
1	Introduction
Reactive	power	shortage	has	been	demonstrated	to	be	one	of	the	main	reasons	of	the	blackouts	occurred	in	US,	Canada	and	Europe	in	the	last	years	[1,2].	The	lack	or	surplus	of	reactive	power	may	unbalance	the	electrical	grid

endangering	its	stability,	reliability	and	efficiency	[3,4].	One	of	the	solutions	used	nowadays	to	provide	to	the	grid	the	necessary	reactive	power	is	to	operate	power	generators	as	motors,	which	is	known	as	Synchronous	Condenser	(SC)

operation	[5,6].	Thermal	power	plants	and	especially	hydraulic	power	plants	are	used	for	this	purpose	[5].	Thus,	generating	turbines	are	operated	in	air	conditions	rotating	at	the	synchronous	speed	driven	by	the	generator	acting	as	a

motor.	Depending	on	 the	grid	characteristics	and	country	demand,	 these	 turbines	need	 to	work	at	 this	condition	several	hours	per	day.	 In	addition,	 they	need	 to	provide	a	 fast	 response	 into	 the	electrical	system	so	 they	are	also

subjected	to	fast	transients	to	go	from	generating	to	SC	mode	or	vice	versa.

Hydraulic	turbines,	and	specifically	Francis	turbines,	operate	as	SC	dewatering	its	runner	and	therefore	spinning	in	air	in	order	to	minimize	the	friction	losses	[7].	This	process	is	normally	done	without	stopping	the	machine,

which	means	that	the	unit	is	going	from	generating	mode	to	SC	mode	in	a	short	period	of	time.	To	do	that,	the	guide	vanes	are	closed	and	compressed	air	is	injected	through	the	draft	tube,	creating	a	water	free	surface	in	the	last	(see

Fig.	1).	Water	is	at	the	same	time	injected	in	the	labyrinth	seals	for	cooling	and	balancing	purposes.	A	draining	system	pumps	the	water	injected	in	the	labyrinth	seals	to	the	spiral	casing	in	order	to	maintain	constant	the	height	of	the

free	surface.	Therefore,	the	runner	in	this	situation	is	rotating	in	air	and	consuming	active	power	from	the	electrical	grid.
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Abstract

Reactive	power	shortage	is	one	of	the	current	issues	that	endanger	the	stability	of	the	power	grid	systems.	Some	massive	blackouts	have	been	experienced	in	the	past	years	due	to	the	unbalance	of	reactive	power.	One

of	the	solutions	to	provide	the	necessary	reactive	power	to	the	grid	is	to	operate	generators	as	motors	and	supply	or	absorb	reactive	power	when	needed.	Hydraulic	turbines	are	the	most	suitable	machines	to	perform	this

task	since	they	can	be	easily	and	quickly	dewatered	to	work	as	motors	(Synchronous	Condenser	(SC)	operation).

Nowadays,	hydraulic	turbines	are	operating	as	SC	for	several	hours	per	day,	especially	in	grids	like	in	US	or	Canada.	The	change	from	generating	mode	to	SC	and	vice	versa	can	be	very	fast,	depending	on	the	grid

requirements.	However,	these	fast	changes	may	affect	the	mechanical	behavior	of	the	machine,	reducing	its	useful	life-time	or	increasing	vibrations.	In	this	paper,	the	effect	in	the	mechanical	system	of	SC	operation	in	a

Francis	turbine	prototype	is	evaluated.	Strains	in	the	runner	and	vibrations	in	the	stationary	parts	are	analyzed	in	detail	in	the	fast	changes	between	generating	to	SC	and	vice	versa.
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During	SC	operation,	toque	and	power	swings	are	experienced	sometimes	which	an	unclear	origin	[7,8].	Difficult	flow	conditions	are	occurring	during	this	operation	since	the	runner	rotating	in	air	induces	a	motion	of	the	free

surface,	sometimes	exciting	sloshing	modes	of	this	[9,10].	Furthermore,	the	sloshing	motion	of	this	free	surface	induces	also	a	mixture	of	air	and	water	that	can	enter	into	the	rotating	runner,	creating	a	difficult	to	predict	two-phase

flow	behavior.	Another	problem	that	can	happen	during	SC	operation	is	that	the	water	used	for	the	labyrinth	seals	cooling	goes	into	the	vaneless	gap	between	the	closed	guide	vanes	and	the	runner,	causing	an	effect	similar	to	the	well-

known	Rotor	Stator	Interaction	(RSI).	All	these	phenomena	related	with	the	flow	behavior	at	this	condition	have	been	addressed	in	different	studies	based	on	reduced	scale	models	[7,9–13].	However,	the	effect	of	the	SC	operation	into

the	runner	stress	or	machine	vibrations	of	Francis	turbine	prototypes	has	not	been	studied	in	the	past.	The	results	in	reduced	scale	models	may	not	be	transposable	at	all	to	prototypes,	since	normally	bearings,	seals	and	supporting

structures	are	not	strictly	scaled	and	they	are	totally	different	between	model	and	prototype.	This	means	that	the	dynamic	behavior	of	the	structure	in	a	situation	like	SC	operation,	where	the	runner	is	rotating	in	air,	is	not	completely

transposable,	hence	analyzing	the	dynamic	behavior	in	the	prototype	is	essential.

In	terms	of	mechanical	stress	of	the	runner	and	machine	vibration,	SC	operation	is	expected	to	not	be	as	critical	as	generating	mode	operation	[14–17]	because	the	runner	is	rotating	in	the	air.	The	main	acting	forces	at	this

situation	are	the	centrifugal	forces	due	to	the	rotation	and	the	friction	forces	due	to	the	water	in	the	labyrinth	seals.	However,	during	the	transient	between	generating	mode	to	SC	and	vice	versa	high	forces	can	be	induced	in	the

runner	due	to	the	fast	opening	or	closing	of	the	guide	vanes	and	the	sudden	air	injection.	These	fast	changes	can	affect	the	runner	integrity	as	well	as	other	components	of	the	machine	if	the	stress	and	vibrations	induced	by	this

condition	are	high	enough.	In	addition,	if	SC	operation	is	increasingly	required,	fatigue	problems	can	appear	in	the	turbine	components.

In	this	paper,	 the	SC	operation	of	a	 large	Francis	 turbine	prototype	 is	experimentally	analyzed	 in	detail.	The	transient	operation	between	generating	mode	to	SC	and	vice	versa	 is	studied	from	the	point	of	view	of	runner

mechanical	stresses	and	machine	vibrations.	For	that,	the	Francis	turbine	prototype	was	instrumented	with	several	sensors	all	along	the	machine,	including	strain	gauges	in	the	runner	and	vibration	sensors	in	the	stationary	parts	of

the	 turbine.	Results	obtained	permit	 to	compare	stress	and	vibrations	generated	by	 the	SC	operation	and	the	 transients	when	changing	 from	generating	mode	to	SC	and	vice	versa.	 In	 that	way,	 the	useful	 life-time	of	 the	 turbine

components	can	be	compared	and	evaluated.

2	Experimental	investigation
2.1	Prototype	characteristics

The	prototype	used	in	this	paper	is	a	large	medium-head	Francis	turbine	located	in	British	Columbia,	Canada.	This	Francis	Turbine	has	a	rated	power	of	444 MW	in	generating	mode	with	a	rated	head	of	170 m.	The	rated	power

in	SC	mode	of	this	machine	is	of	12 MW.	The	study	of	this	turbine	is	part	of	European	Project	Hyperbole	(FP7-ENERGY-2013-1)	[18].	The	runner	has	16	blades	and	the	distributor	20	guide	vanes.	The	rotating	speed	of	the	machine	is

Fig.	1	Francis	turbine	dewatered	for	SC	operation.

alt-text:	Fig.	1



128.6 rpm	(2.14 Hz)	and	 its	specific	speed	 is	46.	During	an	overhaul	 in	 the	power	plant,	 the	machine	was	accessible	 to	 install	 several	sensors	 in	 the	rotating	parts	and	 in	 the	stationary	parts.	The	machine	was	operated	at	all	 its

operating	range,	including	SC	operation,	in	order	to	determine	its	dynamic	behavior.

2.2	Instrumentation
Several	 sensors	were	 installed	 in	 the	mechanical,	hydraulic	and	electrical	 systems.	 In	 the	mechanical	 system,	 the	 runner	was	 instrumented	with	 strain	gauges	 (Gauge	 factor	2,	Sensitivity	3.266	mV/(μm/m))	and	pressure

sensors	located	in	two	different	blades.	The	mechanical	torque	was	also	measured	with	strain	gauges	in	the	shaft.	Additionally,	several	accelerometers	were	placed	in	the	bearings,	head	cover	and	guide	vanes	as	well	as	displacement

probes	to	measure	the	shaft	vibration.	In	the	hydraulic	system,	different	pressure	sensors	were	located	in	penstock,	spiral	case	and	draft	tube.	Electrical	parameters	such	as	current,	voltage	and	active	power	were	also	measured

simultaneously.	The	operating	conditions	signals	of	guide	vane	opening	and	rotating	speed	were	also	measured.

The	nomenclature	 and	 location	of	 the	 sensors	used	 for	 analysis	 in	 this	 paper	 are	 shown	 in	Fig.	2.	 AGR12	and	AGA12	 (Kistler	 8752A,	 100 mV/g)	 are	 accelerometers	 located	 in	 the	 generator	 bearing,	AT12	 (Kistler	 8752A,

100 mV/g)	is	a	radial	accelerometer	in	the	turbine	bearing,	DT12	(3300	XL	8 mm,	Bently	Nevada)	is	a	displacement	probe	in	the	shaft	and	PSC10	and	PDT10	(Kistler	K-line	0–20 bar)	are	pressure	sensors	located	in	the	spiral	casing	and

draft	tube	respectively.	The	strain	gauges	in	the	runner	are	called	according	their	position	in	the	blade,	where	PS	means	pressure	side,	CR	near	the	crown	and	BD	near	the	band.	Further	information	about	the	sensors	characteristics	is

found	in	Refs.	[14–16,19–21].

2.3	Acquisition
All	 the	signals	coming	 from	all	 the	sensors	 installed	were	acquired	simultaneously	using	a	distributed	Bruel&Kjaer	LAN	XI	3053	acquisition	system.	The	acquisition	 frequency	was	set	 to	4096 Hz	without	any	hardware	or

software	filtering.

2.4	Testing	procedure
The	machine	was	operated	in	SC	mode	for	several	minutes.	In	addition,	different	transient	sequences	going	from	generating	mode	to	SC	and	vice	versa	were	performed.	These	sequences	followed	the	current	protocol	used	in

the	power	plant	to	enter	and	to	exit	from	SC.	The	time	of	these	sequences	was	always	the	same.	Fig.	3	shows	the	absolute	value	of	active	power,	reactive	power	and	apparent	power	of	the	machine	during	the	transients	between	the	two

modes.	It	is	observed	than	in	generating	mode	only	active	power	is	delivered	by	the	generator	to	the	grid,	whereas	in	SC	mode,	the	reactive	power	is	increasing	until	reaching	a	maximum	of	about	22	MVAR.	The	process	to	inject

Fig.	2	Position	and	picture	of	the	sensors	used	for	the	analysis.

alt-text:	Fig.	2



reactive	power	to	the	grid	is	slow,	as	it	takes	approximately	3 min	to	deliver	constant	reactive	power.	The	opposite	process,	from	SC	to	generating	mode,	needs	again	almost	3 min	to	stop	providing	reactive	power	to	the	grid.

Nevertheless,	from	the	hydraulic	point	of	view,	the	transients	from	SC	to	generating	mode	and	vice	versa	are	rather	fast.	Fig.	4	shows	the	active	power	and	Guide	Vane	Opening	(GVO)	in	%	for	these	transient	sequences.	It	is

seen	that	the	machine	goes	from	generating	26 MW	to	consume	12 MW	in	20 s	(in	the	plot,	negative	power	means	power	absorbed	by	the	motor,	and	positive	power	means	generated	power).	During	this	time,	the	GVO	goes	from	14%	to

0%	(0%	means	guide	vanes	completely	closed	and	100%	completely	open).	The	air	 is	 injected	once	the	guide	vanes	are	completely	closed,	this	 is	why	the	power	consumption	suddenly	decreases.	However,	 the	change	from	SC	to

generating	mode	is	smother	since	the	GVO	for	the	generating	mode	is	only	7%.	In	this	case,	the	power	goes	from	12 MW	in	SC	mode	to	6 MW	in	generating	mode	in	10 s.	The	rotating	speed	of	the	machine	is	maintained	constant	during

the	transient	sequences.

Fig.	3	Absolute	values	of	Active	Power,	Reactive	Power	and	Apparent	Power	during	the	transitions	from	generating	mode	to	SC	(up)	and	vice	versa	(down).

alt-text:	Fig.	3



2.5	Signal	analysis
To	analyze	the	data	measured	with	the	different	sensors,	four	different	signal	analysis	methods	are	used	in	this	paper:	(1)	time-signal,	(2)	peak-to-peak	values	versus	time,	(3)	time-frequency	analysis	and	(4)	relative	damage

estimation	due	to	fatigue.

The	time-signals	shown	in	the	paper	are	directly	the	signals	measured	by	the	acquisition	system.	It	is	helpful	to	see	the	time-signals	during	transients	to	see	how	the	global	levels	change.	The	peak-to-peak	values	have	been

computed	using	the	difference	of	the	maximum	and	the	minimum	value	at	uniform	widows	of	1 s	of	duration	without	overlap.	In	that	way,	the	change	of	those	values	during	the	transient	events	is	clearly	appreciated.	Additionally,	time-

frequency	analyses	have	been	performed	during	the	transient	sequences.	This	time-frequency	analysis	is	based	on	SFFT	(Short	Fast	Fourier	Transform)	performed	using	Hanning	windows	of	8 s	of	duration	(frequency	resolution	of

0.25 Hz)	with	an	overlap	of	95%	between	them.

Finally,	with	the	strain	results	obtained	with	the	strain	gauges	in	the	runner,	a	fatigue	analysis	is	carried	out	to	estimate	the	number	of	cycles	to	fatigue	of	the	structure	in	the	different	operating	conditions	of	the	machine

(generating	mode,	SC	mode	and	transient	events).	To	do	so,	a	rainflow	counting	algorithm	[22]	is	used	with	the	time-signal	of	one	strain	gauge.	This	algorithm	is	based	on	the	idea	of	the	cumulative	damage.	This	means	that	the	damage

caused	by	the	different	excitations	due	to	different	frequencies	and	amplitudes	can	be	summed	to	obtain	the	total	damage.

3	Results	and	discussion
3.1	Time-signals

The	time-signals	obtained	with	the	different	sensors	during	the	operation	in	generating	mode,	SC	mode	and	transient	between	them	are	shown	in	Figs.	5–7.	Fig.	5	shows	the	time-signals	of	four	different	strain	gauges	located	in

one	blade	of	runner,	two	near	the	crown	in	the	pressure	and	suction	side	and	two	near	the	band	in	the	pressure	and	suction	side.	It	is	seen	that	the	transient	event	from	generating	mode	to	SC	present	a	higher	strain	level	than	the

transient	event	from	SC	to	generating	mode.	In	fact,	this	last	seems	to	not	be	very	important	in	terms	of	runner	strain.	Furthermore,	the	strain	increase	during	the	transient	event	from	generating	mode	to	SC	is	especially	detected	in

the	strain	gauge	located	in	the	pressure	side	of	the	blade	and	near	the	crown,	whereas	the	other	strain	gauges	present	smother	changes.	Therefore,	the	strain	gauge	position	is	important	to	detect	this	phenomenon.	The	shaft	torque	is

also	seen	in	Fig.	5.	In	this	case,	the	torque	behavior	is	the	same	than	the	electrical	power	presented	in	Fig.	4.

Fig.	4	Power	and	Guide	Vane	Opening	(GVO)	for	the	transition	from	generating	mode	to	SC	(left)	and	vice	versa	(right).

alt-text:	Fig.	4

Fig.	5	Time-signals	of	the	runner	strain	gauges	and	torque	shaft	during	the	transient	sequences.	From	generating	mode	to	SC	(left)	and	vice	versa	(right).

alt-text:	Fig.	5



Fig.	6	shows	the	results	for	the	pressure	sensors	in	the	spiral	casing	(PSC10)	and	in	the	draft	tube	(PDT10).	It	is	observed	that	during	the	generating	mode	the	pressure	fluctuation	is	very	high	because	it	is	working	at	a	very

low	load	(6%	of	the	rated	power)	and,	when	the	guide	vanes	close	and	the	air	is	injected,	the	pressure	fluctuation	disappear,	measuring	only	the	static	component	due	to	the	tail	water	level.	In	the	spiral	casing,	the	closing	of	the	guide

vanes	produces	an	instantaneous	overpressure	that	reaches	about	2 bar	amplitude.

The	vibration	of	the	machine	for	the	transient	sequences	is	summarized	in	Fig.	7.	It	is	observed	than	the	machine	receives	a	high	impact	during	the	change	from	generating	to	SC	mode,	which	is	detected	in	the	whole	structure

and	with	higher	amplitude	in	the	turbine	bearing.	This	impact	is	received	at	the	moment	of	the	air	injection	(see	Fig.	4),	just	when	the	guide	vanes	close	completely.	This	impact	is	also	detected	in	the	shaft	displacement.	This	situation	is

able	to	excite	natural	frequencies	of	the	mechanical	system,	hence	it	is	always	undesirable.	Once	the	guide	vanes	are	closed	and	the	machine	is	in	SC	operation	the	vibration	levels	decrease	considerably.	For	the	other	transient	event,

from	SC	to	generating	mode,	the	vibration	levels	are	not	that	high,	being	only	detectable	an	impact	with	less	energy	than	before	in	the	turbine	bearing.

Fig.	6	Time-signals	of	the	pressure	sensors	in	the	spiral	casing	(PSC10)	and	in	the	draft	tube	(PDT10)	during	the	transient	sequences.	From	generating	mode	to	SC	(left)	and	vice	versa	(right).

alt-text:	Fig.	6

Fig.	7	Time-signals	of	the	accelerometers	in	the	bearings	and	the	displacement	probe	in	the	turbine	bearing	during	the	transient	sequences.	From	generating	mode	to	SC	(left)	and	vice	versa	(right).

alt-text:	Fig.	7



3.2	Peak-to-peak	values
In	order	to	compare	the	fluctuation	of	the	signals	obtained	in	the	different	sensors,	the	peak-to-peak	values	versus	time	have	been	computed.	In	comparison	with	the	time-signals,	with	the	peak-to-peak	values	only	the	dynamic

component	of	the	signal	is	shown,	which	is	normally	the	responsible	of	fatigue	problems	in	mechanical	systems.	Fig.	8	shows	the	peak-to-peak	values	versus	time	for	the	strain	gauges	in	the	runner	and	the	shaft	torque.	It	is	seen	that

they	are	lower	in	the	SC	operation	than	in	generating	mode,	something	which	is	expected	because	the	runner	is	rotating	in	air	in	SC	mode.	However,	during	the	change	from	generating	to	SC	mode	those	values	increase	considerably,

something	that	is	not	happening	in	the	reversed	transient	event	from	SC	to	generating	mode.	As	commented	before,	the	impact	received	due	to	the	fast	guide	vane	closing	and	the	air	injection	in	the	runner	is	able	to	excite	natural

frequencies	of	the	whole	system,	increasing	therefore	the	dynamic	component	of	the	signals.

Fig.	9	shows	the	dynamic	components	of	the	pressure	in	the	spiral	casing	and	draft	tube.	As	seen	in	the	time-signals	(Fig.	6),	as	soon	as	the	runner	is	rotating	in	air,	the	dynamic	pressure	is	attenuated,	having	only	the	static

pressure	of	the	upper	and	lower	reservoir	in	the	spiral	casing	and	draft	tube	respectively.

Fig.	8	Peak-to-peak	values	of	the	runner	strains	and	torque	shaft	during	the	transient	sequences.	From	generating	mode	to	SC	(left)	and	vice	versa	(right).

alt-text:	Fig.	8

Fig.	9	Peak-to-peak	values	of	the	pressure	sensors	in	the	spiral	casing	(PSC10)	and	in	the	draft	tube	(PDT10)	during	the	transient	sequences.	From	generating	mode	to	SC	(left)	and	vice	versa	(right).

alt-text:	Fig.	9



The	vibration	peak-to-peak	values	are	presented	in	Fig.	10.	The	vibration	levels	in	SC	operation	are	lower	than	in	generating	mode	as	it	is	the	case	of	the	runner	strain.	Again,	the	maximums	are	found	in	the	transient	event

from	generating	mode	to	SC,	as	it	was	also	observed	in	the	time-signals	(Fig.	7).	To	understand	what	is	exciting	the	strong	impact	detected	in	all	the	accelerometers	duting	this	transient	event,	a	time-frequency	analysis	is	necessary.

3.3	Time-frequency
The	 time-frequency	 plots	 of	 the	 different	 sensors	 are	 shown	 in	Figs.	 11–14.	 The	maximum	 frequency	 has	 been	 selected	 as	 50 Hz	 because	 the	main	 hydraulic	 phenomena	 happening	 in	 generating	mode	 or	 the	 rest	 of	 the

phenomena	taking	place	in	SC	mode	are	below	this	value.	In	generating	mode,	the	most	important	hydraulic	excitation	comes	from	the	RSI	[23],	which	is	defined	by	the	number	of	guide	vanes	multiplied	by	the	rotating	frequency

viewed	from	the	rotating	point	of	view	 ,	or	the	number	of	runner	blades	multiplied	by	the	rotating	frequency	viewed	from	the	stationary	side	 .	Fig.	11	shows	the	time-frequency

plots	for	two	different	strain	gauges,	one	in	the	pressure	and	crown	side,	and	another	in	the	pressure	and	band	side.	It	is	observed	that	the	excitation	from	the	RSI	 decreases	a	lot	when	entering	to	the	SC	mode	but	it

is	still	existing,	which	means	that	there	is	still	some	interaction	with	the	two-phase	flow	inside	the	runner	and	the	guide	vanes,	as	seen	in	Refs.	[7,9–13].	In	these	plots,	the	rotating	speed	of	the	runner	(ff)	is	also	clearly	seen	at	2.14 Hz

as	well	as	its	second	harmonic	(2ff).	The	amplitude	of	the	rotating	frequency	decreases	considerably	when	the	runner	enters	to	SC	mode.	At	the	moment	of	the	air	injection	in	the	transition	from	generating	to	SC	mode,	a	wide	range	of

frequencies	is	excited	in	the	runner.	However,	in	the	transition	event	from	SC	to	generating	mode,	these	frequencies	are	not	excited	since	the	transition	is	smother.

Fig.	10	Peak-to-peak	values	of	the	accelerometers	in	the	bearings	and	the	displacement	probe	in	the	turbine	bearing	during	the	transient	sequences.	From	generating	mode	to	SC	(left)	and	vice	versa	(right).

alt-text:	Fig.	10

		 	 		 	

		 	



Fig.	11	Time-frequency	plot	of	the	runner	strains	and	torque	shaft	during	the	transient	sequences.	From	generating	mode	to	SC	(left)	and	vice	versa	(right).

alt-text:	Fig.	11

Fig.	12	Time-frequency	plot	of	the	pressure	sensors	in	the	spiral	casing	(PSC10)	and	in	the	draft	tube	(PDT10)	during	the	transient	sequences.	From	generating	mode	to	SC	(left)	and	vice	versa	(right).

alt-text:	Fig.	12



The	time-frequency	plots	for	the	pressure	sensors	are	shown	in	Fig.	12.	In	the	spiral	casing,	the	excitation	coming	from	the	RSI	 is	observed	during	generating	mode	and	it	disappears	during	SC	because	the

water	is	not	flowing	at	this	moment	in	the	spiral	casing.	The	sudden	change	of	the	guide	vanes	excites	one	hydraulic	natural	frequency	at	low	frequency	(about	2 Hz)	[24]	which	is	clearly	seen	in	both	transient	events	from	generating

mode	to	SC	and	vice	versa.	In	the	draft	tube,	during	generating	mode	a	wide	range	of	frequencies	are	excited	due	to	the	very	turbulent	flow	at	this	condition	(very	low	load,	only	6%	of	the	rated	power).	This	excitation	disappears

completely	once	in	SC	mode.

Figs.	13–14	show	the	time-frequency	plots	corresponding	to	the	vibration	sensors.	The	accelerometers	located	in	the	generator	bearing	(Fig.	13)	detect	the	turbulence	due	to	the	low	load	operating	in	generating	mode	and	it	is

clearly	observed	that	some	natural	frequencies	of	the	machine	are	excited	in	the	moment	of	the	air	injection	[25].	More	specifically,	natural	frequencies	at	9 Hz,	16Hz,	26 Hz	and	35 Hz	are	detected	in	the	bearings	with	accelerometers

Fig.	13	Time-frequency	plot	of	the	accelerometers	in	the	generator	bearing	during	the	transient	sequences.	From	generating	mode	to	SC	(left)	and	vice	versa	(right).

alt-text:	Fig.	13

Fig.	14	Time-frequency	plot	of	the	accelerometer	(AT12)	and	the	displacement	probe	(DT12)	in	the	turbine	bearing	during	the	transient	sequences.	From	generating	mode	to	SC	(left)	and	vice	versa	(right).

alt-text:	Fig.	14

		 	



and	 in	 the	shaft	with	 the	proximity	probe	at	 this	moment.	This	means	 that	 those	natural	 frequencies	are	related	 to	mode-shapes	with	displacement	 in	 the	whole	rotating	 train.	This	situation	 is	undesirable	 for	 the	machine,	since

vibration	increases	considerably.	In	the	transient	event	from	SC	to	generating	mode,	which	is	smother,	those	natural	frequencies	are	not	excited.

3.4	Fatigue	estimation
With	the	strain	gauges	installed	in	the	runner,	a	fatigue	analysis	to	know	the	useful	life-time	of	the	runner	can	be	performed.	In	this	case,	what	is	interesting	to	know	is	the	damage	caused	by	the	transient	events	into	the

runner.	To	calculate	that,	a	rainflow	counting	algorithm	has	been	used	as	explained	in	section	2.5.	Fig.	15	shows	the	results	obtained	for	 the	different	operation	calculated	with	respect	 to	 the	SC	operation.	 It	 is	observed	than	the

generating	mode	at	26 MW	is	about	10	times	worse	 in	terms	of	damage	than	the	SC	operation.	The	transient	 from	generating	mode	to	SC	 is	 the	worst	situation,	being	more	than	300	times	worse	than	the	damage	due	to	 the	SC

operation.	However,	the	other	transient	event,	the	change	from	SC	to	generating	mode	produces	almost	the	same	damage	than	the	SC	operation,	since	it	is	a	very	smooth	transient	event	as	it	has	been	demonstrated	before.

4	Conclusions
The	synchronous	condenser	operation	of	a	Francis	turbine	prototype	has	been	analyzed	experimentally	in	this	paper.	More	specifically,	the	effects	on	the	mechanical	system,	i.e.	runner	stress,	fatigue	and	machine	vibration,

have	been	studied	for	this	operating	condition.	The	Francis	turbine	prototype	was	instrumented	with	several	sensors	including	strain	gauges	in	the	runner	and	vibration	sensors	in	the	stationary	parts.	The	machine	was	operated	at

synchronous	condenser	mode	for	several	minutes.	Furthermore,	the	actual	sequences	used	in	the	power	plant	to	go	from	generating	mode	to	synchronous	condenser	and	vice	versa	have	been	also	studied.

To	evaluate	 the	 influence	of	synchronous	condenser	 in	 the	mechanical	behavior	of	 the	machine,	different	signal	analysis	methods	have	been	used:	 time-signal,	peak-to-peak	values	versus	time,	 time-frequency	analysis	and

fatigue	life	estimation.	These	methods	were	applied	to	the	transient	events	changing	from	generating	mode	to	synchronous	condenser	and	vice	versa.	Results	show	that,	in	general,	the	most	problematic	operation	is	the	transient	when

changing	from	generating	mode	to	synchronous	condenser.

The	strains	in	the	runner	as	well	as	the	vibrations	in	the	machine	suddenly	increase	in	the	fast	transient	from	generating	mode	to	synchronous	condenser.	During	this	transient,	the	guide	vanes	close	very	fast	and	compressed

air	is	injected	through	the	draft	tube	in	order	to	have	the	runner	rotating	in	the	air.	In	the	moment	of	the	air	injection	the	structure	receives	a	strong	impact	which	is	able	to	excite	the	different	natural	frequencies	of	this,	as	it	is

demonstrated	with	the	time-frequency	plots.	The	vibration	and	strain	levels	increase	substantially	at	this	moment,	making	this	transient	event	a	critical	situation	to	take	into	account.

However,	the	transient	event	from	synchronous	condenser	to	generating	mode	is	not	that	harmful	for	the	machine.	This	transient	event	consist	of	opening	the	guide	vanes	slowly	and	stopping	the	air	injection,	which	makes	the

process	smother	than	the	opposite	transient	sequence.	At	this	operation,	vibration	levels	and	strains	in	the	runner	do	not	increase	considerably.	In	the	synchronous	condenser	operation,	the	machine	does	not	experience	high	vibrations

or	strains	in	comparison	with	the	generating	mode	operation.	This	behavior	is	expected	because	the	runner	is	rotating	in	the	air.

A	fatigue	analysis	has	been	also	performed	with	the	strain	gauges	installed	in	the	runner.	Generating	mode	at	low	load,	synchronous	condenser	mode	and	the	transients	between	these	both	modes	have	been	compared	in	this

analysis.	The	relative	damage	has	been	computed	with	respect	to	the	synchronous	condenser	operation.	Results	show	again	that	the	worse	scenario	is	the	transient	from	generating	mode	to	synchronous	condenser,	followed	by	the

Fig.	15	Relative	damage	calculated	with	the	strain	gauges	in	the	runner	for	the	different	operations.	Values	normalized	against	the	SC	operation.

alt-text:	Fig.	15



operation	as	generating	mode	at	low	load.	Therefore,	optimizing	the	transients	speed	may	help	to	decrease	the	runner	stress	and	machine	vibration,	increasing	the	life-time	of	the	turbine	components.
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