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•  Ice	accumula.on	on	airplanes	is	one	of	the	major	causes	of	weather	
related	accidents	
–  The	“classic”	icing	cerBficaBon	envelopes	(§25.1419	Ice	ProtecBon)	covers	at	

most	only	99%	of	the	icing	condiBons	encountered	during	research	flights	
conducted	more	than	50	years	ago	

–  Outside	these	condiBons	ice	can	accumulate	rapidly	and	cause	loss	of	control	in	
minutes	

–  Ice	ingesBon	by	turbines	can	cause	severe	power	loss	within	minutes	(e.g.,	
AirBridge	747-8F)	

–  In	order	to	miBgate	these	problems,	Supercooled	Large	Drop	Icing	Condi.ons	
(SLD)	was	added	to	14	CFR	25	as	§25.1420	in	2014	

	

•  Technologies	originally	developed	for	space	applicaBons	can	be	used	to	
detect	when	an	airplane	is	flying	outside	the	icing	cer.fica.on	envelopes	
–  The	new	technologies	that	we	have	been	maturing	contain	only	non-intrusive	

sensors		

Background	
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Basic	Cloud	Physics	

•  Condensation of pure water vapor requires supersaturation of 
several hundred percent 
–  Since condensation nuclei are common in the atmosphere, supersaturation 

(of more than 1%) is rare 
–  The number of cloud condensation nuclei usually determines the number of 

droplets in a cloud 
–  Fixing the liquid water content (LWC), clouds forming in clean air have 

larger droplets than clouds forming in polluted air 

•  Pure liquid water can be cooled to about - 40 °C without freezing 
–  Since ice nuclei are rare in the atmosphere, supercooled liquid water is 

ubiquitous  
–  Supercooled liquid water droplets freeze when contacting a solid (contact 

nucleation), causing icing 
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(Williams et al., 2002) 

MariBme	

ConBnental	
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Cloud Droplets:  
The Aerosol Hypothesis 
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•  Ice	Protec.on	Systems	(IPS)	are	designed	to	mi.gate	problems	when	an	
airplane	is	exposed	to	icing	condi.ons	likely	to	be	encountered	during	
opera.on	
	

•  The	design	and	test	of	icing	protec.on	systems	involves	considera.on	of	
–  The	meteorological	condiBons	of	14	CFR	part	25,	Appendices	C	and	O	
–  The	operaBonal	condiBons	which	would	affect	the	accumulaBon	of	ice	on	

protected	and	unprotected	surfaces	of	an	airplane	and	its	power	system(s)	
–  The	ability	of	an	airplane	to	either	detect-and-exit	SLD	icing	condi.ons	safely,	or	

operate	safely	in	them	was	added	to	14	CFR	part	25	in	2014	

•  Impingement	rate	is	a	func.on	of	droplet	size	and	concentra.on	
–  A	Mean	EffecBve	Diameter	(MED)	of	20	μm	is	usually	used	to	determine	the	water	

catch	rate	and	an	MED	of	40-50	μm	to	determine	the	impingement	limits	(AC	
20-73)	

–  New	cerBficaBon	requirements	are	described	in	14	CFR	part	25	and	AC	25-28	

Cer.fica.on	
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•  Icing	con.nues	to	be	a	challenge	
–  Sta.s.cally,	the	“classic”	icing	cer.fica.on	envelopes	(14	CFR	part	25,	

Appendix	C)	do	not	cover	the	condi.ons	encountered	in	at	least	1	of	each	
100	icing	encounters	

–  Icing	decreases	CD,	decreases	CL	and	can	cause	loss	of	control	
–  AutomaBc	flight	control	systems	can	mask	the	effects	of	ice	accumulaBon	
–  Early	detecBon	of	ice	accumulaBon	is	criBcal	to	flight	safely—even	for	

airplanes	equipped	with	current	icing	protecBon	systems	
	

•  Icing	condi.ons	can	be	detected	immediately	with	new	technologies	
–  In	flight,	in	the	airspace	around	an	airplane	(including	ice	crystals)	
–  Before	takeoff,	in	the	airframe,	below	snow	accumulated	aber	deicing	
	

•  Immediate	detec.on	can	
–  Alert	pilots	when	flying	in	condi.ons	outside	the	icing	cer.fica.on	

envelopes	
–  Comply	with	new	requirements	of	14	CFR	part	25	
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Today’s	Situa.on	
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Supercooled	LWC	(g/m3)	 Icing	Intensity	

0-0.1	 Trace	

0.1-0.6	 Light	

0.6-1.2	 Moderate	

>	1.2	 Severe	or	Heavy	

Original	Icing	Intensity	Scale	

Lewis	(1951)	
Based	on	staBcs	from	measurements	in	Mt.	Washington	(Richard	K.	Jeck,	2001)	
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Supercooled	LWC	(g/m3)0	 Icing	Intensity	

0-0.25	 Level	1	(Trace)	

0.25-0.5	 Level	2	(Light)	

0.5-1.0	 Level	3	(Moderate)	

1-2	 Level	4	(Heavy)	

Rosemount	Model	871FN/512AG	Icing	Rate	System,	Product	Data	Sheet	2517	(1998)	
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Rosemount	Icing	Intensity	Scale	

Jeck	(2001)	



Ice	Accre.on	Rate	
•  Depends	cri.cally	on	the	value	of	three	parameters	

–  Cloud	Liquid	Water	Content	(LWC),	droplet	diameter,	and	temperature	
(Jones	and	Lewis,	1949)	

	

•  For	a	specific	supercooled	LWC,	cloud	droplet	size	distribu.on,	and	
outside	air	temperature	(OAT)	
–  Different	airfoils	have	different	accreBon	rates	
–  The	accreBon	rates	depend	on	airspeed,	geometry,	alBtude	and	angle	of	akack	

	
•  Numerical	models	

–  Such	as	LEWICE	are	usually	used	to	calculate	accreBon	rates	(Wright,	1995)	
–  Are	used	to	calculate	the	amount	of	ice	accumulated	in	a	given	Bme	interval	
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Icing	Cer.fica.on	Envelope	
•  Specified	in	Appendices	C	and	O	of	14	CFR	part	25	

–  Appendix	C	is	based	on	data	collected	during	252	icing	encounters	by	research	
airplanes	in	the	1940s	(Lewis	and	Bergrum,	1952)	

•  Con.nuous	maximum	condi.ons	represent	icing	condiBons	in	straBform	
clouds	(important	for	the	design	of	thermal	ice	protecBon	systems	for	large	
airplanes)		

•  Intermiaent	maximum	condi.ons	represent	icing	condiBons	in	convecBve	
clouds	(important	for	the	design	of	engine	ice	protecBon)	

–  Appendix	O	is	based	on	more	recent	data.	It	includes	SLD,	freezing	drizzle,	and	
freezing	rain	

•  The	Appendix	C	and	O	icing	envelopes	contain	the	three	most	important	
parameters	for	the	design	of	airplanes	ice	protec.on	systems	
–  Appendix	C	represents	the	probable	maximum	(99%)	value	of	cloud	liquid	water	

content	(LWC)	and	droplet	size	expected	in	random	icing	encounters	of	
“standard”	extent		

–  Appendix	O	represents	less	likely	but	more	hazardous	SLD	encounters	
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Intermiaent	Maximum	Envelope	

14	CFR		
part	25	
Appendix	C	

Typically	
extending	
horizontally	
2.6	nm.	
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						Freezing	Drizzle																																									Freezing	Rain								

14	CFR	Part	25	Appendix	O	

DMax	=	400	μm	

400	μm	

DMax	=	
2	mm	
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•  Icing	is	a	serious	problem	even	for	airplanes	cer.fied	to	fly	in	it	
–  StaBsBcally	more	than	1	in	100	icing	encounters	are	outside	the	“classic”	(14	CFR	

part	25,	Appendix	C)	icing	cer.fica.on	envelope	
–  Hot	air	systems	may	not	fully	evaporate	all	impinging	water	drops,	resulBng	in	

runback	ice	
–  Tapping	air	from	the	engine	to	an.-ice	systems	reduces	the	available	thrust	
–  AutomaBon	systems	can	mask	effects	of	ice	accumulaBon	and	lead	to	stalls	
	

•  Immediate	detec.on	can	
–  Alert	pilots	when	condi.ons	outside	the	icing	cer.fica.on	envelope	are	

encountered	
–  Help	pilots	miBgate	the	negaBve	effects	of	automaBon	
	

•  The	technology	discussed	next	can	alert	pilots		
–  Immediately	aber	an	airplane	encounter	condiBons	outside	the	icing	cerBficaBon	

envelope	
–  Can	reliably	detect	ice	crystals	
–  Increase	fuel	efficiency	and	range	by	decreasing	the	use	of	bleed	air	
	 ConfidenBal	
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A	Sample	of	Current	Technologies	
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Our	Approach	to	Icing	Detec.on	
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Theore.cal	Transmiaance	Ra.os	

Crossover	Point	 (IRed/IBlue)Water	 (IRed/IBlue)Ice	
	

Comment	

0.6	μm	 0.83	(1	m)	 0.95	(1	m)	 Water	is	bluer	than	ice	

1.6	μm	 0.50	(1	mm)	 0.05	(1	mm)	 Water	is	redder	than	ice	

2.15	μm	 0.08	(1	mm)	 0.008	(1	mm)	 Water	is	redder	than	ice	

At	0.6	μm	and	1.6	μm,	increases	in	the	light-path-length	increases	the	redness	because	
around	these	crossover	points	absorpBon	increases	with	wavelength.		At	around	2	μm,	
the	opposite	behavior	is	observed	because	absorpBon	decreases	with	wavelength.	

I	=	transmiked	signal,	z	=	path	length.	IRed (z)
IBlue(z)

=
exp(− 4πκ Redz

λRed0
)

exp(− 4πκ Bluez
λBlue0

)
= exp 4π (κ Blue

λBlue0

− κ Red

λRed0
)z

⎛
⎝⎜

⎞
⎠⎟
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Theore.cal	Quality	Factor	
.	



A	Few	Results	
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Unloaded:	Air	Only	
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Water	Layer	(2	mm	thick)	



ConfidenBal	

Ice	Layer	(2	mm	thick)	
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Unloaded:	Air	Only	
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A	Few	Results	
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PbS	Detector	Signal	(V)	
Halogen	Bulb:	LumenFlow	Reflector	

1.	Blue	(V)	 2.	Maize	(V)	 R1/R2	

Dry	 10.85	 17.32	 0.63	

Wet	 5.972	 9.700	 0.62	

Water	 2.167	 3.543	 0.61	

Frosty	Concrete	 1.730	 1.981	 0.87	

Black	Ice	–Smooth		 1.349	 1.202	 1.12	

400	rpm																						
1.2	m	from	target	

Icy	Concrete	

Wet	Concrete	

1.	Blue	Channel				=	0.624	μm	
2.	Maize	Channel	=	0.450	μm	

10	V,	1.57	A		Placed	about	30°	from	the	verBcal	

As	expected	water	is	bluer	than	ice.	

06/19/15	

Frosty	Concrete	

Dry	Concrete	

Wet	Concrete	

Water	over	Concrete	

Black	Ice	
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Dry	Concrete	

Wet	Concrete	

Water	

Frosty	Ice	

Smooth	Ice	
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PbS	Detector	Signal	(V)	
Halogen	Bulb:	LumenFlow	Reflector	

1.	Blue	(V)	 2.	Maize	(V)	 R1/R2	

Dry	 Sat	 Sat	 ---	

Wet	 14.26	 21.28	 0.67	

Water	 5.045	 6.991	 0.72	

Frosty	Concrete	 4.952	 5.176	 0.96	

Black	Ice	–Smooth		 2.957	 2.398	 1.23	

400	rpm																						
1.2	m	from	target	

1.	Blue	Channel				=	0.624	μm	
2.	Maize	Channel	=	0.450	μm	

19	V,	2.23	A		Placed	about	30°	from	the	verBcal	

As	expected	water	is	bluer	than	ice.	

06/19/15	

Frosty	Concrete	

Dry	Concrete	

Wet	Concrete	

Water	over	Concrete	

Black	Ice	
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PbS	Detector	Signal	(V)	
Hawkeye	IR	Light:	Si-217-p-1	

1.	Blue	(V)	 2.	Maize	(V)	 R1/R2	

Dry	 3.599	 5.816	 0.61	

Wet	 1.850	 3.071	 0.60	

Water	 0.710	 0.797	 0.89	

Water	Drying	 1.925	 3.032	 0.64	

Frosty	Concrete	 0.645	 0.705	 0.91	

Black	Ice	–Smooth	 0.319	 0.248	 1.29	

400	rpm																						
1.2	m	from	target	

1.	Blue	Channel				=	0.624	μm	
2.	Maize	Channel	=	0.450	μm	

24	V,	1.30	A	Placed	about	10°	from	the	verBcal	

As	expected	water	is	bluer	than	ice.	

06/19/15	

Frosty	Concrete	

Dry	Concrete	

Wet	Concrete	

Water	over	Concrete	

Black	Ice	
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PbS	Detector	Signal	(V)	
Halogen	Bulb:	LumenFlow	Reflector	

1.	Blue	(V)	 2.	Maize	(V)	 R1/R2	

Dry	 3.965	 5.916	 0.67	

Wet	 2.365	 3.326	 0.71	

Water	 0.896	 0.562	 1.59	

Frosty	Concrete	 0.527	 0.640	 0.82	

400	rpm																						
1.2	m	from	target	

1.	Blue	Channel				=	1.705	μm	
2.	Maize	Channel	=	1.535	μm	

24	V,	2.53	A			Placed	about	30°	from	the	verBcal	

As	expected	water	is	redder	than	ice	at	around	1.6	μm.		

06/19/15	

Frosty	Concrete	

Dry	Concrete	

Wet	Concrete	

Water	over	Concrete	

Black	Ice	
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PbS	Detector	Signal	(V)	
Hawkeye	IR	Light:	Si-217-p-1	

Measurements	made	on	
June	22,	2015	

400	rpm																						
1.2	m	from	target	

1.	Blue	Channel				=	2.200	μm	
2.	Maize	Channel	=	2.090	μm	

24	V,	1.23	A			Placed	about	10°	from	the	verBcal	

1.	Blue	(V)	 2.	Maize	(V)	 R1/R2	

Dry	 0.454	 0.269	 0.59	

Wet	 0.252	 0.162	 0.64	

Water	 0.174	 0.564	 3.24	

Frosty	Concrete	 0.116	 0.103	 0.89	

Black	Ice	–Smooth		 0.409	 0.238	 1.72	

Dry	Concrete	

Wet	Concrete	

Frosty	Concrete	

06/22/15	

As	expected	around	2	μm	water	is	redder	than	ice.	

Black	Ice	

The	2	μm	band	is	the	best	for	detecBng	water.	

IlluminaBon	from	the	zenith		
maximizes	the	results.	ConfidenBal	



Dry	Concrete	

Wet	Concrete	

Water	

Frosty	Ice	

Smooth	Ice	

ConfidenBal	



($,'+,-,$./)'/)'!"#42%),'@<#:%$,5'



IN@'+,-,$-/#'@"*)%2'ChD'
m%2/*,)'G<2NK'A<=,)L2/6'J,E,$-/#&

Ub'G2<,'ChD' Wb';%"R,'ChD' JUnJW'

^#9& ))3ZI& ))3JV& *3KK&

d5/& +J3*J& ))3Z+& *3'Z&

>$9& +)3ZI& +V3KI& *3'I&

!5"8P#5N51/8&N"A5&01&
iP15&))(&)*+I&

J**&#FN&&&&&&&&&&&&&&&&&&&&&&
+3)&N&:#0N&/"#;5/&

>$9&

^#9&

d5/&

+3&S.P5&?%"115.&&&&n&*3')J&YN&
)3&!"-m5&?%"115.&n&*3JI*&YN&

T3)&q(&+3Z)&<&&&&L."$5A&"=0P/&Z*X&:#0N&/%5&75#B$".&&

d"/5#&-8&5lF5$/5A&/0&=5&=.P5#&/%"1&-$53&

*'e))e+I&

>$9&>$9&

d%-/5&L0.9P#5/%"15&

?01@A51B".&



IN@'+,-,$-/#'@"*)%2'ChD'
m%2/*,)'G<2NK'A<=,)L2/6'J,E,$-/#&

Ub'G2<,'ChD' Wb';%"R,'ChD' JUnJW'

^#9& ++3)I*& I3K*K& +3K*&

d5/& I3*IV& )3VI)& +3TT&

>$9& )3Z*T& Z3ZZ+& *3'K&

!5"8P#5N51/8&N"A5&01&
iP15&))(&)*+I&

J**&#FN&&&&&&&&&&&&&&&&&&&&&&
+3)&N&:#0N&/"#;5/&

>$9&

^#9&

d5/&

Ub'G2<,'B1%)),2''''i'WbWYY'e='
Wb';%"R,'B1%)),2'i'WbY_Y'e='

)J&q(&)3IJ&<&&&L."$5A&"=0P/&Z*X&:#0N&/%5&75#B$".&

<8&5lF5$/5A&R"/5#&-8&#5AA5#&/%"1&-$5&"#0P1A&)&YN3&

*'e))e+I&

>$9&>$9&

?01@A51B".&



Dry	

Wet	

Icy	
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Dry	

Wet	

Icy	
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Concluding	Remarks	
•  The	new	technologies	that	we	have	been	maturing	

–  Have	the	potenBal	to	detect	if	an	airplane	is	flying	within	the	icing	cerBficaBon	
envelops	

–  Comply	with	regulaBons	(14	CFR	part	25,	Appendices	C	and	O)	
–  Could	lead	to	reducing	in	fuel	consumpBon	
–  Could	increase	thrust	available	during	criBcal	flight	phases	
	

•  Immediate	icing	detec.on	can	
–  Alert	pilots	when	condi.ons	outside	the	icing	cer.fica.on	envelope	are	

encountered	
–  Help	pilots	miBgate	the	negaBve	effects	of	automaBon	
	

•  What	is	the	best	way	to	work	together?	
–  On	technology	maturaBon	
–  On	prototype	development	(legacy	companies	have	expressed	interest	in	the	

technology)	
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Thanks!	




