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II	

Abstract	
	

To	date,	the	use	of	iron	powder	to	store	energy	is	relatively	limited	to	lab	research	applications.	
However,	 a	 breakthrough	was	made	when	 the	MP100	was	 developed:	 a	100	 kW	 combustion	
system.	The	main	goal	behind	the	MP100	lighthouse	project	is	to	gain	more	knowledge	around	
core	 processes	 of	 power	 generation	 from	metal	 fuels.	 A	 three-color	 pyrometry	measurement	
method	was	 conducted	 using	 color	 cameras	 to	 characterize	 particle	 temperature	 at	 different	
sections	 of	 the	 combustion	 chamber.	 This	 technique	 makes	 use	 of	 intensity	 ratios	 from	 the	
different	channels	of	the	camera.	The	cameras	were	calibrated	using	a	tungsten	ribbon	filament.	
The	use	of	infrared	filters	and	dual-band	filters	was	investigated,	and	the	linearity	of	exposure	
time	 and	 aperture	 was	 examined.	 Validation	 of	 this	 tool	 was	 conducted	 in	 the	 lab	 using	 a	
thermocouple	and	a	spectrometer.	The	developed	method	seemed	to	agree	with	the	spectrometer	
reading	but	not	with	the	thermocouple’s.	Finally,	a	temperature	map	of	the	images	taken	on	the	
MP100	 was	 developed.	 This	 report	 includes:	 a	 literature	 review	 that	 focuses	 on	 existing	
temperature	measuring	techniques;	an	explanation	of	the	specific	three-color	pyrometry	method	
used	 and	 how	 it	 varies	 from	 current	 pyrometry	 techniques;	 a	 discussion	 of	 the	 calibration,	
validation	and	measurement	procedures,	along	with	the	results	obtained	from	each	procedure;	an	
interpretation	of	the	results	and	recommendations	for	future	improvement.		
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I. Background	of	the	project	
	

With	growing	concerns	about	climate	change,	and	increasing	energy	needs,	the	race	against	time	
to	find	an	alternative	to	fossil	and	polluting	fuels	is	on.	Renewable	energies	are	the	go	to	option	at	
first	glance,	but	these	are	not	without	challenges.	Renewable	resources	are	intermittent	by	nature,	
and	it	is	difficult	to	find	a	way	to	match	supply	and	demand	without	either	altering	consumption	
behavior,	or	finding	storage	means	[1].	Batteries	are	still	very	costly	for	big	scale	applications,	and	
their	energy	density	is	still	very	low	compared	to	other	storage	technologies.	This	means	that	for	
large-scale	applications,	a	big	area	is	needed	to	meet	the	storage	demand.	Hydrogen	is	another	
means;	however,	its	distribution	is	still	challenging	since	it	has	infrastructure	requirements	that	
are	 challenging	 to	 implement	 on	 a	 big	 scale	due	 to	 the	 high	 pressure	needed	 for	 compressed	
hydrogen	 [2].	 This	 is	where	metal	 fuels	 emerge	 as	 a	promising	 storage	medium	 for	 a	 flexible	
generation	 method.	 In	 general,	 metal	 fuels	 have	 high	 energy	 density	 compared	 to	 batteries,	
hydrogen	and	most	fossil	fuels	as	well.	This	can	be	seen	in	figure	1	below.	

	

Figure	1	-	Energy	Density	&	Specific	Energy	[3]	

Iron	powder	can	be	a	reusable	energy	storage	medium,	easily	transportable	and	has	a	high	energy	
density.	When	combusted,	it	does	not	produce	any	CO2	emissions,	and	the	main	residual	product	
is	oxidized	iron,	which	can	be	captured,	reduced	and	used	again.	Excess	energy	from	renewable	
sources	(such	as	solar	panels)	can	be	used	to	bring	oxidized	iron	back	to	the	initial	iron	powder	
state	hence	used	to	release	energy	again.	

Up	until	recently,	the	use	of	iron	powder	to	store	energy	was	limited	to	lab	research	applications.	
A	breakthrough	was	made	when	a	100	kW	system	was	developed	(the	MP100),	for	which	the	TU/e	
has	 partnered	 with	 EM	 Group	 (burner	 technology,	 automation	 and	 assembly),	 Romico	 (dust	
filtration	with	an	RPS),	HeatPower	(boiler	technology)	and	SOLID	(student	team	TU/e).	This	is	the	
first	time	that	iron	powder	has	been	used	in	a	large-scale	field	generator.	

The	MP100	(shown	in	figure	2	below)	is	a	system	that	uses	iron	powder	as	fuel	to	generate	100	
kW	of	 thermal	power	 from	combustion.	 It	 is	 part	of	 a	developing	 technology	with	 the	 goal	 of	
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scaling	it	up	to	a	1MW	system	in	the	upcoming	two	years,	and	later	on	up	to	10	and	100	MW.	For	
that	 reason,	 the	MP100’s	main	 purpose	 is	 to	 gain	 experience	 in	 the	 iron	 powder	 combustion	
technology	so	that	the	long-term	goal	of	scaling	up	can	be	reached.	Larger	systems	will	consist	of	
the	same	elements.	Iron	powder	is	combusted	to	generate	heat,	which	is	then	used	to	produce	
steam.	The	 generated	 steam	can	be	used	 to	power	various	 industrial	 processes.	The	different	
components	of	the	generator	will	be	explained	next.		

	The	iron	powder	starts	off	in	a	container	equipped	with	a	screw	feeder	that	disperses	a	quantity	
fed	to	the	air	stream.	This	mixture	is	transported	to	the	combustion	chamber.	There,	a	stream	of	
hot	gases	with	iron	oxide	is	created	by	combusting	the	iron	powder	mixture.	The	flow	of	gas	goes	
through	a	cyclone	where	most	of	the	solid	particles	are	separated	from	the	hot	air	by	forcing	it	
into	a	spiral	motion.	After	that,	the	hot	air	stream	goes	into	a	boiler	and	steam	is	produced.	The	
exhaust	gases	are	sent	through	a	HEPA	filter	to	make	sure	no	particulate	matter	is	released	into	
the	atmosphere.		

	

Figure	2	-	MP100	

When	scaling	up,	it	 is	important	to	keep	the	setup	as	compact	and	as	efficient	as	possible,	and	
identify	the	elements	of	the	system	that	need	to	be	enlarged	or	changed.	Therefore,	understanding	
how	each	element	works	in	the	MP100,	and	what	parameters	influences	it	is	imperative.	Several	
challenges	 exist	 at	 the	 moment,	 some	 of	 which	 are	 the	 collection	 and	 reduction	 of	 oxidized	
particles,	the	interaction	between	the	oxides	and	the	elements’	material,	among	others.	Of	all	these	
challenges,	a	crucial	part	is	the	combustion	process.	Combustion	is	the	process	that	generates	the	
thermal	power	that	is	then	extracted	to	produce	steam.	This	process	needs	to	be	as	efficient	as	
possible	to	minimize	the	losses	and	maximize	the	usage	of	the	generated	heat.	Material	usage	in	
the	burner	and	afterburner,	 their	design	and	the	 iron	powder	particle	size	are	all	 criteria	that	
greatly	influence	the	performance	of	the	apparatus.	By	measuring	the	outside	surface	temperature	
of	the	combustion	chamber	(to	evaluate	the	amount	of	heat	released	to	the	environment),	the	gas	
and	 particle	 temperatures	 and	 the	 flame	 length,	 the	 design	 aspect	 can	 be	 better	 evaluated.	
Furthermore,	modeling	of	 the	 combustion	process	 can	 also	be	 very	beneficial.	However,	 since	
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many	factors	are	still	unknown,	it	is	too	early	to	manage	developing	a	detailed	model	(CFD)	of	the	
process	at	this	point	in	time.	Simpler	models	might	be	less	accurate,	but	the	potential	of	validating	
them	with	actual	measurements	on	the	setup	makes	their	usage	appealing.	
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II. Problem	definition	and	research	question	
	

The	main	goal	behind	the	MP100	lighthouse	project	is	to	gain	more	knowledge	on	core	processes	
of	power	generation	 from	metal	 fuels.	This	goal	would	aid	in	the	optimization	of	 the	design	of	
major	elements	of	the	system,	making	it	more	compact	and	efficient.	Optimizing	the	combustion	
process	 in	 itself	 is	 important,	 along	 with	 increasing	 the	 efficiency	 of	 transferring	 the	 heat	
generated	 to	 a	 working	 medium,	 in	 this	 case	 steam.	 Nanoparticle	 formation	 should	 also	 be	
prevented	since	it	constitutes	a	dangerous	nuisance	to	the	environment	and	is	difficult	to	recycle.	
All	these	aspects	will	be	accounted	for	when	designing	a	bigger	system.	

The	important	combustion	parameters	of	interest	are	the	gas	temperature,	particle	temperature,	
combustion	 duration	 and	 heat	 &	mass	 balance.	 There	 is	 still	 a	 lot	 of	 room	 and	 potential	 for	
improvement	on	the	design	level	of	the	combustion	chamber.	However,	no	efficient	improvements	
can	 be	made	 without	 proper	 and	 reliable	measurement	methods	 to	 observe	 and	 analyze	 the	
aforementioned	parameters.	Another	aspect	is	the	effect	of	certain	variables	on	the	behavior	of	
these	 parameters,	 such	 as	 the	 particle	 size	 of	 iron	 powder,	 the	 airflow,	 outside	 temperature,	
among	others..	

Due	 to	 the	 design	 of	 the	 MP100	 skid,	 there	 are	 several	 challenges	 when	 trying	 to	 carry	 out	
measurements.	The	combustion	chamber	comprises	double	walls	making	it	challenging	to	drill	
holes	and	install	measurement	equipment.	Initially,	two	windows	exist,	but	information	that	can	
be	 gathered	 through	 these	windows	 is	 limited.	 For	 this	 reason,	 six	more	 looking	 glasses	were	
installed.	It	is	a	challenge	to	separate	the	background’s	temperature	readings	from	that	of	particles	
and	flame	using	conventional	measuring	methods	through	these	looking	windows.	This	is	why	
some	measurement	methods	are	not	applicable	 for	measuring	 flame	temperature	and	particle	
temperature,	 and	may	 generate	 a	 lot	 of	 error.	 However,	 thermocouples	 for	 example	 are	 still	
deemed	 effective	 for	 other	 type	 of	 measurements	 such	 as	 wall	 surface	 temperature	 and	 gas	
temperature.	 Finding	 a	 method	 to	 mitigate	 this	 problem	 of	 separating	 different	 element	
temperatures	will	help	in	capturing	burn	parameters	and	hence	improve	the	understanding	of	the	
combustion	process;	in	turn	refining	the	combustion	chamber	design.	The	figure	below	shows	a	
schematic	of	the	current	burner	and	after	burner	chamber	(MP100).	

The	previously	mentioned	double	walls	can	be	seen	in	the	burner	(smaller	section	on	the	right)	
and	afterburner	(longer	section	of	the	left).	The	arrows	represent	the	airflow	passing	in	between	
the	double	walls	and	into	the	combustion	chamber.	The	airflow	volume	is	between	300	and	400	
m3/h	without	 recirculation,	 and	 up	 to	1000	m3/h	with	 recirculation.	 At	 the	diffuser	 level,	 the	
recorded	gas	temperature	is	800°C,	and	the	exit	gas	temperature	is	550°C.	These	measurements	
were	 conducted	 using	 thermocouples.	 In	 between,	 a	 single	walled	diffuser	 section	 exists.	 The	
observation	window	is	in	that	section,	pointing	towards	the	beginning	of	the	afterburner.	Another	

Figure	3	-	Burner	&	Afterburner	
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window	is	located	at	 the	 far	right	section	in	the	burner,	pointing	 towards	the	beginning	of	the	
burner.	Both	are	installed	in	section	with	single	walls.	The	newly	installed	looking	windows	are	
shown	in	the	figure	below.	

	

Figure	4	-	New	looking	windows	

The	 flame	 length	 at	 the	moment	 is	 assumed	 to	be	 around	3	meters,	 after	which	only	 glowing	
particles	can	be	observed.	The	3-meter	flame	length	was	assumed	by	measurement	and	estimation	
of	the	combustion	time	of	particles	in	the	MILD	Cyclonic	Combustor	in	the	lab	[4].	Then,	using	the	
design	 flow	 rate	 in	 the	 burner	 (MP100),	 a	 particle	 velocity	 was	 estimated	 thus	 giving	 an	
impression	of	the	expected	flame	length.	 It	 is	still	uncertain	whether	combustion	is	still	taking	
place	 at	 that	 estimated	 length,	 or	 if	 it	 is	 only	 glow	 from	 particles	 at	 high	 temperature.	With	
adequate	measurement,	such	information	can	be	further	clarified.	

A	promising	method	for	the	measurement	of	particle	temperature	is	the	three-color	pyrometry	
using	a	color	camera.	This	will	be	further	discussed	in	the	following	chapters.	 	
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III. Research	plan	
	

This	 chapter	 will	 present	 the	 detailed	 plan	 of	 this	 research.	 More	 explanation	 on	 certain	
procedures	will	follow	in	later	sections	of	this	report.	

A	three-color	pyrometry	measurement	method	will	be	conducted	using	a	CCD	and	CMOS	cameras	
to	characterize	particle	temperature	at	different	sections	of	the	combustion	chamber.	Some	of	the	
advantages	of	this	technique	are:	

• It	does	not	impose	any	intrusive	sensing,	
• Affordable	(requires	color	CCD	or	CMOS	camera	relatively	cheaper	than	other	equipment),	
• Generates	small	error	(138K	when	compared	to	spectrometer	readings	at	2020K)	[5],	
• Can	capture	temperature	spatial	distribution	and	potential	temporal	evolution,	
• Good	for	dynamic	fast	processes	(consecutive	frame	capture),	

First,	the	two	cameras	will	be	calibrated	using	a	tungsten	ribbon	lamp.	Then,	using	Matlab	codes	
and	 ImageJ	 as	 image	 processing	 software,	 the	 ratios	 of	 image	 intensities	 from	 different	 color	
channels	(red,	green	and	blue)	will	be	calculated	and	the	temperature	will	be	deduced	accordingly.	
The	intensity	ratios	will	be	a	combination	of	two	out	of	the	three	channels:	blue/green,	blue/red	
and	 green/red.	The	 third	 ratio	might	 be	 redundant	 (dependent	 on	 the	 first	 two),	 however	 it	
provides	a	proof	of	accuracy	since	all	ratios	are	experimental	[6].	Picking	correct	areas	of	interest	
in	the	captured	images	can	mitigate	background	temperature,	as	well	as	capture	images	of	the	
background	without	the	radiating	object.	Following	this,	these	images	are	subtracted	from	those	
of	the	studied	object.	This	would	lead	to	increased	measurement	accuracy.	

Measurement	validation	will	be	carried	in	the	lab	on	any	heated	object	emitting	radiation	in	the	
visible	range.	 	A	thermocouple	installed	close	enough	to	a	flame	source	can	serve	this	purpose.	
This	would	ensure	better	accuracy	when	measuring	temperatures	on	the	MP100	apparatus,	which	
is	advantageous	given	the	limited	time	available	for	field	measurements.	

Once	the	camera	is	ready,	the	setup	will	be	installed	in	the	field,	and	measurements	will	be	carried	
when	the	MP100	is	running.	The	camera	will	be	installed	on	the	looking	windows	using	optical	
mounts	and	a	rail	to	shift	between	windows.	

Then,	measurement	data	will	be	analyzed	and	validated.	For	validation,	a	spectrometer	can	be	
used,	and	will	need	to	be	calibrated	before	usage.		

The	next	step	would	be	 to	prepare	the	setup	 for	evaluating	the	effect	of	different	 iron	powder	
particle	size	on	temperature.	After	preparation	of	different	size	bundles,	the	measurement	will	be	
moved	on	to	the	MP100.	Once	the	measurement	is	complete,	the	data	output	will	be	analyzed,	and	
the	influence	of	particle	size	on	flame	length,	flame	temperature	and	particle	temperature	will	be	
studied.	 	
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IV. Literature	
	

1. Techniques	for	temperature	measurement	
The	most	currently	used,	accurate	and	reliable	 techniques	 for	 temperature	measurements,	are	
comprised	of	expensive	and	hard-to-handle	equipment.	These	techniques	can	be	divided	into	two	
main	groups:	contact	and	non-contact	tools.	Contact	measurement	refers	to	methods	based	on	the	
introduction	of	probe-like	devices	into	the	studied	medium.	Thermocouples	and	thermometers	
are	some	examples	of	this	method.	Non-contact	measurement	on	the	other	hand	includes	methods	
that	read	temperature	without	interfering	with	the	actual	object	under	study.	Examples	of	such	
techniques	are	infrared	cameras	and	optical	pyrometers	(for	particles	only).	The	advantage	of	the	
latter	method	 is	 that	 it	 has	 the	 potential	 of	 capturing	 the	 temperature	 distribution	 of	 diverse	
elements.	If	particle	temperature	is	different	than	gas	temperature,	contact	tools	usually	give	an	
unknown	 combination	 of	 these	 two.	 However	 with	 optical	 techniques,	 both	 particle	 and	 gas	
temperature	could	be	identified	separately;	thus	optical	techniques	are	favorable	in	the	case	of	
non-uniform	temperature	distribution.	

The	base	for	all	pyrometric	methods	is	thermal	radiation.	Two-color	pyrometry	is	a	pyrometric	
technique	that	has	been	widely	used	for	internal	combustion	engine’s	temperature	measurements	
[7].	 It	 has	 been	 excessively	 studied	 and	 used	 for	 the	 measurement	 of	 soot	 temperature	 in	
combustion	processes	[8][9].	Two-color	pyrometry	makes	use	of	the	relative	intensity	of	an	object	
at	 two	 distinct	 wavelengths	 [7].	 The	 choice	 of	 these	 wavelengths	 is	 directly	 related	 to	 the	
process/object	 under	 investigation	 and	 its	 emissivity.	 Certain	 knowledge	 of	 the	 material’s	
properties	is	evidently	necessary	for	the	selection	of	wavelength.	The	emissivity	of	the	studied	
body	should	be	estimated,	which	in	turn	is	dependent	on	the	object’s	geometric	factor	as	well	as	
density	[10][11].	Calibration	of	the	two-color	pyrometry	is	carried	out	for	the	chosen	wavelengths	
using	a	reference	source	with	known	spectral	emissivity.	The	advantage	of	this	technique	is	its	
ability	to	capture	spatial	temperature	distribution.	The	same	cannot	be	said	about	spectrometers,	
as	this	technique	is	only	capable	of	local	measurements	and	it	is	difficult	to	deduce	a	temperature	
distribution.	 As	 mentioned	 in	 [12],	 spectrometry	 makes	 is	 possible	 to	 measure	 temperature	
without	much	prior	knowledge	of	the	studied	object’s	emissivity	as	long	as	the	assumption	of	a	
gray	 body	 behavior	 is	 plausible.	 This	 is	 due	 to	 the	 fact	 that	 this	 method	 captures	 the	 entire	
emission	spectrum	and	fits	it	to	the	Planck	spectrum	at	a	given	temperature.	By	finding	the	best	
fit,	the	temperature	can	be	determined.	

According	 to	 Simonini	 et	 al.	 [7]	 three-color	 pyrometry	 has	 several	 advantages	 over	 two-color	
pyrometry.	Some	of	these	advantages	are:	only	the	response	curve	of	the	camera	is	needed	(no	
additional	calibration)	and	it	is	transferable	to	different	operational	temperature	points	since	it	is	
not	limited	to	specific	wavelengths	selections.	

2. Three-color	pyrometry	used	in	this	research	
Three-color	pyrometry	as	a	technique	makes	use	of	the	ratios	of	different	intensity	levels	in	each	
color	channel	of	the	camera	sensor	to	deduce	the	temperature.	Color	camera	sensors	usually	have	
three	 channels:	 red,	 green	 and	 blue.	 Possible	 ratios	 of	 these	 channels	 would	 be:	 green/red,	
blue/red	and	blue/green.		

The	intensity	equations	for	the	blue	and	red	channel	as	published	by	Densmore	et	al.	[13]	are	as	
follow:	
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	 (1)	
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where	!" 	and	!0 	are	the	intensities	in	the	blue	and	red	channels	respectively,	&(()	is	the	spectral	
irradiation	of	an	arbitrary	spectrum,	+	is	the	quantum	efficiency	specific	to	each	channel	of	the	
camera	 and	$	34,	1	 are	 coefficients	 that	depend	on	 color	balance	 and	other	parameters.	+	 is	
dependent	on	the	specifications	of	the	CMOS	or	CCD	sensor	of	the	camera.	

The	spectral	radiance	of	the	object	is:	

	

	 5- = 6((, 8). 9:((, 8)	 (3)	
	

where	6	is	the	object’s	emissivity	and	9:((, 8)	is	Planck’s	equation:	

	

	 9:((, 8) =
;<
(= (>

?.
-.@ − 1)C<	 (4)	

	

Since		 ?.
-.@

≫ 1,	Wien’s	approximation	is	used:	

	

	 9:E((, 8) =
;<
(= >

C?.
-.@ 	 (5)	

	

with	;< = 3.7413 × 10C<K 	L MN⁄ 	and	;N = 1.4338 × 10CN	MQ.	

The	blue	section	 in	 the	 figure	below	[14]	shows	the	range	 in	which	 the	 error	between	Wien’s	
approximation	and	Planck’s	law	is	less	than	1%.	For	the	purpose	of	this	research,	the	wavelength	
and	temperature	range	will	mainly	be	between	0.3µm	and	0.9µm	and	up	to	3000K.	This	falls	inside	
Wien’s	region	as	portrayed,	and	will	generate	a	difference	below	1%.	
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Figure	5	-	Wien's	region	

For	the	same	exposure	time	and	aperture	settings,	the	irradiation	and	radiation	are	proportional.	
This	leads	to	the	following	equations:	

	

	 !"(8) = $% +"((). 6. 9:((, 8),(
-.

-/
	 (6)	

	 !0(8) = 1% +0((). 6. 9:((, 8),(
-.

-/
	 (7)	

	

Emissivity	6	is	a	radiation	characteristic	of	the	object.	It	is	dependent	on	temperature,	wavelength,	
and	 observation	 angle	 among	 more.	 For	 most	 metals,	 emissivity	 is	 inversely	 proportional	 to	
wavelength	and	proportional	to	temperature	[14].	Gray	bodies	are	assumed	to	have	emissivity	
independent	of	temperature	and	wavelength.	In	this	research,	the	studied	bodies	are	assumed	to	
be	gray	bodies.	Therefore,	6	is	constant	and	the	ratio	of	the	above	equations	would	simplify	to:	

	

	 	
!"
!0
(8) =

$
1 .
∫ +"((). 9:((, 8),(
-.
-/

∫ +0((). 9:((, 8),(
-.
-/

= S(8)	 (8)	

	

If	T
U
	is	identified	through	calibration,	the	theoretical	ratio	VW

VX
	can	be	tabulated	by	solving	the	right	

hand	side	of	the	equation	without	any	measurements	for	different	temperatures	and	within	(<	
and	(N.	After	tabulating	these	ratios,	the	temperature	of	an	object	emitting	light	can	be	calculated	
using	the	inverse	function:	

	 8 = SC< Y
!"
!0
Z	 (9)	

	

$	and	1	can	be	determined	by	calibrating	the	camera	using	a	tungsten	ribbon	lamp	or	a	blackbody.	
When	using	a	tungsten	ribbon,	the	intensities	of	the	channels	from	the	light	emitted	by	the	ribbon	
is	similar	to	that	in	equations	6	and	7:	
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	 !"(8[) = \. $% +"((). 6[((, 8[). 9:((, 8),(
-.

-/
	 (10)	

	

k	 is	a	variable	depending	on	the	camera	settings	as	well	as	 the	geometric	 factors	of	 the	object	
under	measurements.	Therefore,	 it	 is	the	same	for	all	three	channels,	red,	green	and	blue.	This	
leads	to	the	following	ratio	to	determine	$	and	1:	

	

	
$
1 =

!"
!0
×
∫ +0((). 6[((, 8[). 9:((, 8),(
-.
-/

∫ +"((). 6[((, 8[). 9:((, 8),(
-.
-/

	 (11)	

	

During	calibration,	the	intensities	are	identified	by	camera	measurements	and	the	tungsten	ribbon	
emissivity	6[((, 8[)	is	also	provided	with	the	lamp.	

T
U
	can	therefore	be	tabulated.	By	knowing	the	

emissivity	of	the	tungsten	filament,	the	error	due	to	the	gray	body	assumption	is	eliminated	during	
calibration.	This	should	increase	the	overall	accuracy	of	this	technique.	

Compared	 to	 existing	 three-color	 pyrometry	 techniques	 [6][15][16],	 the	method	 used	 in	 this	
research	is	different.	When	it	comes	to	wavelength	selection,	previous	studies	have	chosen	three	
distinct	wavelengths	and	followed	a	methodology	very	similar	to	that	of	the	two-color	pyrometry.	
In	this	study,	no	wavelength	selection	was	done;	instead	the	whole	spectrum	was	used.	This	makes	
the	transfer	of	this	technique	to	other	experiments	easier.		
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V. Methodology	
	

An	explanation	of	the	calibration,	validation	and	measurements	procedures	will	be	introduced	in	
this	chapter.		

1. Equipment	
In	total,	two	cameras	were	used	during	this	research:	Guppy	Pro	F033-C	and	GrassHopper	3.	The	
Guppy	Pro	has	a	Sony	ICX414	CCD	sensor	with	a	maximum	resolution	of	656x492.	The	captured	
image	format	was	RAW12.	The	GrassHopper	has	a	Sony	IMX253	CMOS	sensor	with	a	maximum	
resolution	of	4096x3000	(global	shutter),	the	captured	image	format	was	RAW16.	The	cameras	
have	a	bit	depth	of	8	and	12	bits.	This	means	each	pixel	has	a	maximum	intensity	of	65535	at	16bit	
format	 but	 with	 different	 resolution	 depending	 on	 the	 bit	 depth.	 A	 summary	 of	 the	 camera	
specifications	can	be	seen	in	the	table	below.	

	 GrassHopper	GS3-U3-123S6C-C	 Guppy	Pro	F-033	C	
Max	Frame	Rate	(fps)	 56	 85	
Pixel	Size	(]m)	 3.45	x	3.45	 9.9	x	9.9	
Resolution	 4096	×	3000	 656	x	492	
Sensor	Type	 CMOS	 CCD	
Sensor	Format	 1.1"	 0.5"	
ADC	 10-bit,	12-bit	 14-bit	
Pixel	Depth	 8-12-16-24	bit	 8-12	bit	
Chroma	 Color	 Color	
Minimum	Shutter	
speed	(ms)	 0.011	 0.035	

Megapixels	 12.3	 0.3	
Readout	Method	 Global	shutter	 Progressive	
Sensor	Name	 Sony	IMX253	 Sony	ICX414	

	

The	sensitivity	curves	of	these	cameras	obtained	from	the	manufacturers	can	be	seen	in	the	figures	
below.	

	

Figure	6	-	Guppy	Pro	sensitivity	curves	
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Figure	7	-	GrassHopper	sensitivity	curves	

Two	 filters	were	used	with	 the	 cameras:	 an	 infrared	 filter	 (650FL07)	with	 a	 cut-off	 at	around	
650nm	 and	 a	 dual-band	 filter	 (at	 500nm	 and	 650nm).	 The	 transmission	 curves	 of	which	 are	
presented	below	(fig.	8	and	9).	These	curves	were	obtained	using	the	readings	of	a	spectrometer	
and	the	tungsten	ribbon	connected	to	the	power	supply	at	9.25A.	

	

	

Figure	8	-	IR	filter	



		

Graduation	Project	–	Report	 	 13	
	

	

Figure	9	-	Dual	Band	filter	

The	tungsten	ribbon	lamp	has	a	current	range	of	4.88A	to	15.28A	that	corresponds	to	1124.5K	to	
2917.1K	respectively	according	to	its	latest	calibration	(November	2019).		

The	 power	 supply	 is	 a	 DC	 power	 supply	 (ELC	 ALR3220)	 with	 a	 current	 range	 of	 0-20A	 and	
minimum	resolution	of	0.01A.	

2. Calibration	
For	the	calibration	of	the	camera,	the	pre-calibrated	tungsten	ribbon	lamp	is	connected	to	the	DC	
power	supply	mentioned	before.	The	camera	and	filters	are	mounted	in	front	of	the	lamp	with	the	
lens	facing	towards	the	ribbon	at	a	distance	of	around	15cm	(from	the	edge	of	the	objective).	The	
distance	is	chosen	intentionally	to	include	enough	number	of	pixels	for	image	processing.	During	
measurement,	all	external	lights	are	turned	off	and	a	dark	room	setting	is	ensured	to	minimize	
external	noise.	 Also,	 a	 dark	 image	with	 the	 ribbon	 lamp	 turned	 off	was	 taken	 to	 subtract	 the	
background	from	ribbon	images	during	image	processing	and	temperature	calculation.	

Different	 temperatures	 of	 the	 ribbon	were	 achieved	 by	 changing	 the	 current	 from	 the	 power	
supply.	 Each	 current	 corresponds	 to	 a	 certain	 brightness	 temperature.	 The	 brightness	
temperature	was	then	converted	to	the	real	temperature,	which	was	used	in	the	image-processing	
algorithm.	

The	camera	focus	was	optimized.	Using	the	camera	software,	several	parameters	were	set.	These	
comprise	the	exposure	time,	white	balance,	gain,	and	brightness	among	others.	It	was	important	
to	keep	the	same	parameter	values	used	during	calibration	in	the	measurement	on	the	skid.	The	
images	were	captured	in	raw	format,	which	eliminates	most	internal	image	processing	that	the	
built-in	software	of	the	camera	creates	(color	corrections	etc.).	By	using	this	format,	higher	frame	
rates	were	achievable.	However,	this	means	no	Bayer	demosaicing	is	done.	The	Bayer	mosaic	is	
the	 format	of	 the	 color	 filters	 (red,	green	and	blue)	placed	over	 each	pixel	 [17]	 in	 the	 camera	
sensor.	For	the	Guppy	Pro	F-033C	used	in	this	research,	the	Bayer	format	is	RGGB;	and	the	one	for	
the	Grasshopper	camera	is	GBRG.	This	corresponds	to	the	format	of	the	2x2	matrix	placed	above	
each	pixel.	The	Bayer	mosaic	of	both	cameras	can	be	seen	below.	
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Figure	10	-	(a)	RGGB	format	(b)	GBRG	format	

A	built-in	Matlab	algorithm	was	used	to	demosaic	these	images	and	obtain	the	split	three	channels.	
A	similar	algorithm	exists	in	ImageJ,	however	it	generated	more	noise.	

On	average,	10	images	were	captured	for	each	selected	current.	Using	ImageJ	and	Matlab	codes,	
the	 images	were	 then	debayered,	split	 into	channels	(RGB),	averaged	and	the	background	was	
subtracted.	The	resulting	image	was	finally	cropped	to	show	only	the	calibrated	part	of	the	ribbon.	
This	section	is	denoted	by	a	small	marking	on	the	ribbon.		

	

Figure	11	-	Tungsten	ribbon	sample	image	

Three	images	(one	for	each	channel)	were	obtained	for	each	current.	The	average	intensity	in	each	
cropped	image	(highlighted	section	in	figure	11)	was	measured,	and	the	intensity	ratios	of	B/G,	
B/R	 and	 G/R	 are	 calculated.	 Using	 the	 theoretical	 ratio	 in	 equation	 (8)	 for	 the	 same	 used	
temperature	 during	 calibration	 and	 the	 intensity	 ratios,	 the	 constant	 ratios	 ^T

U
_
"0
,	^T
U
_
`0
and	

^T
U
_
"`
are	computed	and	tabulated.	

As	mentioned	 before,	 knowing	 the	 emissivity	 of	 the	 tungsten	 ribbon	 for	 different	wavelength	
intervals	and	temperature,	the	theoretical	ratio	was	found	without	the	gray	body	assumption.	

During	 calibration,	 the	 sensitivity	 of	 intensity	 ratios	 to	 two	 main	 parameters	 was	 evaluated:	
exposure	time	and	aperture.	This	is	done	to	check	the	validity	of	calibration	with	different	settings,	
in	case	some	modification	is	needed	during	actual	measurement	on	the	MP100.	

Two	filters	were	also	tested	and	used	to	optimize	the	technique:	one	dual-band	and	one	infrared	
filter.	These	were	chosen	specifically	 to	 the	specifications	of	 the	sensitivity	curves	of	 the	used	
cameras.	The	 infrared	 filter	was	used	 to	 increase	 the	dynamic	 range	of	 the	measurements,	 by	
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delaying	image	saturation	with	increasing	temperature	in	the	blue	channel.	The	dual-band	filter	
was	used	to	isolate	as	much	as	possible	the	peaks	of	the	three	channels	seen	in	figures	6	and	7	to	
optimize	the	measurements’	accuracy.	

3. Validation	
To	validate	the	calibration	of	the	cameras,	a	different	material	had	to	be	used	to	evaluate	the	gray	
body	assumption	effect	on	the	measurements’	accuracy.	A	type	S	platinum-rhodium	thermocouple	
is	used	(10%	rhodium).	The	thermocouple	is	positioned	above	a	methane-air	burner.	The	burner	
is	then	turned	on	and	the	thermocouple	was	heated	until	emitting	visible	radiation.	The	camera	
captured	images	of	the	glowing	thermocouple.	The	flow	rate	and	equivalence	ratio	of	the	burner	
were	changed	to	get	different	temperatures.		

The	 thermocouple	 readings	 were	 done	 through	 a	 NI9211	 DAQ	 using	 NI	 Express	 Signal.	
Temperatures	were	registered	for	the	same	amount	of	time	that	the	images	were	captured.	These	
temperatures	were	then	averaged	to	eliminate	the	fluctuations.	

The	image	capturing	and	processing	were	recorded	similarly	as	during	calibration:	several	images	
were	 captured	 and	 averaged	 in	 raw	 format,	 the	 background	 was	 subtracted,	 averaging,	
demosaicing	 and	 splitting.	 The	 tabulated	 values	 from	 equation	 (9)	 were	 used	 to	 calculated	
temperatures.	The	emissivity	was	excluded,	since	the	thermocouple	is	assumed	to	be	a	gray	body	
and	the	ratios	cancel	out	(eq.8).	

The	readings	from	the	thermocouple	were	compared	with	the	measurements	of	the	cameras.	

4. Measurement	
The	measurements	on	the	MP100	had	to	be	conducted	as	efficiently	as	possible,	considering	the	
skid	did	not	always	run	for	a	long	duration.	For	this	reason,	a	rail	was	installed	on	the	mainframe	
of	the	skid	above	the	looking	glasses,	on	which	the	camera	slid	from	one	looking	window	to	the	
other.	This	way,	the	camera	can	change	positions	with	the	least	amount	time	and	with	minimal	
adjustments.	A	fan	was	also	installed	to	make	sure	the	camera	does	not	overheat,	and	reduce	dark	
noise,	which	is	caused	by	thermal	excitation	of	electrons	in	the	camera’s	sensor	[18].	

Before	the	skid’s	operation,	the	camera	positioning	is	fixed	to	make	sure	the	frame	captures	as	
much	data	as	possible	through	the	looking	window.	When	needed,	a	cloth	was	wrapped	between	
the	camera	lens	and	the	looking	window	wall	to	eliminate	any	external	light	from	entering	the	
frame	and	causing	noise.		

Once	the	skid	was	running,	the	exposure	and	aperture	of	the	camera	were	set	to	avoid	saturation	
of	the	images.	The	aperture	and	exposure	values	were	chosen	from	a	set	of	options	that	were	also	
used	during	calibration.	The	same	settings	used	in	the	calibration	process	were	used	during	these	
measurements.	 Unfortunately,	 none	 of	 the	 measurements	 conducted	 during	 the	 time	 of	 this	
research	included	the	filter	due	to	circumstances	elaborated	on	below.	

The	number	of	captured	images	varied	between	200	and	500	images.	

After	 the	 flame	was	 out,	 background	 images	were	 taken	 in	 order	 to	 subtract	 the	 background	
during	image	processing.	

During	 processing,	 the	 images	 are	 debayered	 and	 split	 into	 three	 channels.	 To	 reduce	
computational	time,	pixels	are	averaged	3x3	or	2x2	depending	on	the	camera’s	specs.	Then,	an	
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upper	 and	 lower	 intensity	 threshold	 is	 selected	 to	 isolate	 the	bodies	of	 interest.	 For	 instance,	
combusting	 iron	 particles	 would	 have	 higher	 intensities.	 Therefore,	 by	 setting	 a	 threshold	 to	
separate	these	bodies	of	interest	from	the	rest	of	the	elements	in	the	image	would	focus	all	further	
processing	in	these	specific	particles.	By	using	Matlab	codes,	each	pixel	is	assigned	its	calculated	
temperature	according	to	two	different	ratios:	B/R	and	G/R.	Finally,	a	temperature	map	of	the	
image	is	produced	from	these	temperature	values	on	each	pixel.	
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VI. Results	
	

In	this	chapter,	all	the	results	obtained	from	the	different	steps	explained	in	the	previous	section	
will	be	presented	in	detail.	

1. Calibration	
As	mentioned	before,	the	calibration	process	goal	is	to	tabulate	the	T

U
	ratio	first	and	then	equation	

8.	 This	 is	 realized	 by	 knowing	 the	 temperature	 of	 the	 pre-calibrated	 tungsten	 ribbon	 and	
measuring	the	intensities	of	the	three	different	channels.	The	linearity	of	this	ratio	with	changes	
in	exposure	time	and	aperture	was	also	investigated	through	measurements.	

1.1. Different	filters	
The	effect	of	two	main	filters	was	evaluated:	an	infrared	filter	and	a	dual-band	filter.	The	results	
were	obtained	by	combining	the	transmission	curves	of	the	filters	(fig.	8-9)	and	then	multiplying	
them	with	the	sensitivity	curves	(fig.	6-7)	of	the	cameras.	The	results	for	the	two	different	cameras	
are	shown	below.	

	
Figure	12	-	GuppyPro	sensitivity	curves	with	filters	

	
Figure	13	-	GrassHopper	sensitivity	curves	with	filters	

The	ratio	of	theoretical	values	with	and	without	the	filters	are	presented	below.	
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Figure	14	-	GrassHopper	theoretical	ratios	(on	the	left	with	filter,	on	the	right	without	filters)	

	

Figure	15	-	GuppyPro	theoretical	ratios	(on	the	left	with	filter,	on	the	right	without	filters)	

It	is	obvious	from	these	results	that	the	slope	of	the	theoretical	ratios	for	both	cameras	is	much	
steeper	with	the	chosen	filters	than	without.	It	is	also	noticeable	that	the	blue/green	ratio	is	almost	
constant	for	all	different	measurements	conducted.	

The	experimental	calibration	results	with	and	without	the	filters	also	gave	different	intensity	ratio	
patterns.	These	differences	are	emphasized	in	the	figures	below.	
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Figure	16	-	GrassHopper	Intensity	ratios	(on	the	left	with	filter,	on	the	right	without	filters)	

	

Figure	17	-	GuppyPro	Intensity	ratios	(on	the	left	with	filter,	on	the	right	without	filters)	

As	with	the	theoretical	ratios,	the	slopes	with	the	experimental	ratios	are	also	steeper	with	the	
filters.	Differently	to	the	theoretical	ratios	however,	the	Guppy	Pro	camera	gives	negative	slopes	
for	the	blue/green	and	green/red	ratios.	This	will	be	further	interpreted	in	the	following	sections.	

1.2. Sensitivity	of	exposure	
The	sensitivity	of	the	intensity	ratios	to	exposure	was	also	assessed	by	changing	the	exposure	time	
while	 keeping	 all	 other	 parameters	 constant.	 The	 results	 show	 little	 sensitivity	 for	 the	
GrassHopper	but	more	sensitivity	when	using	the	Guppy	Pro.	
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Figure	18	-	GrassHopper	exposure	linearity	

	

Figure	19	-	GuppyPro	exposure	linearity	

1.3. Sensitivity	of	aperture	
For	the	case	of	aperture,	the	GrassHopper	was	more	sensitive	to	aperture	than	exposure	as	can	be	
seen	in	the	lower	temperature	ranges.	As	for	the	Guppy	Pro,	it	showed	less	sensitivity	to	aperture	
than	to	exposure	time.	Nevertheless,	the	former	showed	more	linearity	than	the	Guppy	Pro	and	
thus	less	sensitivity.	
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Figure	20	-	GrassHopper	aperture	linearity	

	

Figure	21	-	GuppyPro	aperture	linearity	

2. Validation	
As	 explained	 previously,	 the	 validation	 of	 the	 three-color	 pyrometry	 was	 conducted	 using	 a	
Platinum-Rhodium	 thermocouple,	 type	 S.	 The	 thermocouple	 was	 heated	 using	 a	 burner,	 and	
images	of	the	glowing	filament	were	captured	and	then	processed.	The	setting	can	be	seen	in	the	
photos	below.	
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Figure	22	-	Set-up	for	camera	validation	with	thermocouple	

The	results	of	this	experiment	showed	high	precision	but	low	accuracy	as	seen	in	the	figure	below.	
There	was	an	average	error	of	18-19%	between	each	reading.		

	

(a)	
	

(b)	
Figure	23	-	GuppyPro	validation	with	thermocouple.	(a)	temperature	results	(b)	integrated	region	for	intensity	

These	 results	were	obtained	using	 the	Guppy	Pro	 camera	with	 the	 same	 settings	used	during	
calibration	 and	 in	 a	 dark	 room.	 The	 intensities	were	 obtained	 by	 integrating	 the	 highlighted	
section	in	the	image.	Readings	with	the	GrassHopper	camera	generated	similar	errors	to	the	ones	
shown	in	the	previous	results.	

Due	to	this	issue,	a	different	validation	method	was	employed	to	make	sure	the	error	source	was	
not	the	thermocouple.	This	experiment	included	the	thermocouple,	the	GrassHopper	camera	and	
an	intensity-calibrated	spectrometer.	Both	the	camera	and	the	spectrometer	were	aimed	towards	
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the	thermocouple	filament	to	capture	its	irradiation.	To	ensure	that	the	spectrometer	was	reading	
the	emissions	of	the	adequate	part	of	the	thermocouple	filament,	a	collimator	and	an	iris	were	
installed	in	between.	The	results	can	be	seen	in	the	table	below:	

	 Thermocouple	 Spectrometer	 GrassHopper	
Temperature	(°C)	 1904	 2041	 2053	

Error	(%)	 	 7.2	 7.8	 0.6	
	

The	errors	represent	the	error	of	the	spectrometer	reading	relative	to	the	thermocouple,	and	the	
error	of	the	camera	readings	compared	to	the	thermocouple	and	the	spectrometer.	It	is	clear	that	
the	spectrometer	and	camera	readings	are	very	consistent.	

	

Figure	24	-	Spectrometer	validation	setup	

In	the	figure	below,	the	readings	of	the	spectrometer	are	shown.	The	emissivity	spectrum	is	fitted	
with	the	Planck	spectrum	at	2042K.	
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Figure	25	-	Spectrometer	reading	of	thermocouple	filament	

3. Measurement	on	the	MP100	
Measurements	 on	 the	MP100	were	 very	 limited	 due	 to	 issues	with	 the	 operation	 of	 the	 skid.	
Nonetheless,	 some	 images	 were	 captured	 using	 both	 cameras.	 The	 measurement	 procedure	
focused	on	the	first	three	looking	windows,	where	most	of	the	glowing	particles	were	present.	On	
the	fourth	window,	or	the	start	of	the	after	burner,	burning	particles	were	not	always	observed	
depending	on	the	size	of	the	particles	used	and	other	system	parameters.	

Below,	a	sample	image	captured	from	the	third	window	using	the	Guppy	Pro	camera	can	be	seen.	
The	measurements	did	not	include	any	filter	as	mentioned	before.	Measurements	were	also	done	
for	different	iron	powder	particle	sizes	and	manufacturers.		

	 	
Figure	26	-	Guppy	Pro	captured	image	and	temperature	map	of	the	MP100	

The	following	images	represent	two	different	types	of	iron	powder	captured	from	the	first	window	
with	the	GrassHopper	camera.	The	left	image	is	of	smaller	iron	powder	particles	from	Rio	Tinto,	
and	the	right	image	is	of	bigger	particles	from	the	manufacturer	Pometon	(MT106).	Similar	to	the	
measurements	with	the	other	camera,	these	measurements	did	not	include	any	filters	as	well.	The	
calibration	curves	used	to	generate	these	temperature	maps	were	from	the	calibration	with	the	
filters.	For	this	reason,	at	this	point	in	time,	these	maps	are	only	used	to	showcase	their	possible	
usage	in	future	works.	This	will	be	further	elaborated	on	later	in	the	report.	
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(a)	 (c)	

(b)	 (d)	
Figure	27	-	GrassHopper	captured	images	and	temperature	maps.	(a)(b)	Rio	Tinto	smaller	iron	powder.	(c)(d)	Pometon	iron	powder	

(MT106)	

From	 the	 temperature	 maps,	 the	 temperature	 distribution	 can	 be	 clearly	 observed,	 and	 the	
difference	between	the	two	iron	powder	types	can	be	identified.	

The	temperature	map	was	realized	through	processing	of	the	actual	images	and	calibration	of	the	
cameras.	 It	 is	 important	 to	note	 that	at	 this	 time	of	 the	research,	 these	maps	are	only	used	 to	
showcase	the	technique	used.	The	temperatures	presented	in	these	figures	do	not	show	the	actual	
temperatures	of	the	measured	 frames.	This	will	be	 further	discussed	 in	the	 following	sections.	
Nevertheless,	even	at	this	point	the	temperature	maps	can	be	used	for	comparative	purpose	as	
can	be	seen	in	figure	27.	
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VII. Discussion	and	interpretation	
	

In	this	chapter,	the	results	will	be	analyzed	and	discussed.	

Calibration:	

By	comparing	the	results	of	the	theoretical	and	experimental	ratios	with	and	without	the	filters,	it	
is	clear	 that	 the	 filters	provide	steeper	slopes	(figures	16	and	17).	This	 in	 turn	makes	 it	more	
effective	to	identify	changes	in	temperature	with	smaller	ratio	variations:	better	resolution	of	the	
technique.	 For	 this	 reason,	 all	 of	 the	measurements	 that	 would	 follow	 this	 deduction	 should	
include	the	 two	filters	(infrared	and	dual-band	 filter).	Unfortunately,	 this	calibration	was	done	
after	all	the	measurements	on	the	MP100	were	completed,	and	therefore	the	measurements	on	
the	MP100	were	conducted	without	the	filters.	This	is	mainly	due	to	the	COVID-19	situation	that	
made	it	strenuous	to	follow	a	systematic	procedure	and	pushed	towards	a	more	rushed	process	
in	order	to	minimize	delays	and	mitigate	future	uncertainties.		

It	 is	noteworthy	to	mention	that	the	Blue/Green	ratio	appeared	to	be	very	flat	in	these	results,	
which	rendered	this	ratio	useless	for	temperature	measurements.	Therefore,	only	the	Green/Red	
and	Blue/Red	ratios	were	used.	

The	aperture	and	exposure	sensitivity	 test	revealed	 that	 for	the	GrassHopper,	exposure	would	
have	little	effect	on	the	measurements	in	case	it	was	modified.	This	is	beneficial,	especially	when	
the	 pyrometry	 technique	 is	 used	 in	 a	new	 setting.	 In	 this	 case,	 the	 captured	 images	might	 be	
saturated	or	 the	signal	might	be	 too	weak	when	using	 the	same	exposure	 time	as	used	during	
calibration.	 Knowing	 that	 this	will	 not	drastically	 affect	 the	 results,	 the	 exposure	 time	 can	 be	
modified	to	optimize	measurements.	The	same	cannot	be	said	about	the	Guppy	Pro.	The	latter	is	
more	sensitive	to	exposure	time,	and	if	modified,	it	can	compromise	the	accuracy	of	the	results.	In	
both	cases,	 it	 is	 recommended	that	 the	same	settings	be	used	on	a	setup	as	 in	 the	calibration,	
unless	 it	 is	not	possible.	 If	modification	 is	needed	when	doing	on-site	measurements	with	 the	
GrassHopper	camera,	it	is	recommended	that	the	exposure	time	be	the	first	parameter	altered	to	
adjust	 the	 images	 rather	 than	 the	 aperture	 for	 two	 main	 reasons.	 Intensity	 ratios	 are	 more	
sensitive	to	aperture,	and	aperture	modification	is	analogue.	This	could	include	human	error	to	
the	measurements,	as	it	would	be	challenging	to	replicate	the	exact	same	settings.	

Validation:	

The	cameras’	results	follow	the	same	pattern	as	that	of	the	thermocouple	readings	(fig.	23)	but	
showed	a	 constant	 error	of	 around	19%.	The	 following	 scenarios	 could	be	 the	 reason	 for	 this	
problem:	 the	 tungsten	 ribbon	 lamp	 calibration	 could	 be	 erroneous,	 the	 camera	 readings	 and	
processing	procedure	could	be	wrong,	or	the	thermocouple	could	be	faulty.	For	the	case	of	the	
tungsten	ribbon,	it	was	recently	calibrated	(less	than	a	year	ago)	and	the	calibration	is	usually	
valid	for	up	to	ten	years.	This	makes	the	first	scenario	very	improbable.	To	check	that	the	image	
processing	codes	used	are	not	faulty,	calibration	images	of	the	tungsten	ribbon	were	processed	
with	the	same	codes.	This	test	generated	results	with	errors	of	0.05%	to	0.1%.	To	verify	that	the	
camera	is	operating	correctly,	the	Guppy	Pro	and	the	GrassHopper	camera	were	both	tested	with	
the	thermocouple,	and	in	both	cases	the	same	issue	was	encountered.	
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The	 last	 validation	 experiment	 was	 conducted,	 to	 verify	 the	 reliability	 of	 the	 thermocouple	
readings.	 In	 this	 experiment,	 a	 spectrometer	 is	 used	 along	 with	 the	 camera	 to	 measure	 the	
observed	thermocouple	temperature.	Based	on	the	results	at	hand,	it	seems	that	the	last	scenario	
is	 the	 most	 plausible.	 However,	 further	 investigation	 should	 be	 conducted	 to	 confirm	 this	
hypothesis.	

If	this	is	truly	the	case,	then	the	three-color	pyrometry	developed	and	investigated	in	this	research	
could	potentially	be	a	very	reliable	and	easy	means	of	temperature	measurement,	with	errors	as	
low	 as	 1%	 compared	 to	 the	 spectrometer.	 Yet,	 further	 investigation	 is	 crucial	 to	 confirm	 this	
statement.	

Measurements:	

The	 generated	 temperature	maps	 provide	 a	 very	 comprehensible	 picture	 of	 the	 temperature	
distribution	 in	 the	 combustion	 chamber.	 The	 results	 are	 not	 accurate	 due	 to	 the	 fact	 that	
calibration	curves	were	obtained	with	different	parameters.	The	calibration	was	conducted	using	
two	filters,	but	the	measurements	did	not	include	any.	The	reason	for	that	is	the	planning	issue	
mentioned	before.	The	filter	purchasing	and	calibration	happened	after	the	measurements	were	
already	conducted.		

The	 background	 was	 subtracted	 to	 exclude	 any	 error	 that	 could	 originate	 from	 background	
temperature.	From	those	readings,	the	smaller	Rio	Tinto	iron	powder	particles	appear	to	have	
combusted	at	a	100K	lower	temperature	than	their	bigger	counterpart.	With	the	latter,	it	seems	
from	this	frame	(fig.	27)	that	hot	particles	settled	to	the	bottom	as	opposed	to	the	yellow	colored	
region	on	the	top	with	the	smaller,	lighter	particles.	This	could	be	caused	by	the	fact	that	bigger	
particles	are	heavier	and	therefore	settle	faster	at	the	bottom.	The	settling	element	is	affected	by	
the	airflow	rate	inside	the	combustion	chamber.	However,	due	to	the	unstable	combustion	of	iron	
powder	process	in	the	MP100,	it	is	challenging	to	draw	conclusions	from	temperature	distribution	
between	those	two	particle	types	just	from	two	images.	Within	the	500	images	captured,	many	do	
not	show	any	iron	powder	particles.	This	is	caused	by	the	unstable	operation	of	the	MP100.	Good	
frames	can	be	manually	filtered	out	from	the	image	sequence	to	build	a	movie-like	temperature	
map	time	evolution.	With	the	computer	and	codes	available	at	this	time	of	the	research,	this	option	
is	not	feasible	when	it	comes	to	time	consumption.		
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VIII. Conclusion	and	Recommendations	
	

A	 three-color	 pyrometer	 technique	 has	 been	 developed	 to	 measure	 the	 temperature	
characteristics	 of	 the	 iron	powder	 combustion	 in	 the	MP100.	 The	methodology	 established	 is	
independent	 of	 measured	 bodies.	 This	 is	 beneficial	 for	 evaluating	 the	 effect	 of	 different	 iron	
particle	types	and	sizes.	

The	CCD	and	CMOS	cameras	were	calibrated	using	a	pre-calibrated	tungsten	ribbon	lamp	and	the	
sensitivity	of	the	measurements	vis-à-vis	exposure	time	and	aperture	was	examined.	These	had	
minimal	effect	for	the	CMOS	camera,	but	were	more	prevalent	with	the	CCD	camera.	

The	validation	of	this	technique	was	done	using	a	thermocouple	and	a	spectrometer.	The	three-
color	pyrometry	seemed	very	coherent	with	the	spectrometry,	however	both	the	spectrometry	
and	the	color	pyrometry	did	not	agree	with	the	thermocouple	readings.	One	hypothesis	is	that	the	
thermocouple	 is	 faulty.	 Conducting	 the	 same	 experiments	 with	 a	 new	 reliable	 thermocouple	
would	be	key	to	accepting	or	rejecting	this	hypothesis,	and	thus	concluding	the	reliability	of	the	
developed	pyrometry	technique.	

Not	enough	measurements	on	the	skid	were	attainable.	This	was	caused	by	unforeseen	problems	
with	the	skid	and	constraints	due	to	the	COVID-19	situation	and	restrictions.	The	gathered	data	
from	the	skid	did	not	include	the	usage	of	the	filters,	which	optimized	the	measurements.	Still,	this	
data	 was	 very	 beneficial	 for	 improving	 the	 processing	 system	 of	 the	 images.	 Previous	
spectrometer	measurements	conducted	by	Dr.	Yuriy	Shoshyn,	Scientific	Researcher	at	TU/e,	and	
Niek	van	Rooij,	Researcher	in	Metal	Power,	on	the	MP100	validate	the	gray	body	assumption	of	
iron	powder.	This	 can	be	 seen	 in	 the	 figure	below,	where	 a	 fitting	with	Planck	 spectrum	was	
achieved	for	a	temperature	of	1748K.	This	is	a	promising	sign	since	the	developed	method	in	this	
research	is	also	based	on	this	assumption.	

	

Figure	28	-	Spectrometer	MP100	reading	
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In	 the	 future,	many	elements	 can	 still	 be	 improved.	The	 code	 responsible	 for	 setting	 intensity	
thresholds	 in	 the	 images	 captured	 on	 the	 skid	 is	 very	 time	 consuming.	 Investigating	 quicker	
alternatives	would	make	the	processing	procedure	much	more	efficient.	By	building	an	adequate	
code,	it	would	also	be	feasible	to	build	a	video	from	montaged	temperature	maps	on	the	MP100.	
This	would	 give	 a	 clearer	 idea	on	 the	 flow	of	particles	 and	 the	development	 and	evolution	of	
temperature	with	time.	

Regarding	the	thermocouple,	a	new	reliable	thermocouple	could	be	purchased	and	the	validation	
experiment	 can	 be	 repeated	 using	 this	 new	 thermocouple.	 This	 would	 confirm	 or	 reject	 the	
hypothesis	stated	previously.	

Additional	 measurements	 on	 a	 stable	 combustion	 process	 is	 important	 to	 study	 the	 effect	 of	
different	parameters	on	the	combustion,	and	detect	the	flame	length.	This	should	be	achievable,	
provided	 that	 the	 MP100	 setup	 will	 undergo	 improvements	 in	 the	 near	 future	 to	 minimize	
disturbance	and	maximize	operation	time.	
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