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Outline

O Code description
O Case 1 (CRM65 Midspan)
O Case 2 (CRM65 Inboard)
O Case 3 (RG-15)



Code description (1/2): Air and droplet flow analyses

O Air flow solver: JAXA-FaSTAR Methodology: Single-Shot

Models (1) Air flow analysis Twr Gw

« Compressible RANS with calorically perfect (RANS)

« S-A model with roughness effect u

(B. Aupoix and P.R. Spalart, 2003.)
« manually set constant roughness is | My, Y
y g (2) IDIErolplgt flow analysis | Md, B (3) film flow & icing

Discretization (Eulerian)

« SLAUZ2 with 2nd-order MUSCL (Advection term), 2nd-order Central difference (Viscous term)
« LU-SGS (Time integration)
Shear stress t,, and heat flux g, are directly calculated from RANS results.

O Droplet flow solver: inviscid eqgs in Eulerian framework
Models

« Source terms are drag-force for sphere particles (Schiller and Naumann, 1935) and Gravity force
Discretization

« 2nd-order upwind scheme (Advection), Euler explicit method (Time integration)




Code description (2/2): Shallow water film flow analysis (icing)

Models
« Shallow-Water Icing Model (SWIM)
« Source terms
— Droplet impingement
— Evaporation and sublimation
— Convective heat transfer
— Radiation
Discretization

* Finite volume method (Cell-Centered)
« 1st-order upwind scheme (Advection)
« Try and error method (Time integration)

Methodology: Single-Shot

(1) Air flow analysis Tws Qw
(RANS)

lu

. my, \ 4
(2) gﬁgﬁ;ﬂ;’w analysis | M Bl oo flow & icing

Evaporation at a laminar boundary layer on flat plate

pv,surf - thv,e
Fe

: 0.7
Qes = —0.5(Ley + Lgy) C— HTC

p,air

RANS results-based heat transfer coefficient
oT.,;
Kair ﬁ
Trec - Twall




Summary of simulated cases

« All test cases (9 cases) were simulated.

« Differences due to (given) meshes were evaluated on the basis of air-flow results.

« We submitted data obtained by using “structured mesh with gap”.

Computational time

* Flat MPI

Case Mesh Analysis MPI threads Elapsed time [sec] Number of steps
Case 1.1 Structured with gap Air flow 144 1212 10000
Droplet flow 144 1175 20000
Film & lcing 18 40878 24805000
Case 2.1 Structured with gap Air flow 144 2117 10000
Droplet flow 144 1943 20000
Film & Icing 18 68120 30562000
Case 3.1  Structured Air flow 9 621 20000
Droplet flow 9 124 8000
Film & lcing 2 92 324000

* Architecture: FUJITSU PRIMERGY RX2540 M5 (Intel Xeon Gold 6240 X 2 / Node, 36 Core/Node)



Case 1.1 : Air flow, Pressure coefficients

Cp[l

« The predicted Cp distributions show entirely good agreement with those of the experiments,

including locations of the attachment line.

Mesh: Structured with gap

—18 inch
36 inch
54 inch

&

Q
© o

;

10

<
<&

-4 &

Symbols:
EXxp.

<><><>

IO i

%
I <§><><><> ‘ % %

QO o ot o) ®

o & QSM

%
15 1 05 0 05 1
X [m]

1.5

-0.5 r

Cp [-]

05 r

&
¢ 36 inch, Exp.
36 inch
Location of Attachment line
(Exp.) —0.0378 =0.0064 m
(Sim.) —0.0376
.
* &
*
L 2K 4 * . . 00
-0.14 -0.09 -0.04 0.01

Surface Distance [m]




Case 1.1 : Air flow, Differences due to meshes (1/2)

The same trend was obtained as the test case description (predicted by FENSAP-ICE with SA model).
» “Structured mesh without gap” causes large flow separation near the upper channel wall

« Differences at a lower surface, where many droplets impinge, are relatively small so that the
influence of neglecting gap may be small for ice accretion simulation.
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Case 1.1 : Air flow, Differences due to meshes (2/2)

Cf[]

The structured mesh shows the oscillation in shear stress, probably due to insufficient resolution of
meshes, particularly near the leading-edge.

“Unstructured mesh with gap” shows the best results in terms of Cp and Cf.

— But, this mesh had poor convergence for air and film flow analyses.
— Thus, “Structured mesh with gap” is selected for further studies.
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Case1: HTC and

HTC [W/m2-K]

* Collection efficiencies in all 3 cases coincide and are in line with those in other CFD results in WS.
« As with Cf, HTC also shows oscillation near the attachment line on upper surface.
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Case 1: MCCS
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rime, are successfully captured. "3 [
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In Case 1.2, showing mixed characteristics of glaze
and rime, our solver predicts fully rimed ice.
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Case 2.1 : Air flow, Pressure coefficients

Cp distributions including locations of attachment line show good agreement with the experiments.
Small oscillations are observed on upper surface, but again this may be small influence for icing

accretion.
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Case 2.1 : Air flow, Differences due to meshes

The same trend was obtained as the test case description and those in Case 1.
« “Structured mesh without gap” causes lower pressure on upper surface due to large flow separation.
* Low resolution meshes cause oscillation of shear stress.

« Although “Unstructured mesh with gap” shows the best results, “Structured mesh with gap” is used
for further studies because of poor convergency that unstructured mesh has.
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Case2:HTCandf

HTC [W/m2-K]

1000

800

»
o
o

KN
o
o

200

T, = 1.05T.., k, = 500 pm

——Case 2.1
2 Case 2.2
Case 2.3 \
L ‘/’ v ‘\\‘
AN
< Lower surface Upper surface >
-04 -0.3 -0.2 -0.1 0 0.1 0.2

Normal Wrap Distance [m]

B[]

0.25

02 |

015 |

0.1

0.05 |

E—Case 2.1

Case 2.2
Case 2.3

-0.2

Normal Wrap Distance [m]




Case 2: MCCS

Similar trends as Case 1 were observed.

« In Cases 2.1 and 2.3, types of ices, namely glaze or

rime, are successfully captured.
« In Case 2.2, showing mixed characteristics of glaze and

Ts [K]

rime, our solver predicts fully rimed ice.
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Case 3 : MCCS

« Only structured mesh was tested (effects of meshes are not investigated).
« Similar trends as Cases 1 and 2 in terms of types of ices
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Effects of laminar-turbulent transition (IPW1;NACA23012)

0 Effects of transition model

(Transition models were not used in IPW2 due to calculation instability.)
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N
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Turbulence viscosity on attachment line has large effect for predicting HTC distribution.

Fully turbulence assumption may be broken near attachment line.

Use of transition models can improve accuracy because HTC and shear stress are
strongly influenced by transition.

However, there are large differences between transition models.
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Summary

O Simulation results
« Single-shot-based simulations were used.

» In terms of Cp distribution, “Unstructured mesh with gap” gave the best results, but we used
“Structured mesh with gap” because of poor convergency in shallow water film flow analysis.

» Collection efficiencies were in line with those in other CFD results in WS. Film flow & icing analyses
could successfully capture types of accreted ice (glaze or rime) in all Cases except Cases X.2, where
ices are intermediate shapes of glaze and rime.
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Code information: Droplet flow analysis

O Governing equations
Droplet motion was treated by Eulerian framework

Equations are normalized by droplet bulk density
of uniform flow, py,a4 -

« Mass conservation

aad
Fﬁ-V' (adud) =0

(1) Air flow analysis

Recent analysis are Single-Shot only

TW' qW

(RANS)

lu

(2) Droplet flow analysis

\ 4

— (3) film flow & icing

(Eulerian)

e Momentum conservation

ot (aqug) + V- (aququy) = Fdrag + Fgravity Co =

b =
« Drag force
3 aCD pgd
F =—-———R U, — Uy ), Req =——|u, —u
drag 4 p,d? ed”g( g d) €d g | g d|

O Discretization : Finite volume method (Cell-Centered)

« 2nd-order upwind scheme (Advection), Euler explicit method (Time integration)

24
§(1 + 0.15Reg®®”) Req < 1000
d

0.4 Regq > 1000
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Code information: Film flow & icing (1/2)

Independent variables : h,, h;, T
O Governing equations Constants ' Pws Pir Cpwr Cpir Hws Lfus

« Mass conservation

[ahw+v (ith )]+ AL 7= W
Pw | —=— - (u i = M Mes, Uu=-—"-7
Wl 9t w Pi ot imp es Z,UW wall

* Energy conservation
0 _ _ d _ : : : :

prp,w [E (th) + V- (ath)] + pi a [hi (qus o Cp,iT)] — Qimp + Qes + Qrad + Qconv

« Compatibility relation
i

9 _
hw20,  —220, hT 20, hT<0

O Constitutive laws

. 0T yir Directly calculated from
es ev Su Cp,air Pe ) Trec — Twall

Qconv = —HTC[(T + 273.15) — Trecl



Case 3.1 (RG-15), Air and droplet flow analysis

Cp[]

0.9 |
0.8 |
0.7 |
06 [
—05 [
@04 f

03 [
02 [

01 [

-0.1 -0.08  -0.06  -004  -0.02 0 0.02
Surface Distance [m]

21



Case 3 (RG-15), film flow & icing,

HTC [W/m2-K]
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