=-8°C; V.,=50m/s 1 . L

MVD=20umy LWC = 2.5 g/m? Dynqmlc water runback on an airfoil surface
. d Thoness L [ [ 7 [ | [ T

(mm) 0.00 0.03 0.06 0.09 0.12 0.15 0.18 0.21 0.24 0.27 0.30

Copyright @ Hu and Zhang
lowa State University

mail: huhui@iastate.edu

with
Icephobic
coating

With superhydrophobic! Without'superhydrophobic
surface coating surface coating

Oncoming airflow
V. =20m/s

OvERVIEW OF RESEARCH ACTIVITIES ON RIRCRAFT ICING
Puvysics & ANTI-/De-1ciNg @ lowa STATE UNIVERSITY

Dr. Hui HU
Martin C. Jischke Professor and Director
Aircraft Icing Physics and Anti-/De-icing Technology Laboratory

Department of Aerospace Engineering, lowa State University
2251 Howe Hall, Ames, IA 50011-2271

Email: huhui@iastate.edu TIOWA STATE UNIVERSITY

Aircraft Icing Physics & Anti-/
De-icing Technology Laboratory




1 AIRCRAFT ICING AND AERO-ENGINE ICING PHENOMENA

% Aircraft icing, including aero-engine icing, is widely
recognized as a significant hazard to aircraft operations
in cold weather.

«* While research progress has been made in recent years,
aircraft icing remains as an important unsolved problem
at the top of the National Transportation Safety Board'’s

most wanted list of aviation safety improvements.
.

>

Air Florida Flight-90 Crash at Washington DCon
01/13/1982 due to the failure of Ice'Protection System
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2 ISU lcing PrysicS AND ANTi-/De-1ciNg (IPAD) GENTER

Ajreraft jeine . Rotorcrafticing: Aero-engine icing

—
. PowerlifieEesie
e UEOEICINYSS

CFD
&multiphase
modeling

Experimental
aerodynamics
& icing tunnel

NDE, MEMS testing

sensors for in-
flying icing
detection

UAS/MAY,

Rotorcraft, wind
turbine, power

lines
U IcING PHYsIcs & ANTI-/DE-ICING
RESEARCH CENTER

Super-
hydrophobic
Aero-structure Smart coatings and

designs for materials, surface
icing mitigation Micro & Nano engineering
) Mechanics
& protection.

Syetem design
and MDO for
anti-/de-icing

strategy

Bl alamy stock photo

Water Fil ) I i
Teeess IR T TO0 7 [ [ 7N dman(&Hu20
(mm) 000 0.03 0.06 0.09 0.12 0.15 0.18 0.21 0.24 0.27 0.30  [(TERIEI( it)
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Phase Angle = 0"

Normalized | I
Vorticity (w-D/U.) -100 67 -3.3 00 33 67 100

~
Oncoming airflow
V_=20mis
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0 leing RESEARCH TUNNEL @ lown STATE UNIVERSITY (ISU-IRT) ﬁ

Y B e |SU Icing Research Tunnel (ISU-IRT), donated by Collins
P Wotor Wf/ At D Aerospace System, is a new refurbished, research-grade
—— T teatEchanger || " | multi-functional icing research tunnel.

High-Speed IR Thermal
Imaging system imaging system

e The working parameters of the ISU-IRT include:
’ » Test section: 0.4m x 0.4mx2.0m

Airfoil/wing model

Sbfay

o * Airflow velocity: V. _5~100 m/s;
» Temperature: T.=-25°C~20 °C;
* Droplet size: D jropier = 10 ~ 100 um;

» Liquid Water Content: LWC=0.1"~10g/m?

. * The large LWC range allows ISU-IRT to be run over a wide
range of conditions (i.e., from dry rime to wet glaze icing).

4 * We received ~$4.0 M in funded research in the past 5 years
from NASA, NSF, FAA, NAVY, GE, P& W, UTAS, DuPont...




3 ImpacT IciNG PrysicS: RIME IcING AND GLAZE IcING

inerease I [ l l l [ [ .
Increase =

AT CC€): 00 8.3 O\ 1.0 14 1.8 21 24 =28 31 35

TP
Incoming air flow with

supercooled water droplets
b)

Rime ice formation

o O O

ooooo

Glaze ice
—_—
Wing Surface

Portion of Super-cooled
water droplet that freezes

Very Cold
Yy """ with initial contact with

Temperatures N
/ surface

Rime ice
—_—
Wing Surface C%) Wing Surface

Cold
___Temperatures

Glaze ice is the most dangerous type of ice.

Glaze ice formation

It can form much more complicated ice
shapes, and will be much more difficult to

remove once built up.
S— [




3 UnSTEADY HEAT TRANSFER DURING ICE ACCRETION OVER AN AIRFOIL SURFACE ﬁ

E.in _Eout =
_ dt
= Qadh +ka

Erie = Orn + Quriy + Do
|:Qaa’h + ka ] |:Qcom qub/mp Qcom’] = (Qiafem + st )

Sublimation
Evaporation

airflow with
super-cooled
water droplets Water
i Impingement
-

—

Et = (Qiatmt +st)

Incoming Radiation

Convection

/ Water
/fj ﬁ Runback

Water Water Film

> Run-in

rumback  Twtace

\
Latent heat of Y
Fusion 4

Conduction

£ Airfoil Substrate

—

( Adiabatic heating: The heat introduced by air friction on the object is from a viscous \

\ (Dong et al., 2015)

adiabatic heat which occurs inside the boundary layer. - y = JPr

(Fortin et al.,, 2006) Q. =h., (T, -1.)- 4 T. =T, +r: :r: ﬁ pr CPus My

Kinetic energy: associated with the droplets impacting onto the airfoil surface. «
1

(MyerSI 2001) Qlﬂn == zmp zjxp mlm}’ =LwcC: I/imp -4

to be estimated directly.
Being negligible terms
with small quantities.

Evaporation and Sublimation - . .
P Q_mbevp=me:'[’7'Li+(l_77)'ij|:

4 - N
< Convective heat transfer Qcom‘ = hcv (7: _Tx)'A *  to be evaluated based on the
A-(T _T ) measurements of heat flux
« Conductive heat transfer de _ T\ Tafl] sensors and thermocouples
\_ Roz,wnd )
r ~N
» Latent heat of fusion Qiers = pocce]” L
» Sensible heat Q.. I”i@iefe_- . (1, *E)Jr(?_"’ "f’_rgefe_) p, (1, -1,)
(Henry et al., 2000) * To be estimated based on the DIP measurements of accreted ice
\_ mass and characteristics of runback surface water flow. .

Liu & Hu (2018) “An Experimental Investigation on the Unsteady Heat Transfer Process over an Ice Accreting Airfoil Surface”, Intel. J. Heat&Mass Transfer, 122, pp707-718.
Li & Hu (2019) “Effects of Thermal Conductivity of Airframe Substrate on the Dynamic Ice Accretion Process”, Intl. J. of Heat & Mass Transfer, 131, pp1184-1195.



3 lciNG Puysics: TRANSIENT BEHAVIOR OF WIND—DRIVEN WATER nﬂﬂﬂlﬂﬁ

(mm} 000010020 030 040050060

L “oolant in Coolant out

7 Wind I Air Flow,
7 |:|"> Tunne I:> il
rf, Moto

r

———] Heat Exchanger

Airflow velocity

Turnin 7 '
vanesg High Speed . Digital Image i V_=15m/
Camera Projector i

- . N, (d
Airfoil Model /X '\
AN : P L
N M) Sprav

AN
&
\\\\ <j /m } ¢'Nozzles

Suction-; s:de

| -
H
surface =

\ Airfoil Model Grid Pattern Calibration

Airflow velocity

e Setup for DIP Measurements V,=20m/s

Test Conditions:
» Angle of attack: a = 0.0 deg.

Film ihickness
fimrm) 0.00 010 0.20 030

» Temperature: T =20 °C.
* LWC Level : LWC = 3.0 g/m?3 S
* Frame rate : f=30Hz V_=25m/s

* K. Zhang, W. Tian and H. Hu, , Experiments in Fluids, 56:173 (16 pages), 2015




O DynAMic SURFACE WATER RuNBACK AND GLAZE IcE ACCRETION PIIBIS%

Copyright (¢) Gao & Hu 2017 |Qws
Email: huhuj@jddt

Oncoming flow

lce Accumulation, A,

S

LWC = 3.0 g/m>

BT

0.0 041

__EEE NN

00 01 02 03 04 05 H(mm):

N

BT .

00 01 02 03 04 05 H(mm):

H(mm): 02 03 04 05

N

=30 m/s
T.=-5.0"°C

t=t,+10s
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B .
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N

Copyright (¢) Gao & Hu 2017
lowa State University
Email: huhui@iastate.edu
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0.5
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0.1
0.0 Wind-driven flow

% Conracr line _“.\_\‘,dt’i s
& — 0.8 1.0 4 0.4
so =19 3 =10
—O— lce Accumulation, A; . N 102 e
I—0O— wWater Accumulation, A, .., _g (©) 3 Voo — 25 /s Fe-- 6s-+-- 10s (d) 3 Voo — 30 mis | F-<- 6s---- 10s
———A, . =07t * = 20 s=+++ 30s e 20s++++ 30s
804 __ A _  —2o> *6‘:;-“ heee 40 se=== 50 s 2,'-._-. hees 40se++= 50s
S ®
= o
= ] . |
40 -4 = > .,
= TR e
> 2 Q0 o2 1.0 Qo o2 1.0
20 [ooCH -2 &
- g . - 3 .
- -7~ Ice/water coverage vs. icing time. = *  water/ice thickness vs. airflow velocity
o = . H -
8 = 0 ‘ *«  (Gao et al., International Journal of Heat and Mass Transfer, 2020 )

Time, f[s]




1 AeropyNAMIC PERFORMANCE DEGRADATION DUE TO ICE ACCRETION

10 -———=—=——-——=—=—====—==—-—~—-~——-
0.8
94 0.6
A L
04
| |—=— AoA = 5°
02H o AocA=10°
| |[—=— AO0A = 15°
OO T I 1 1 1
0 100 200 300 400 500 600
t[s]
5.0 P T T
- oh = 5°
A AL 4.49
4 0 | e Aoch = 15°
) Linear fit of AoA = 5°
_ Linear fit of AcA = 10°
U% 30 Linear fit of AcA = 15°
=
(]
2.0
1.0 [t T T
0 100 200 300 400 500 600
t[s]
P

T.=-5.0%;V.=40.0m/s; LWC = 1.1 g/m3? AOA=10°

V/V..
00 02 04 06 08 10 1.2

V/V..

00 02 04 06 08 1.0 1.2

T ———
f—
e

b).t=t,+25s

-0.
40 05 o 00

V/V.
00 02 04 06 08 1.0 1.2

= o 2
" =
0.2 = P g
B c).t=t,+50s = —— d).t=t,+100s =
04% 05 = 00 0.5 047 S X o5
vv.. RN [T vv.. RN

00 02 04 06 08 1.0 1.2

e.t=t,+150s = f).t=t,+200s =
0473 05, 00 o5 0473 05 . 00 -

* Gao et al., Renewable Energy, 133(4), 663-675, 2019.




3 QuauricaTioN oF CompLEX 3D IcE SHAPES ACCRETED ON AIRFOIL Sunrn@

AoA _iced =0 deg AoA _iced =5 deg “Olzb‘bév‘b‘%b‘ ] o ' ! ' ' '
M >
CCD,; lDMD ool 1 IET S 333

| Project gf“***t& 84 ”” 0%

Cap?ﬁre
direction

i direction 2999994984 o

NN

s % B
‘ “ , ’ ’ . { 00F ®m 55
2.25%
‘ ‘ ‘ ’,M Convex: B Real Data ® Measured Data
' |Concave: @ RealData © Measured Data
0.2 L 1 L 1 !
‘ ‘ ‘ , ’ , ,‘ -06 -04 -02 00 0.2 0.4 0.6

XID
Measurement uncertainty:

8.0mm sphere: ~ 140um (i.e., < 2.0%
02 . . ; ; :

0.2+

Y/D

s

AoA_iced =15 deg —

Reference plane

Digital Image projection (DIP) technique

e Cle2N
- - - t=4,+50s .
0.1 ff----t=t+100s .
[ :::“::gg: Aerodynamic ','/f’
o 0.0 ° Center oy ]
SEhal g
01+ i
02t i
Inflow 08 06 04 02 00 02 04
*\als\ — 02 : : : , :
Qatfele”  _Agafee o T UE =
o' 0.1 H-s3sa .
------ s5 )
(a) t=t,+50s 0.0 Li—mccs Aerodyg:r:;\eur: ]
-0.1+ .
02k _

Inflow
.

(c) t=t,+300s (d) t=t,+600s
DIP canning technique for 3D ice shape measurements

. LY Gao, R. Veerakumar, Y. Liu, and H. Hu. "Quantification of the 3D Shapes of the Ice Structures Accreted on a Wind Turbine Airfoil

Model”, Journal of Visualization, Vol.22, No. 4, pp 661-667, 2019.




O Warious AcTive AND PASSIVE ANTI-/DE-ICING STRATEGIES

R/

s Active Methods: rely on external
energy input for anti-/de-icing
operation:

» Pneumatic inflating systems:

Deform to cause ice crack-off.

» Hot air bleeding systems: Provide

heat air to melt out ice.

» Electro-thermal systems: Provide

heat flux by using electrical heater

» DBD Plasma Based Anti-/De-icing

Systems.

< Passive methaods: take advantage of
the physical properties of airframe
surface to prevent ice formation.
» Hydro- and Ice-phobic materials:
Water repellent; Smaller ice
adhesion forces.

INFLATING THE INNER
PART OF THE BOOTS

* Electro-thermal systems
Heater mat

Anti-/Deicing
Coating Zone




3 Surrace WerTABILITY: HYDROPHILIC, HYDROPHOBIC, & SIIPEIIIWIIIIII'IIlﬁ

k\m@

Superhydrophobic
-1 6 = 150" - 180°

Y16 COSB, =Yss —7is-

» A water droplet over a smooth surface

vV v VP

Cassie—Baxter State Wenzel state

» Using materials with low wettabili

C0SH.; =@cosé, +p—-1 Ccosf, =Nncose,

Nanostructure Microstructure Hnerarchncal structure « A water dmpVer over a mugh surface

* Making structured surface
(creating micro-/nano- structures over the surface)




O Bio-Inspired Ice Phobic GCoatings for Aircraft icing Mitigation ﬂ

Pitcher Plant Effect:

) “Liquid-cushion”
l v,
Lill FS AN

J et
I Liquid l lil iquid I
—
Liquid Liquid
i n & Federle, PNAS (2004) -_—— e O -
Cous Eftect «  Slippery Liguid-Infused Porous Surfaces (SLIPS)

Functionalized . lmmiSFib!e
Porous/Textured Solid ‘ Lubricfting Film blql"d

Porous structures KRYTOX™ 6:03 oil N *" &4
SN N\

ik it Nl st N

htt://www.hydrobead.com ,,,ge ' : m Alaminam tost plate \\\\\%& Aluminum test plate \\%
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3 DynAmIC DROPLET IMPINGEMENT ONTO DIFFERENT SURFACES

_Frame rate @10K FPS o We =~ 2, 000

Hydrophilic
(Comparison baseline, CA=65 deg..)

B —

Feather
(Goose feather, CA=130 deg.)

--.‘ﬁ:'-r’,f""
*at ar

SLIPS
(Pitcher-plant-inspired. CA=105 deg.)

Super-hydrophobic
(Lotus-leaf-inspired, CA=160 deg.)

* LQ Ma, HXLi, and H. Hu. An Experimental Study on the Dynamics
of Water Droplet Impingement onto Bio-inspired Surfaces with
Different Wettability. AIAA-2017-0442, SciTech2017.
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1 TRANSIENT BEHAVIOR OF WiIND—DRIVEN FiLm/RivuLET FLOWS

t=0.00s Hydrophilic Surface (PIV Raw Images)

philic Surface (Velocity Field)

Hydrophilic Aluminum Surface :\\

t=0.00s SHS (PIV Raw Images)
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|
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E
> 4
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i
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O ErrecTS OF Bio-INSPIRED COATINGS ON IMPACT ICE ACCRETION

With Super-hydrophobic
Surface coating

With superhydrophobic
surface coating

T.=-8°C; V_=50m/s
MVD=20um; LWC = 2.5 g/m3 1

Copyright (c) Waldman and Hu 2015
lowa State University
Email: huhui@iastate.edu

Without Super-hydrophobic
Surface coating

Without superhydrophobic
surface coating

pm EEm Emm o o o o e oy

Ve

Hydrobead Enamel SLIPS
Superhydrophobic) (hydrophilic) (Wong et al., 2011)



1 HyBRID ANT-/DE-IcING STRATEGY WITH HEATING + ICEPHOBIC COATINGS @:[:

Anti-/Deicing
Coating Zone

Heating Zone

Glaze Icing Condition:
LWC = 2.0 g/m?

Coverlay
25um  Dielectric Layer

Electrodes
+ Photo of the DuPont™ Kapton® RS
T Copyright (c) Gao & Hu

2018 lowa Slate Umvers ity
Email: huhui edu

g of the

*  Hydrophilic surface without surface heq‘ in .

P.D. =3.0 kW/m?
DU96-W-180 l | s

PR ]
B

SLIPS coated surface without surface heati "

: rg._ .
* Gao et al., Renewable Energy, 133(4), 663-675, 2019. . Leadmg edge heating + SHS (~ 90% energy saving)
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O Aero-ENGINE ICING PHYSICS AND ANTI-/DE-ICING

Aero-engine icing problem has been known since 1950s.

More than 100 jet engines experience icing-related “power-loss” events since 1990.

“Power loss” of the aero-engine, including surge, stall, flameout, or roll back, can
result in a sub-idle operating condition.

% * Ice crystals in the jet
fuel were blamed as
the cause of the
accident, clogging the
fuel-oil heat
exchanger of engine.




O EXPERIMENTAL SETUP FOR AERO-ENGINE ICING STUDY

Liquid Water Content

1.0 g/m? 1.5 g/m? 2.0 g/m3
-5°C
g
S
S
s o
LED Lights § -1 0 C
-15°C
,-'Z:Zv;’:,(":ulnlwanr ' < ; i
= Parameters CFM 56-2/3 Turbofan Aero-engine Model
J e o Diameter of (m) 1.52 0.2
] Max Rotation Speed (rpm) 5175 4000
R Cruising Speed (m/s) 222 (0.74 Ma) 15
Cruising Rotation Speed (rpm) 4900 2500
Temperature Range ('C) -40 ~ 20 -15~-5
Liquid Water Content (g/m?) 0.1~20 06~24
Intermittent maximum atmosph;r;c lung ' Advanced Ratio’ J 180 180

conditions from 14 CFR Part 25 Appendix C
e N B ]




1 Dynamic Ice AccRETING PROCESS OVER ROTATING FAN BLADES

Glaze icing condition: Rime icing condition:
15 m/s; = 15 ml/s;
-5 C, = -15 C,
2.0 g/m?3 0.5 g/m?3
Rotation 2,500 rpm Rotation 2,500 rpm

Copyright(c) Li & Hu 2017 - . Copyrightic) Li & Hu 2017
lowa State University - lowa State University
Email:huhui@iastate.edu Email:huhui@iastate.edu




O DurasLE METAL-BASED IcEPHOBIC COATING FOR AERO-ENGINE ICING I'm!eﬂﬁ

Email:huhui@iastate.edu

- |
e The Durable Metal-based Icephobic Coating is developed
by Dr. Tuteja group @ Univ. of Michigan (Golovin et al.,
Science 364, 371-375 (2019).

Copyright(c) Li & Hu 2017
lowa State University

- Digital Image Projection (DIP) system
for 3D ice shape measurements




1 IcING MITIGATION OVER AERO-ENGINE FAN BLADES DUE T0 ICEPHOBIC ellﬂ

e Test conditions: V

* Pressure |
side

=805
— t=12008

—— Blade surface.
— t=2008

=50m/s;_T,,° =-18°C; LWC=0.3 g/m?

“B- B"' sectlon

Axfc

Ice Mass Accumulation (g)

015 ‘ ‘
== ===~ Uncoated Surface
==~@- -~ Coated Surface p
ol * ~40% reduction of the
Ice accretion along the .~
leading edge of the . ¥ .-
icephobic coated blade PPt
005 b i L Ao
- " ’ - - - :
0’ — 200 ‘ 400 I , 600 800 1000 1200
Time (s)
Ice Mass Accumulation
45.00
1000 | ®lce Mass Accumulation-Coated Surface )
3500 | @Ice Mass Accumulation-Uncoated Surface
30.00 Py
o0 | ~35% less in total
o accreted ice mass over:
' the blade surface due
15.00
to the lcephoblc s
1000 coatmg s
400 600 800 1000 1200 1400

Time (s)



Materials used in 787 body

O EFFECTS OF AERO-ENGINE BLADE “IIII.; l IcE ACCRETION PROCESS ﬂ

Fiberglass M Carbon laminate composite : Total materials used
W Aluminum W Carbon sandwich composite ©By weight
Aluminum/steel/titanium : Other

Steel 3% Composites
10% 50%

"""" itanium

st -..--"'". - : 15%

""""""" " Aluminum
e 20%

. By comparison, the 777 uses 12 percent
composites and 50 percent aluminum.

K, (W/m-K) 0.22 15~50 fan blade fan blade
v * Icing conditions: V.=40m/s, T =-5 °C, LWC=2.0 g/m?
. = -

* LK Li, Y. Liu, ZC Zhang and H. Hu, International Journal of Heat and Mass Transfer, Vol. 131, pp1184-1195, 2019



2 How 1o DisTincuisH RR, PN, GE ENGINES — SHAPE OF ENGINE SPINNER ﬂ:[:

RO"S'RO}’CE Zz Pratt & Whitlley @ GE Aviation - -

A United Technologies Company . rotating spinner

Icing Wind Tunnel

Oncoming air flow P

Camera

Transducer | :

0000
W .: — | Speed Digital Delay

Controller  Generator Host computer

s . O

+ Conical spinner « Elliptical spinner + Coniptical spinner

INTERMITTENT WAXiUM (CuMULIFORM GLovos) T 1 11
oot v e e o s Parameters CFM 56-2/3 Turbofan Aero-engine Model
Diameter of (m) 1.52 0.2
Max Rotation Speed (rpm) 5175 4000
Cruising Speed (m/s) 222 (0.74 Ma) 15
Cruising Rotation Speed (rpm) 4900 2500
Temperature Range ('C) 40 ~ 20 15 ~-5
2 i Liquid Water Content (g/m®) 0.1~20 06~24
‘“!“.""'"‘“‘ “"’“!".“"‘ atmosphei fcing Advanced Ratio, J 1.80 1.80

conditions from 14 CFR Part 25 Appendix C!!




O Dynamic ICE ACCRETION OVER THE SURFACES OF ROTATING SPINNERS
Glaze icing: U =15 m/s, T, = -5°C, LWC=2.4 g/m3, J=1.8

[ ] Rough ice area
I icicles area

[ ] Clean area

* Conical

L

* Coniptical

C

* Elliptical




3 Dynamic IcE ACCRETION OVER THE SURFACES OF ROTATING SPINNERS

T(C): -5.0-4.8-46-4.4 42 40 -3.8 -36-34-32 30
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* LKL Y. Liu, H. Hu. "An Experimental Study on Dynamic Ice Accretion Process over the Surfaces of Rotating Aero-Engine spinners”.

Experimental Thermal and Fluid Science, Vol.109, 109879 (13 pages), 2019.




O Hot-Rir-BAasED IcING PROTECTING SYSTEM FOR ENGINE Inm-ﬁuun-!lmﬂ
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1 Aeno-ENGINE IciNg PHYSICS AND ANTI-/DE-ICING ﬂ

Aero-engine Icing Phenomena
A

Supercooled water droplet icing

» Similar to the airframe icing.

» Cold airflow with supercooled water droplets,
freezing drizzle and freezing rain.

» Mostly happen at inlet, spinner and fan blades.

> Additional effects of rotation motion. (Ice crystal icing test rig is ready in 2019 fall)




O EXPERIMENTAL CHARACTERIZATION OF ICE GRISTAL ICING OVER HEATED ﬂlﬂﬁ!’ﬁ
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3 Piror ProsE Icing MMGATION WiTH ICEPHOBIC COATINGS

¢ J|ce accretion in or around the — ol \/ =40 m/s, LWC=2g/m3and T=-5 €
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system, which may result in
deadly aircraft crashes.

e In June 1, 2009, Air France
Flight 447 from crashed into |
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Airlines Flight 703,
from Moscow to Orsk in V. =40m/s, LWC =2 g/m3and T=-5
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3 UAS PropeLLER PERFORMANCE DEGRADATION DUE 10 IcE ACCRETION ﬁ
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O leing Puysics & ANTI-/De-IcING OF BRIDGE STAY GABLES
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O leine Puysics & Anti-/De-IcinG oF POWER TRANSMISSION GABLES
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