial velocity was

Dynamic Viscosity (Pa-s) POW”‘;? - 0.2 s, allowing for quick impingement of the TBC. From

;at?nt H$at of FUT\II(/m (MJ/kg) 13% . there, the droplet in Itrates via capillary action as normal. The

Su;;ce_|_ensuon E m)K 1o0h - setup for this is shown in Fig. 3. The in Itration depth at 0.1 s

Lio L'"gjs Teg:se;?al:lfe( (&) 1534 of physical time was extracted for several levels of re nement.

q P The results in Fig. 7 and Table IV show convergence. Since

results vary incredibly little with ner mesh sizes, a mesh with
a base size of:# 10 7 m will be used for further simula-
tions. Performing the formal grid convergence index (GCI)
calculation&?“3 shows that the results in Table IV imply os-
cillatory convergence, because&(e1=e3, = 0:004< 1, and
aGClof 75 10 4.

. RESULTS AND DISCUSSION TABLE IV: Mesh Sensitivity Results from Fig. 7

Representative Mesh Size (Hr) Itration depth at 0.1 s (m)
Here, the results from the simulations and analytical models 21 10 8; 4475 10 82
are discussed, starting with a mesh sensitivity study, moving 14 10 or 3:281 10 o8
on to comparing the analytical models with the numerical re- 1o 10 3:232 10

. . . . 08 . 05
sults, and nally characterization based on several properties 75 10 3238 10

is considered.
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FIG. 5: Diagram showing the dimensions and boundary conditions for the benchmark capillary rise in a tube case.

FIG. 6: Simulated capillary ow in a tube at three different
stages. From left to right, the ow is initialized halfway up
the tube and there is no meniscus. Next, the meniscus

3. 2D CFD Model

In Section I, it is mentioned that the boundary conditions
on the 2D model make it such that it is not strictly a capillary-
driven ow, but also inertially-driven. This has unintneded
consequences on the results. The limitations in the 2D model
causes the ow to reach a state of equilibrium, as seen in Fig.
8. This phenomenon is non-physical, since the CMAS should
continue to in ltrate instead of reach a point of equilibrifim
So, the 2D geometry cannot be used to “resolve” the in Itra-
tion process. However, it is still valuable in the sense that it
can demonstrate a microstructure's ability to stop the in Itra-
tion under different circumstances.

To understand the effect of geometry, the 2D CFD re-
sults from the rectangular and feathery channel geometries
are shown in Fig. 2. Additionally, the 2D CFD results
are compared to analytical solutions of the open-pipe and
concentric-pipe models (OPM, and CPM respectiv@ly)
based on models detailed in Appendix A. Fig. 8 shows the
in Itration depth versus time for the rectangular and feathery

spontaneously forms and begins to move upward. Last, theSimulations, co-plotted with the analytical OPM and CPM
meniscus has moved much further up the tube than where iﬁolu“ons. Note that the CFD results in F|g 8 account for a

started. This shows that capillary rise is resolved.

FIG. 7: In ltration Depth (mm) as a function of the inverse of
representative mesh sizert 1)

uidic viscosity that varies with temperature which is based
on polynomial t to experimentally-measured d&ta

First, consider the rectangular and feathery CFD data in
Fig. 8. These CFD results show that the feathery channel
works to mitigate in ltration as compared to the rectangular
channel. Such an inference can be drawn from the CMAS
in Itrating to shallower depths for the feathery channel com-
pared to the rectangular channel.

To understand the evolution of CMAS attack, the time his-
tory of the CMAS distribution is discussed. The effort starts
with data extracted from the CFD results. The CFD time his-
tory is plotted in Fig. 8 and, at several points of interest in
time, contour plots of the CMAS volume fraction and TBC
temperature are plotted in Fig. 9. In the contour plots, the
red/gray area shows the distribution of air and CMAS, and the
red-orange gradient shows the temperature distribution within
the TBC (with isocontours in intervals of 1 K). First, con-
sider the initial in Itration in both the rectangular and feathery
channels on a time interval froh= 0tot = 0:001sin Fig. 8.
This early in Itration occurs much faster and the rate of in |-
tration appears to signi cantly slow down thereafter. Such an

8
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fast in Itration occurring early is a result of the conical shape
of the micro structure in the coating, shown in Fig. 9. It ap-
pears to work much like a converging nozzles, where the ow
accelerates with the reduction of the cross-sectional, intersti-
tial area.

Now consider a later time interval range fram 0:001
0:13sin Fig. 9. Att  0:05s, the in Itration rates of the rect-
angular and feathery channels diverge. There, the in Itration
in the rectangular channel continues at a faster rate than in
the feathery channel. At 0:13s, the CMAS in the feathery
channel reaches an equilibrium state and no longer in Itrates.
Concurrently, the in Itration in the rectangular channel shows
a trend that indicates it begins to slow down. Lastly, after
t 0:15s, thein ltration in the rectangular channel eventually
reaches an equilibrium as well. It is important to emphasize
that the in Itration in the feathery channel reaches an equi-
librium faster and penetrates to shallower depths than in theFIG. 8: Comparison of in Itration depth versus time for the
rectangular channel. Such an observation is consistent with2D CFD model's rectangular and feathery micro-channels
previous experimental resuitend further demonstrates the ~co-plotted with the analytical pipe model results. Note that
effectiveness of feathery TBCs to resisting CMAS attack. the feathery channel reaches an equilibrium at shallower
depths at a shorter time than the rectangular channel.
In further evaluation of the results, it can be observed from
Fig. 9 when focusing on the distribution of air and CMAS
that air pockets form within the in ltrated CMAS. With re- 4. 3p CFD Model
spect to this, recall that the the thermal conductivity of air
is 1 2 orders of magnitude lower than that of the TBC and While the 2D model was unable to attain spontaneous cap-
CMAS (depending on the temperature). Such air pockets an v ow. the CMAS in the 3D model was aFl);)Ie s onta—p
also not support convection. Hence, the air pockets potentiall y ' P

contribute to a decrease of thermal conductivity in a TBC thaazgil;fellﬁcrgrf?o?nmaegItsaiijesr,nZTd r'gsltsrg:g th&;gi Wllzr:e%uctethtehis
has experienced CMAS attack. P 9 : '

model can reasonably resolve the actual physical processes

In Fig. 9(center) and 10(center), a developing temperatur#‘ the CMAS in Itration, rather than just a comparison tool
pro le is seen within the TBC. The temperature pro le de- k€ the 2D model. _ _
velops as energy is absorbed by the CMAS moving down- Thein I_tratl_on depth as a function of time for the 3D model
ward and that energy is conducted back into the TBC. IS shownin Fig. 11. The reults from the 3D model, 2D mod-
Fig. 9(right), after further in Itration, the temperature pro le €IS, OPM, and CPM are compared. Fig. 11 shows that the
switches directions along the TBC interface. This happen§MAS in the 3D CFD model does not reach a point of equi-
because more energy is being redirected to satisfy the lateHPirum, as the 2D CFD does, and the shape of the in ltration
heat of fusion of CMAS. The CMAS is effectively cooling Versus time curve is similar to that of OPM and CPM.
the TBC. This effect is less drastic in Fig. 10 because there is The time resolution of experimental measurements is very
overall less in Itrated CMAS available for energy absorption. low, with measurements taking place every few minutes dur-
ing in ltration®. The rst data point that can be compared
One discrepancy between these results and previous woiR is taken at 120 s. One drawback of the 3D CFD model
is that the meniscus of the CMAS/air interface is convex inis the time it takes to run. Even on an HPC system using 4
Figures 9 and 10. Previous work suggests that this menidntel Xeon Platinum 8558 processors (192 compute cores), it
cus should be conca%® This discrepancy is likely caused still takes nearly a week to run the 3D CFD model to 0.1 s of
by the initial condition in the CFD simulation. That is, the physical time. As a result of this, to compare to experiments,
ow is driven by a pressure gradient and capillary action, asthe 3D CFD in Itration versus time data must be tted to a
opposed to being driven by capillary action from the start.curve, and the depth at 120 s must be extrapolated to com-
Another discrepancy between experiments, analytical modpare to the experiments. The tted curve is shown in Fig. 11,
els, and 2D CFD is that the CMAS in the 2D CFD model and the extrapolated depth at 120 s is shown in Table V. Note
reaches a state of equilibrium, rather than continuing to in I-that the time-period where the meniscus was forming was ex-
trate. This limitation could be xed with more mesh resolu- cluded from the curve-t. The extrapolated depth of the 3D
tion at the CMAS/Air interface so that the capillary action is CFD model at 120 s is 56m. So, the 3D CFD model under-
properly resolved, but the numerical methods being used heiredicts the in ltration depth compared to all other models.
do not support AMR in 2D simulations. Hence, a 3D model isThis under-prediction can be partially explained by the
necessary to properly resolve the capillary-driven part of this Importantly, the prediction from the extrapolated curve is in
phenomenon. between the results from OPM and CPM in Fig. 11. Experi-






























