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Introduction:

SLD tunnel testing needed for certification

Concern #1 — droplets not 100% super cooled

Short distance ‘ short residence time ‘ not
enough cooling

Concern #2 — reduced cloud size

Issues addressed by test & analysis
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Outline:

Analysis
Droplet temperature (FLUENT & AEDC)
Ice shapes (Modified LEWICE 2D)
Cloud size (FLUENT)

Icing tunnel tests
Cloud calibration and Ice shapes

Conclusions
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Fluent Analysis:
ANSYS FLUENT modeling Air Velocity
Test Section m & Temp
Inlet, X=180" fl e I d
> / obtained
Test Sec_tion ) A Droplets
Outlet, X=258
released at
/ Spraybar
wooizeo: WS Tracked
=211- praybar,
X=0" thru tunnel

Mesh May 16, 2011
ANSYS FLUENT 12.1 (3d. do. pbns. sne. ske)

Droplet Temperature Obtained Thru

Tunnel
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Fluent Analysis:
Example, MVD=130 um, T, ...,=165°F
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Fluent Analysis:

) I
& COMPANY

Cloud supercooling results

Air: U=200 mph, Tt=28°F, Ts=20.9°F

Air: U=200 mph, Tt=0°F, Ts=-7°F

MVD, mcr | Twater,°F| Tcloud,°F | Tcloud-Ts,°F| | MVD, mcr | Twater,°’F| Tcloud,°F | Tcloud-Ts,°F
20 165 21.4 0.5 20 165 -6.5 0.5
36 21.4 0.5 36 -6.5 0.5
40 165 22.4 1.5 40 165 -5.3 1.7
36 22.4 1.5 36 -5.3 1.7
70 165 24.1 3.2 70 165 -2.8 4.2
36 23.3 2.4 36 -3.9 3.1
100 165 24.5 3.6 100 165 -2.2 4.8
36 23.7 2.8 36 -3.5 3.5
130 165 26.2 5.3 130 165 0.7 7.7
36 24.3 3.4 36 -2.1 4.9

w

Cloud Temperature > Air T
Not 100% Supercooledto T

static

static

AU = ———
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Fluent Analysis:

l & COMPANY \

Cloud supercooling: FLUENT vs AEDC

200mph, Tt=0°F, Twater=75°F
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— 30 mcr

1l— 100 mcr

300 mcr
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—— AEDC 30

- AEDC 100

AEDC 300

200mph, Tt=28°F, Twater=75°F

— 30 mcr

— 100 mcr
300 mcr

—TS

—— AEDC 30

—— AEDC 100
AEDC 300

—XY

AEDC-1D
thermodynamic
model

AEDC predicts
higher
temperatures for
larger droplets

Good overall agreement
between AEDC and
Fluent for Dia<200 um
(difference~5 °F)
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Fluent Analysis:
Cloud size and Uniformity Predictions:

Reduced cloud with increased MVD. No
significant reduction above 75 um

Paper # 11ICE-0097
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LEWICE2D Analysis:

Does cloud need to be 100% supercooled to ambient static
temperature?
Water droplet temperature is normally assumed at ambient
static temperature
Two extreme cases were considered for the water droplet
temperature at the nozzle release location (35°F & 165°F)
Water droplets in the cloud distribution were tracked from the
nozzle location and individual temperatures predicted at the
tunnel test section location. The bulk cloud temperature is
calculated from the results at that location
The NASA ice shape prediction code LEWICE 2D was modified
to allow user input of the water droplet temperature just
before impact on the airfoil surface

Calculations performed on a NACAOO12 3ft chord at two
ambient temperatures (very warm and cold)

Paper # 11ICE-0097
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LEWICE2D Analysis (warm case):

200mph, Tt=28°F, Ts=21°F, MVD=130 mcr, LWC=0.5 g/m3
0.05
0.04 - /
0.03 —— T-droplets = 24.3F (from 36F)
/ —— T-droplets = 21F
0.02 / —— T-droplets = 26.2F (from 165F)
( / ----- T-droplets = 32F
0.01 ? / —— Airfoil
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ot 100% Supercooled — No Effect On Ice Shapes
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LEWICE2D Analysis (cold case):

200mph, Tt=0°F, Ts=-7°F, MVD=130mcr, LWC=0.5 g/m3
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0.03 —— T-droplets = -2.1F (from 36F)
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Not 100% Supercooled — No Effect On Ice Shapes

Paper # 11ICE-0097



SAE International —d— COX

Icing Tunnel tests:
Cloud size

Case True Total Temp | Spray time MVD P air AP Water Temp | Air Temp | Measured LWC Calculated K
# Airspeed (°F) (seconds) | (microns) | (psig) | (psi) (°F) (°F) (g/m3) factor
(mph)
c1 150 -5 120 59 30 | 125 65 90 0.74 29.5
C2 150 -5 72 100 25 17.5 65 90 1.03 351
Cc3 150 -5 30 135 25 | 250 65 90 133 39.9
TUNNEL CEILING TUNNEL CEILING TUNNEL CEILING
Cox & Company, Inc. Cox & Company, Inc. Cox & Compary, Inc.
N LIRL e Wind Tawrwel b LIRL Wind Tuiewsel 1 LIRL I Wind Tetrweel
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3 “ l Wi $ ! > 1 AT NN -
) o | W | I Uniform Cloud
‘Q .‘q;;,:'—_"‘h; L0 o, .
B\ 3% ) 5

i S I ’ size ~12”x24” for
L enen ||| e | | e MVD=135 um

o 10 20 0 10 EN 10 20
Herizontal Distance (in) Horizental Distance (in) Horizontal Distance (in)
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Icing Tunnel Tests at the Cox LIRL

‘ & COMPANY \

Tests conducted in the main test Cox uses the NASA MOD-1 type
section (TS-1) nozzles

Model: NACA 0012, 3 ft chord MVD for SLD droplets assumed
AOA=0 same as NASA’s at the same

water & air pressure setup

Paper # 11ICE-0097
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Tunnel tests:
Appendix O- proposed SLD distributions

T
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Tunnel tests:

Ice Shapes, NACAOO12, 3ft chord

Airspeed Temperature Cloud Spray Settings

Case TAS IAS TAS Total Static Time MvD* LWC Pair AP Water Air
# kis mph mph F F (min) um g/m3 psig psid | TempF | Temp F
1 93 110 107 16.5 14.5 149 59 0.98 30 | 125 65.0 70
2 150 177 173 225 17.2 16.0 100 0.85 25 | 175 65.0 70
3 150 180 173 9.2 39 16.0 100 0.85 25 | 175 65.0 70
4 150 180 173 6.0 07 10.3 135 1.16 25 | 250 65.0 70
5 150 176 173 280 227 10.3 135 1.16 25 | 250 65.0 70
4a 150 180 173 6.0 0.7 10.3 135 1.16 2.5 | 250 | 1200 120
S5a 150 176 173 280 227 10.3 135 1.16 25 | 250 | 1200 120
1b 93 110 107 16.5 14.5 14.9 59 0.98 3.0 | 125 350 70
2b 150 177 173 225 17.2 16.0 100 0.85 25 | 175 35.0 70
3b 150 180 173 9.2 3.9 16.0 100 0.85 25 | 175 35.0 70
4b 150 180 173 6.0 0.7 10.3 135 1.16 25 | 250 350 70
5b 150 176 173 280 22.7 10.3 135 1.16 25 | 250 350 70
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COX

Medium T
(65°F)

ngh Twater
(120°F)

water

LOW Twater
(35°F)

Shapes Obtained For Various MVD,
OAT,\ & spraybar water temperature
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Tunnel tests:

Condition 1: MVD=59 um, LWC=0.98 g/m?3,
Time=14.9 min, T,,.,=16.5°F, KTAS=93

NASA: Same _ Little variation
s S e with Twater
E — i, Supercooling
i level has little
L effect on ice
1 g shape
= Good match
with NASA
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Tunnel tests:

Condition 2: MVD=100 um, LWC=0.85 g/m3,
Time=16 min, T,,,,=22.5°F, KTAS=150

AR Little variation
3: —— NACAQ0012 With Twater
e Supercooling
R level has little
O -
1 ' effect on ice
AR shape
- <l J
-5':‘ 3 4 5 6 7 8
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Tunnel tests:

Condition 3: MVD=100 pm, LWC=0.85 g/m3,
Time=16 min, T,,,=9.2°F, KTAS=150

; | Little variation
- with T

SF |

Run 3b (Tw = 38°F)

NACA0012

35 water
IR Supercooling
f% - level has little
| effect on ice
N ' shape
NS~ P
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Tunnel tests:

Condition 4: MVD=135 um, LWC=1.2 g/m?3,

Time=10.3 min, T

- 1=6.0°F, KTAS=150

NASA: MVD=135 um, LWC=1.1 g/m3, Time=10.3
min, T,,,=6.0°F, KTAS=150

(&) Es w N - o - N w B~ al

Little variation
with Twater

Supercooling
level has little
effect on ice
shape

Good match
with NASA
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Tunnel tests:
Condition 5; MVD=135 um, LWC=1.1 g/m?3,
Time=10.3 min, T,,,=28°F, KTAS=150

= Little variation with T,
=~ == Supercooling level has little
effect on ice shape
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Condition 5b
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Cox Tunnel SLD Envelope

Spray Envelope

—SLD 200 mph =——SLD 150 mph =——SLD 100 mph

6.5 - /
6 -

100 120 140 160
MVD

Paper # 11ICE-0097




SAE International —d— COX

Conclusions

Large droplets do not supercool 100% to T,
No or little effect on ice shapes
Effective test section size iIs reduced

: ]

Tunnels relatively smaller than NASA IRT are also
suitable for SLD testing up to a specifically
defined/demonstrated MVD

Paper # 11ICE-0097
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Analysis (FLUENT)

- Droplet temperature vs distance traveled (specific

droplet sizes)

200mph, Tt=0°F, Twater=35°F 200 mph, Tt=0°F, Twater=75°F —30
— 30 80 — 40
30 40 7 X 1
T 50 0 N 50
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Analysis (FLUENT vs AEDC)
- Droplet temperature vs distance traveled (specific

droplet sizes)

200mph, Tt=0°F, Twater=35°F 200mph, Tt=0°F, Twater=75°F
—30 80 \ — 30 mcr
30 - . 70 - -
e 60 - | — 100 mcr
20 - w 50 ~ — 300 mcr
w : —TS § 40 _ - s
=10 —— - AEDC 30 S 30 i
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100 50 100 150 —— Lo 10 ' - AEDC 300
in 50 100 , ,, 150 200
200mph, Tt=28°F, Twater=75°F
200mph, Tt=28°F, Twater=35°F 80 30 mer
—30
2421 | 100 5| — 100 mcr
30 — 300 : — 300 mcr
I:ZS TS B —TS
246]. - AEDC 30 \ | | = AEDC 30
29 ~-- AEDC 100 30 4 k -+ AEDC 100
-~ AEDC 300 20 ‘ ‘ —— | - AEDC 300
0 50 100 < in 150 200
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Analysis (FLUENT)
- Droplet & lump cloud temperatures (specific MVD)

200mph, Ty =28°F, Teruic=21.1°F, MVD=20pum, RH=100%

# 1 2 3 4 5 6 7 8 9 10
. D,mecr| 44| 94 | 144 194|244 375 | 625| 875 | 1125 | 1417 T —36°F
Twater—165 F % 77 | 140|149 175| 98 | 175 | 108 4.9 2.2 0.8 water
10 o 1 10 o 1
10U 10U

190 \ 3 120 7
\“‘\ 12U 4
- an 9 L an —S
iy o0 \ 5 |F ol A 6
\\ A0 | — 7 A0 | — 7
G _ — 8 =~ Y _ o — 8
9 —9
\ 0— \ \ 10 T 0 T \
-100 -50 0 % in 50 100 150, TS -100 -50 0 % in 50 100 150 TS
Tcloud=21.4 F Tcloud=21.4 F
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Analysis (FLUENT)
- Droplet & lump cloud temperatures (specific MVD)

200mph, Ty =28°F, Teraic=21.1°F, MVD=40um, RH=100%

# 1 [ 2] 3] 4] 57 s 7 8 9 10
D,mcr | 89 | 189 [ 289 38.9] 489 75.1 [125.0] 175.0 | 225.0 | 283.3
T,ate=165°F % | 77| 140 149[175] 98 | 175|108 49 [ 22 | o8 Tyater=36°F
—1 —1
160 160
9 — 2

- 7
S : 7 40 -
=== —
) 9 ) 9
| T | | 10 100 50 ) 0 50 100 150 W
1100 -50 0 ., 50 100 150 Lo - - Cin .
Tcloud=22.4 F Tcloud=22.3 F
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Analysis (FLUENT)
- Droplet & lump cloud temperatures (specific MVD)

200mph, Ty =28°F, Teraic=21.1°F, MVD=70pm, RH=100%

‘ & COMPANY \

# 1 2 3 | 4 | 5 6 7 8 9 10
D mer [ 98 [207[316[425] 577 1010]1476] 1042 2485 3262 |
Twater=165°F % 57| 74 [ 186 89 | 94 [ 134 [ 11.7] 127 | 80 4.2 water ™~
—1 —1
160 o, 160 -
—5 L —5
E 80 \ o lF 80 - .
\\m | — 7 4 — 7
L ——— —8 E == — | —8
|
9 " 9
G T 10 I U I I 10
100 -50 .50 100 150 1o 100 50 0 ., 5 100 150 I
Tcloud=23.3 F
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Analysis (FLUENT)
- Droplet & lump cloud temperatures (specific MVD)

200mph, Ty =28°F, Teruic=21.1°F, MVD=100pm, RH=100%

# 1 2 3 4 5 6 I 8 9 10
D,mcr| 78 | 176 | 275 37.8 | 73.8 | 123.0|172.1| 221.3 | 270.5 | 319.7
% 3.3 80 |146]| 79 | 140| 157 | 16.6 | 11.8 5.6 2.6

Tater=165°F Tate=36°F
160 —1 oA —1
10U L 2 10U - 2
3 o\ 3
4 1ZU 4
w —5 w —5
— - 6 — 80 a - 6
! 40 !
—8 L = —_— | —8
a —9 R 9

I U I I I 10 I U I I I 10

-100 -50 0 X.in 50 100 150 TS -100 -50 0 X.in 50 100 150 TS

Tcloud=24.5 F Tcloud=23.4 F
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Analysis (FLUENT)
- Droplet & lump cloud temperatures (specific MVD)

200mph, T,y =28°F, Teaic=21.1°F, MVD=130pm, RH=100%

# 1 2 3 4 5 6 7 8 9 10
D, mcr | 10.1 | 229 | 35.7 | 49.2 | 95.9 | 159.8] 223.8| 287.7 | 351.6 | 415.6
% 3.3 8.0 146 | 79 | 14.0]| 15.7 | 16.6 11.8 5.6 2.6 — o
Tyaer=165°F - T, e =36°F
-1 —1
L 160 L
3 120 - 3
4 4
n —5 ||u o —5
H 6 | F ou AN S
o 40 - o
—8 ——ee —8
a 9 . 9
I U I I I 10 I U I I I 10
100 50 0 % in 50 100 150 TS -100 50 0 X in 50 100 150 TS
Tcloud=26.2 F Tcloud=24.2 F
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Analysis (FLUENT)
- Droplet & lump cloud temperatures (specific MVD)

200mph, Ty =0°F, Tyi=-6.9°F, MVD=20um, RH=100%

# 1 2 3 4 5 6 7 8 9 10
_ . D,mer| 44 | 94 | 144)| 194|244 375 | 625 | 875 | 1125 | 141.7 T —36°F
Twater—165 F % 77 | 140|149 175| 98 | 175 | 108 4.9 2.2 0.8 water
100 o 1 - 1
160 o 160 o,
120 \ 3 120 \
\ : \
. —5 30 —5
LL
- \ S \ —°
—38 — —8
— [N == — 9 T V) T = | I 9
-100 50 100 150 10 -100 -50 0 50 100 150
Y Xin — TS Y Xin — TS
Tcloud=-6.6 F Tcloud=-6.5 F
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Analysis (FLUENT)
- Droplet & lump cloud temperatures (specific MVD)

200mph, Ty =0°F, Tyi=-6.9°F, MVD=40um, RH=100%

# 1 [ 23] a]s]se] 7 8 9 10
D,mcr | 89 | 189 [ 289 38.9] 489 75.1 [125.0] 175.0 | 225.0 | 283.3
T,ate=165°F % | 77| 140 149[175] 98 | 175|108 49 [ 22 | o8 Tyater=36°F
LL
=
-100

Tcloud=-5.3 F Tcloud=-5.5 F
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Analysis (FLUENT)

‘ & COMPANY \

- Droplet & lump cloud temperatures (specific MVD)

200mph, Ty =0°F, Tyi=-6.9°F, MVD=70pum, RH=100%

Tyaer=165°F

# 1 2 3 4 5 6 7 8 9 10
D, mcr | 9.8 | 20.7 | 31.6 | 425 | 57.7 | 101.0|147.6]| 194.2 | 248.5 | 326.2
% 5.7 74 | 186 | 89 | 94 | 134 | 11.7| 12.7 8.0 4.2

Tyater—36°F

water—
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Tcloud=-3.9 F

Paper # 11ICE-0097




SAE International e/,

Analysis (FLUENT)
- Droplet & lump cloud temperatures (specific MVD)

200mph, Ty =0°F, Tyi=-6.9°F, MVD=100um, RH=100%

# 1 2 3 4 5 6 I 8 9 10
D,mcr| 78 | 176 | 275 37.8 | 73.8 | 123.0|172.1| 221.3 | 270.5 | 319.7

% 3.3 80 |146]| 79 | 140| 157 | 16.6 | 11.8 5.6 2.6

Tcloud=-2.2 F Tcloud=-3.5 F

\\ »
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Analysis (FLUENT)
- Droplet & lump cloud temperatures (specific MVD)

200mph, Ty =0°F, Tyic=-6.9°F, MVD=130pm, RH=100%

# 1 2 3 4 5 6 7 8 9 10
D, mcr | 10.1 | 229 | 35.7 | 49.2 | 95.9 | 159.8 | 223.8| 287.7 | 351.6 415.6
% 3.3 8.0 14.6 7.9 140 15.7 | 16.6 11.8 5.6 2.6 —_ o
T  =165°F 2 Twater=36°F
water
LL
iy
-100
-40 . 40 10
X, in —TS Y X, in — TS
Tcloud=0.7 F Tcloud=-2.1 F
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