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Abstract	

The	 temporal	 development	of	 the	mixing	 field	 in	 a	 decaying	 jet	 (Re	 =	 50,000)	was	quantified	by	

measuring	 mole	 fraction	 and	 scalar	 dissipation	 rate	 (SDR)	 in	 a	 decaying,	 isothermal,	 turbulent	

gaseous	 jet.	 The	 2D	 scalar	 field	 was	 measured	 by	 using	 planar	 laser	 induced	 fluorescence	 of	

acetone	and,	with	appropriate	image	processing,	this	allowed	estimation	of	the	SDR	using	the	two	

in-plane	components	within	16%	error.	The	instantaneous	and	averaged	distributions	of	the	mole	

fraction	are	reported	for	downstream	dimensionless	distances	up	to	7	nozzle	exit	diameters	and	35	

exit	 flow	 timescales	 after	 end	of	 injection.	With	advection	of	 the	 last	uniform	exit	 concentration	

(UEC)	profile	core	away	from	the	nozzle	exit,	a	region	of	weak	concentration	arises	at	the	decaying	

jet’s	trailing	edge.	Estimates	made	in	a	Lagrangian	frame	of	reference	show	that	the	trailing	edge	of	

the	jet	becomes	leaner,	after	the	end	of	injection	(AEI),	faster	than	in	the	steady	state,	confirming	

the	existence	of	an	‘entrainment	wave’.	The	normalised	probability	density	functions	of	the	2D	SDR	

at	 various	 stations	 and	 times	 AEI	 differ	 from	 a	 lognormal	 distribution	 at	 both	 low	 and	 high	 SDR	

values	with	negative	skewness	and	positive	excess	kurtosis.	A	pseudo	3D	SDR,	made	by	including	an	

estimate	 for	 the	 out	 of	 plane	 component,	 showed	 reduced	 departure	 from	 lognormal.	 The	

departure	may	be	 attributed	 to	 the	disappearance	of	 the	 strong	 shear	 layer	 associated	with	 the	

absence	 of	 nozzle	 momentum	 AEI.	 To	 the	 authors’	 knowledge,	 this	 study	 provides	 the	 first	

measurements	of	the	SDR	in	a	decaying,	isothermal	turbulent	jet.		
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1. Introduction		

Although	the	mixing	processes	of	steady	jets	have	been	extensively	studied,	the	characteristics	of	

the	mixing	processes	at	the	end	of	a	transient	jet	(“decaying	jet”)	are	not	well	documented,	despite	

regular	 use	 in	 practical	 applications.	Multiple	 -	 inevitably	 transient	 -	 fuel	 injections	 are	 used	 for	

advanced	modes	 of	 combustion	 in	 internal	 combustion	 engines	 to	 assist	 partially	 premixed,	 low	

temperature	combustion	and	reduce	emissions	and	 increase	combustion	efficiency.	The	decaying	

aerodynamic	 field	associated	with	unsteady	 injections	 is	 important	 to	 the	combustion	process:	 it	

may	lead	to	increased	unburned	hydrocarbons	[1]	and	influence	the	interaction	between	multiple	

injections.	 In	 light	 of	 these	 importance,	measurements	of	 the	mixing	 field	of	 unsteady	 injections	

have	been	widely	investigated	in	the	literature,	including	mixture	fraction,	temperature	of	mixture	

and	scalar	dissipation	rate	(SDR)	[2-4],	and	near-field	entrainment	[5].	

Studies	have	shown	that	if	a	jet	is	made	to	decelerate,	an	entrainment	‘wave’	arises	which	travels	

downstream	 at	 approximately	 twice	 the	 convection	 velocity	 of	 the	 gas	 in	 the	 steady-state	 jet,	

resulting	 in	 the	 ‘over-leaning’	 of	 the	 scalar	 field	 [6-9].	 This	 behaviour	 has	 been	 experimentally	

evaluated	 for	 evaporating	 liquid	 fuel	 jets	 under	 engine	 like	 conditions	 [1].	 Hu	 et	 al.	 [9]	 have	

conducted	an	LES	calculation	of	the	end	of	transient	gaseous	round	jets	and	concluded	that	the	gas	

entrainment	enhancement	 is	mainly	 caused	by	 the	 increased	 large-structure	growth	 relative	 to	a	

quasi-steady	 jet.	 Shin	 and	 Richardson	 [10]	 used	 a	 DNS	 calculation	 to	 simulate	 2D	 split-injection	

gaseous	 jets,	 which	 include	 the	 end	 of	 injection	 and	 a	 re-start	 injection.	 Their	 results	 show	

increased	dissipation	rate	in	the	decaying	jet.	However,	this	study	did	not	provide	statistical	data,	

especially	for	SDR,	and	no	experimental	results	are	available	so	far.	

The	probability	density	function	(PDF)	of	the	SDR	quantifies	the	extent	of	molecular	mixing,	thereby	

enhancing	our	 knowledge	beyond	 the	quantification	of	 increased	entrainment	and	 the	effects	of	
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the	 entrainment	 wave	 on	 the	 downstream	 development	 of	 the	mean	 value	 of	mole	 fraction	 or	

equivalence	ratio.	Because	of	this,	SDR	 is	a	 fundamental	quantity	 in	turbulence	and	ubiquitous	 in	

combustion	 modelling:	 its	 PDF	 has	 been	 largely	 assumed	 to	 follow	 a	 lognormal	 distribution.	

However,	measured	PDFs	[11-15]	show	differences	from	the	lognormal	distribution	at	both	low	and	

high	values	of	SDR.	The	PDF	typically	has	a	longer	tail	at	low	rates,	and	falls-off	more	quickly	at	high	

rates,	 as	 compared	 to	 the	 lognormal	 distribution.	Whether	 this	 effect	 depends	 on	 the	 reduced	

dimensionality	 of	 some	 of	 the	 reported	 measurements,	 inadequate	 spatial	 resolution	 of	 this	

microscale,	 the	measurement	 noise	 or	whether	 it	 is	 an	 inherent	 feature	 of	 the	 SDR’s	 PDF	 is	 not	

clear.	Whereas	the	aforementioned	simulations	have	provided	insight	into	the	velocity	field	during	

the	end	of	the	transient,	there	are	no	measurements	available	of	the	SDR	and	its	PDF.	

The	objective	here	 is	 to	use	planar	 laser	 induced	 fluorescence	 (PLIF)	 to	measure	 the	mixing,	 and	

hence	 scalar	 dissipation	 rate,	 of	 an	 acetone-seeded,	 isothermal,	 gaseous	 decaying	 jet	 at	 various	

times	after	the	end	of	injection	(AEI).	This	study	is	relevant	to	the	mixture	preparation	of	partially	

premixed	 compression	 ignition	 (PPCI)	 combustion,	 where	 liquid	 injection	 ceases	 before	 reaction	

has	 started.	 The	mixing	 -	 and	 the	 SDR	 -	 of	 the	 fuel	 vapour	mixing	 is	 in	 a	 decaying	 gaseous	 jet,	

without	 the	 simultaneous	 ‘presence’	 of	 the	 liquid	 phase.	 Despite	 far	 field	 similarities	 between	

steady	jets	and	evaporating	sprays	[16],	the	initial	entrainment	may	well	differ	from	that	here	but	

the	results	here	remain	useful	as	a	measurable	limit.	The	rest	of	the	paper	is	structured	as	follows.	

Section	2	describes	the	experimental	arrangement.	Section	3	presents	the	mole	fraction	field	and	

its	statistics.	Section	4	presents	the	SDR	field	and	its	statistics.	The	paper	ends	with	a	summary	of	

the	findings.		
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2. Flow	arrangement	and	measurement	method	

The	flow	configuration	of	the	measurements	has	been	discussed	in	detail	elsewhere	[11-13].	Briefly,	

a	fast	acting,	automotive-type	gas	injector	(KEIHIN	DM4	62cc)	injected	an	unsteady	gas	jet,	installed	

inside	a	300	mm	long	fused	silica	cylinder	with	internal	diameter	of	80	mm.	This	cylinder	minimised	

the	 influence	 of	 random	 laboratory	 drafts	 on	 the	 air	 flow	 around	 gaseous	 jet.	 The	 injector’s	

solenoid	valve	was	22	mm	upstream	of	the	exit	of	a	tube	(hereafter	‘nozzle’),	which	had	an	internal	

diameter	of	D	=	4	mm	with	a	nozzle	exit	lip	thickness	of	1	mm.	The	valve	opening	time	was	∼0.5	ms,	

the	injection	duration	was	5	ms	and	the	gas	injection	velocity	averaged	across	the	nozzle	area	was	u	

=	 200	m/s,	 as	measured	 by	 a	 hotwire	 at	 the	 nozzle	 exit.	 The	 velocity	 histories	 are	 provided	 in	 the	

supplemental	material	SMM2.	The	injector	was	controlled	by	a	fast	driver	(NI-9751),	which	led	to	0.1	

to	 0.2	 ms	 transition	 time.	 These	 values	 resulted	 in	 a	 jet	 Reynolds	 number	 of	 50,000	 and	

characteristic	 time	 scale	 T	 =	 D/u	 =	 0.02	 ms.	 The	 air	 supplied	 to	 the	 injector	 was	 seeded	 with	

acetone	vapor	by	passing	the	air	through	a	gas	bubbler	containing	liquid	acetone,	which	was	placed	

in	a	constant-temperature	water	bath.	The	bath	was	heated	to	45	±	1	Celsius	by	a	sous-vide	cooker.	

The	liquid	acetone	was	maintained	at	a	constant	level	to	ensure	the	uniform	and	steady	seeding	of	

each	 injection.	The	constancy	of	 the	seeding	concentration	was	confirmed	by	measuring	the	PLIF	

intensity	 in	 the	 region	 of	 the	 uniform	exit	 concentration	 (UEC)	 at	 the	 nozzle’s	 exit	 station	 during	

steady	operation.	
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Fig.	1	Sketch	of	the	of	the	optical	configuration.		

Fig.	 1	 shows	 the	 optical	 configuration.	 Planar	 Laser	 Induced	 Fluorescence	 (PLIF)	 of	 acetone	

measured	 the	 injected	 gas	 concentration	within	 a	plane	 containing	 the	nozzle’s	 centreline,	 using	

the	fourth	harmonic	of	a	pulsed	Nd:YAG	laser	at	266	nm	(Spectra	Physics	Quanta-Ray	Pro-270)	and	

a	 cooled	 CCD	 camera	 (Lavision	 Image	 Intense)	 coupled	 with	 an	 image	 intensifier	 (Hamamatsu	

C4273).	The	output	laser	beam	was	rotated	by	90°	using	a	Pellin-Broca	prism	to	further	isolate	the	

266	 nm	beam	 from	 the	 532	 nm	beam.	 A	 power	meter	monitored	 the	 laser	 pulse	 energy	 during	

measurements.	A	 combination	of	 cylindrical	 and	plano-convex	 lenses	 converted	 the	beam	 into	 a	

laser	sheet	45	mm	high	and	130	μm	thick	with	45	mJ/pulse	energy	in	the	measurement	area.	After	

laser	 sheet	generation	optics,	4%	of	 the	 laser	 sheet	 intensity	was	split	off	at	a	 right	angle	by	 the	

front	 and	 back	 surfaces	 of	 a	 1	mm	 thick	 fused	 silica	 plate,	 the	 back	 surface	 reflected	 sheet	was	

blocked,	while	 the	 front	 surface	 reflected	 sheet	was	delivered	 to	a	dye	 cell	 containing	Coumarin	

solution	 fluorescing	 at	 the	 spectral	 range	 of	 acetone.	 The	 fluorescent	 intensity	 image	 from	 the	

Coumarin	solution,	representing	the	laser	sheet	profile,	was	reflected	by	a	Pellicle	beamsplitter	to	

the	camera,	which	monitored	the	shot-to-shot	laser	sheet	profile.	The	intensified	CCD	camera	was	

fitted	with	 an	 85	mm,	 f/1.4	 Nikkor	 lens	 and	 a	 21	mm	 extension	 ring.	 A	 500	 nm	 shortpass	 filter	

(Edmund	Optics	Inc.,	84706)	rejected	light	at	the	laser	wavelength	of	266	and	532	nm	and	allowed	

fluorescent	 light	 between	 400	 to	 500	 nm	 to	 pass.	 No	 background	 image	 was	 recorded	 during	

experiments,	 because	 incident	 background	 light	 was	 blocked	 by	 the	 shortpass	 filter.	 The	

measurement	field	of	view	was	30	×	25	mm2,	temporal	variation	was	quantified	through	ensemble	

averaging	 of	 instantaneous	 images	 recorded	 at	 the	 same	 time	 after	 the	 end	 of	 injection	 (AEI).	

Images	were	 recorded	 at	 1	 Hz	 to	 ensure	 no	 residual	 acetone	 seed	 from	 the	 preceding	 injection	

remained	in	the	region	of	interest	(ROI).	300	instantaneous	images	were	acquired	at	every	AEI	time,	

which	were	t/T	=	0	(0.0	ms),	5	(0.1	ms),	10	(0.2	ms),	15	(0.3	ms),	20	(0.4	ms),	25	(0.5	ms),	30	(0.6	
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ms),	35	(0.7	ms).	It	is	noted	that	the	‘’ramp-down’’	time	of	injection	was	around	0.5	ms	according	to	

the	exit	velocity	profile	measured	by	a	hotwire.	The	decaying	jet	persisted	for	about	70	T	 in	total:	

the	mole	fraction	within	the	ROI	did	not	change	substantially	after	30	T.	

The	measured	acetone	fluorescent	 intensity	was	corrected	for	 laser	sheet	profile,	energy,	camera	

dark	noise	and	laser	intensity	absorption	along	its	propagation.	The	resulting	fluorescent	intensity	

varied	linearly	with	local	concentration	of	acetone	vapour.	Unlike	the	start	of	unsteady	jets,	or	for	

steady	jets,	there	may	be	no	UEC	near	the	nozzle	exit	after	the	end	of	the	transient.	Therefore,	the	

fluorescent	intensity	of	the	UEC	of	the	starting	jet	was	measured	as	a	reference	for	normalisation	of	

the	acetone	vapour	concentration	in	the	decaying	jet.		

The	SDR	 is,	here,	calculated	as	𝜒 = 2𝒟[(𝜕𝜁 𝜕𝑥)! + (𝜕𝜁 𝜕𝑦)!],	using	 the	projection	of	 the	scalar	

gradient	in	2	dimensions	(where	𝒟	is	the	diffusivity	of	acetone	into	air,	𝜁	is	the	mole	fraction).The	

value	of	𝒟	is	 taken	as	10	mm2/s	 [17]	 to	obtain	 the	SDR	 in	units	of	 s-1,	which	does	not	affect	 the	

measured	 results	of	 SDR.	The	gradient	was	 calculated	by	 second	order	numerical	differentiation.	

The	 spatial	 resolution	 (𝜂s)	 and	 noise	 of	 the	 imaging	 system	 affect,	 directly,	 the	 accuracy	 of	 SDR	

calculation.	The	𝜂s	 in	 the	present	study	was	290	μm	from	the	Point	Spread	Function	 (PSF),	which	

was	 calculated	 from	measurements	 using	 the	 scanning	 knife-edge	 technique	 [13].	 The	 Batchelor	

length	 scale	 (𝜂b),	which	 is	 the	 smallest	 scale	of	 the	 scalar,	was	 estimated	 as	 follows.	We	 started	

with	a	guess	of	the	Batchelor	scale	𝜂!	to	find	the	‘cut-off’	power	ratio	(ratio	of	power	at	𝜅𝜂! = 1	to	

peak	power)	from	the	model	1D	dissipation	spectrum	of	Pope	[18],	together	with	the	known	flow	

Reynolds	number	(similar	to	Wang	et	al.	 [14,	15]).	This	cut-off	ratio	was	applied	to	the	measured	

peak	power	to	obtain	a	new	estimate	for	the	value	of	𝜂!	from	𝜅𝜂! = 1:	this	value	was	re-applied	to	

the	 model	 spectrum	 with	 iteration	 through	 to	 convergence.	 We	 investigated	 the	 sensitivity	 of	

Batchelor	scale,	as	found	above,	to	the	value	of	the	cut-off	ratio	in	the	experimental	power	density	
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spectrum	between	1%	to	12%	over	a	wide	range	of	regions	of	the	jet.	We	found	that	the	values	of	

the	Bachelor	scale	 lay	between	100	μm	–	250	μm	and	conclude	that	the	spatial	resolution	of	the	

imaging	system	was	adequate	for	this	range.	The	ratio	𝜂!/𝜂!	varies	between	0.34	and	0.86,	which	is	

higher	 than	 0.33,	 suggested	 by	 Worth	 et	 al.	 [19],	 for	 appropriate	 measurement	 precision	 of	

dissipation.	 It	 is	 noted	 that	 the	 value	 of	 𝜂! 	could	 change	 after	 the	 images	 were	 filtered.	

Thus, 𝜂! was	 re-estimated	by	applying	 the	 filter,	used	 in	 the	 image	processing,	 to	 the	 image	of	a	

knife-edge.	The	filtering-corrected	resolution	was	360	µm,	which	is	marginal	for	the	requirements	

of	 appropriate	 spatial	 resolution.	 To	 reduce	 the	 error	 in	 the	 SDR,	 the	 signal	 to	 noise	 ratio	 (SNR)	

must	be	high	to	provide	enough	contrast	for	low	concentration	areas,	e.g.	far	field	mixing	layer	for	

high	 AEI	 times.	 The	 definition	 of	 SNR	 used	 here	 is	 the	 value	 of	mean/RMS	 of	 a	 uniform	 region	

within	the	flow	(i.e.	the	UEC).	It	was	found	that	the	values	were	always	higher	than	25,	and	typically	

30.	The	instantaneous	images	were	further	denoised	by	applying	a	Wiener	filter	[13].	The	filtering	

errors	in	the	mole	fraction	and	dissipation	rate	were	estimated	as	suggested	in	[13]	and	are	up	to	

0.8%	for	mole	fraction	and	between	11%	to	16%	for	the	SDR.	Details	of	filtering,	SNR	and	filtering	

error	quantification	can	be	found	in	the	supplementary	material	SMM1.		

3. Statistics	of	mole	fraction	

Fig.	 2	 shows	 instantaneous	and	ensemble	averaged	mole	 fraction	 images	at	 various	AEI	 times.	A	

UEC	persists,	“attached”	to	the	nozzle	exit,	until	AEI	time	=	10,	because	either	of	the	‘dead’	volume	

between	the	injector’s	solenoid	valve	and	the	nozzle	exit	or	of	the	effects	of	the	entrainment	wave	

which	 is	 generated	 [8].	 Subsequently,	 the	 UEC	 decays	 due	 to	 the	 closure	 of	 solenoid	 valve	 and	

finally	disappears	at	the	near	nozzle	exit	region	for	AEI	=	15.	With	the	decay	of	the	UEC,	the	thin	

mixing	layer	near	the	nozzle	exit	becomes	wider,	and	weaker.	The	last	portion	of	the	UEC	advects	

downstream	and	increases	the	mole	fraction	in	the	downstream	region	(beyond	y/D	=	3).	With	this	
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advection,	 the	width	of	 the	downstream	 jet	 increases	and	 reaches	a	 steady	 state	after	AEI	=	30.	

Large	“indentations”,	generated	in	the	jet,	lead	to	low	mole	fraction	pockets	even	on	the	centreline	

of	the	jet,	e.g.	at	y/D	=	1	at	AEI	=	20,	y/D	=	3	at	AEI	=	5	and	y/D	=	5	at	AEI	=	30.	in	Fig.	2.	The	residual	

gas	in	the	nozzle	continued	to	diffuse	out	and	generated	another	high	mole	fraction	region	near	the	

nozzle	exit	even	after	AEI	=	45	(not	shown	here).	This	diffusion	region	started	at	AEI	=	15,	with	an	

absence	of	the	UEC	at	the	near	nozzle	region	(y/D	=	0	-	0.5).	There	was	no	evidence	of	a	stopping	

vortex	near	the	nozzle	exit,	as	identify	in	DNS	results	by	Shin	and	Richardson	[10].		

		

Fig.	2	The	mean	(left)	and	sample	instantaneous	(right)	mole	fraction	field	at	various	AEI	times.		

A	characteristic	of	the	decaying	jet	is	that	a	local	maximum	arises	in	the	centreline	profile	of	mole	

fraction.	 Fig.	 3	 shows	 this	 characteristic	 in	 the	 ensemble-averaged	 centreline	 mole	 fraction	 of	

decaying	 jets	 at	 various	 AEIs.	 Before	AEI	=	 10,	 the	UEC	 appears	 near	 the	 nozzle	 exit	 region	 and	

quickly	advects	 to	 regions	near	y/D	=	3	 for	AEI	=	20,	 i.e.	 the	 region	of	maximum	mole	 fraction	 is	

convected	downstream,	which	 leads	 to	 local	maximum	mole	 fractions	downstream	of	 the	nozzle	

exit.	The	mole	fraction	generally	is	uniform	in	the	longitudinal	direction	for	AEI	=	15	and	20.	From	

AEI	=	25,	because	of	the	effects	of	the	removal	of	the	source	of	momentum	and	perhaps	because	of	
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the	effects	of	the	entrainment	wave,	the	advection	of	the	UEC	becomes	much	slower	and	the	mole	

fraction	between	y/D	=	4	-	7	increases	with	a	maximum	at	around	y/D	=	6.5.	Although	the	relatively	

long	distance	between	the	 injector’s	solenoid	valve	and	the	nozzle	exit	can	act	as	a	 ‘dead’	region	

which	damps	down	the	rate	at	which	the	jet	ends	(somewhat	retarding	the	decrease	in	the	mixture	

fraction	 near	 the	 nozzle	 exit),	 this	 effect	 is	 limited	 to	 the	 downstream	distance	 y/D	=	 0.5.	 Thus,	

After	AEI	 =	 5,	 a	 “lean”	 region	 appears	 in	 the	 region	 between	 y/D	 =	 0.5	 –	 1.0.	 Borée	 et	 al.	 [20]	

reported,	in	their	measurements	of	a	jet	subject	to	a	sudden	velocity	decrease	(but	not	terminating	

of	the	jet,	as	here),	the	spatial	decay	rate	of	dye	concentration	was	steeper	than	that	during	steady	

state.	Musculus	et	al.	[1]	also	found,	in	a	transient	jet	near	the	nozzle	AEI,	that	–	by	considering	a	

Lagrangian	frame	of	reference	-	the	spatial	decay	rate	of	equivalence	ratio	was	steeper	than	during	

steady	 injection.	 We	 used	 the	 method	 in	 [1],	 assuming	 that	 the	 downstream	 convection	 AEI	 is	

similar	 to	 jet	penetration	after	the	start	of	 injection	and	that	the	mixing	rate	of	 the	upstream	jet	

remains	constant	AEI.	The	jet	penetrates	to	about	1D	at	5T	after	the	end	of	injection,	so	the	trailing	

edge	of	the	jet	could	be	expected	to	be	located	at	about	1D	downstream	of	the	nozzle	5T	after	the	

end	of		injection	and	the	mole	fraction	could	be	expected	to	be	0.9,	being	the	value	1D	downstream	

of	the	nozzle	exit	before	the	end	of	injection	has	taken	place.	However,	the	measured	mole	fraction	

at	1D	downstream	5T	after	the	end	of	injection	is	about	0.8.		This	implies	the	entrainment	rate	of	

the	jet	near	the	nozzle	AEI	is,	indeed,	enhanced.		
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Fig.	3	The	mean	mole	fraction	along	the	jet	centreline	at	various	AEI	times.	

Fig.	4	shows	the	PDF	of	 the	mole	 fraction	of	 the	whole	 jet	within	the	 field	of	view	at	various	AEI	

times.	The	steady	jet	and	early	decaying	jet	(AEI	≤	15)	present	a	long	tail	at	higher	mole	fractions	

(>0.4)	and	a	bimodal	distribution	with	peaks	at	 low	and	moderate	mole	 fraction	values.	The	 long	

tail	at	higher	mole	fractions	is	attributed	to	the	persistence	of	the	UEC,	while	the	low	and	moderate	

mole	 fraction	peaks	are	attributed	 to	outer	and	 inner	mixing	 layers.	 The	 long	 tail	 at	higher	mole	

fractions	ceased	to	exist	after	AEI	=	20,	which	 is	caused	by	the	diffusion	and	absence	of	the	UEC.	

With	 the	 increase	 of	 AEI,	 the	 peak	 at	moderate	mole	 fractions	moves	 to	 yet	 leaner	 values	 and	

becomes	more	prominent.	For	methane,	taken	as	an	example,	the	stoichiometric	mole	fraction	is	

about	 0.1	 and	 the	molar	 lean	 and	 rich	 flammability	 limits	 are	 approximately	 0.05	 and	 0.15.	 The	

decaying	 jets	have,	 relative	 to	 the	steady	 jet,	higher	probability	of	values	outside	 this	 range,	and	

richer	up	 to	about	0.3.	 This	 is	not	only	 further	evidence	of	 the	effect	of	 the	entrainment	wave’s	

influence	but	also	shows	that	it	enhances	molecular	mixing.	

	

Fig.	4	The	probability	density	function	(PDF)	of	the	mole	fraction	at	various	AEI	times.		
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4. Statistics	of	scalar	dissipation	rate	

4.1. Instantaneous	and	averaged	dissipation	rate	

The	results	of	the	SDR	at	different	AEIs	are	presented	in	units	of	mm-2	and	s-1	 in	Fig.	5.	The	mm-2	

scale	of	SDR	was	calculated	by	taking	the	 logarithm	of	[(𝜕𝜁 𝜕𝑥)! + (𝜕𝜁 𝜕𝑦)!]	while	the	s-1	scale	

was	 calculated	 by	 taking	 the	 logarithm	 of	2𝒟[(𝜕𝜁 𝜕𝑥)! + (𝜕𝜁 𝜕𝑦)!] .	 Therefore,	 the	 same	

colourmap	can	be	used	for	presenting	the	results	in	these	two	scales	with	an	arithmetic	difference	

of	log10(2𝒟)	=	1.3	in	the	colour	scales.	All	the	images	show	that	the	maximum	SDR	exists	near	the	

nozzle	exit:	in	particular	in	the	mean	results,	which	show	the	expected	result	that	this	region	of	high	

SDR	contracts	 in	the	axial	direction	with	increasing	AEI.	However,	the	instantaneous	images	show	

interesting	structural	evolution	of	SDR	with	increasing	time	AEI.	Initially	(AEI	=	0	-	5),	the	largest	SDR	

occurs	in	relatively	thin	and	densely	convoluted	structures	at	x/D	≈	0.5	and	near	nozzle	exit,	in	the	

remnants	 of	 the	 thin	 shear	 layer	 at	 the	 periphery	 of	 the	 nozzle	 exit	 driven	 by	 the	 jet.	 Farther	

downstream,	say	y/D	>	1,	 strong	SDR	 is	 to	be	 found	 in	 long	structures	with	 large	scale	curvature	

extending	from	the	jet’s	periphery	to	its	centreline.	After	AEI	=	10,	the	region	of	high	instantaneous,	

convoluted	SDR	adjacent	to	the	nozzle	exit	starts	to	move	progressively	towards	the	centreline,	a	

process	complete	by	about	AEI	=	35.	This	reflects	the	change	of	the	structure	of	the	flow	near	the	

nozzle	 exit	 with	 the	 ambient	 fluid	 being	 entrained	 by	 the	 low-pressure	 region	 induced	 by	 the	

trailing	 edge	 of	 the	 last	 fluid	 elements	 belonging	 to	 the	 UEC.	 The	 long	 SDR	 structures	 further	

downstream	still	play	a	role,	progressively	weakening	with	distance	and	time,	presumably	marking	

the	remnants	of	the	large	scale,	decaying	jet	shear.	After	AEI	=	15	and	at	y/D	≈	0.5,	a	slight	“waist	

region”	begins	to	emerge	in	the	averaged	SDR	results	adjacent	to	the	nozzle,	which	is	presumably	

owing	 to	 large-scale	entrainment	 structures	 starting	 to	 “cut-off”	 the	 linkage	between	 the	 trailing	

edge	of	the	last	UEC	and	the	diffusive	process	which	dilutes	the	quasi-stagnant	gas	near	the	nozzle	

exit.	After	AEI	=	20,	the	average	SDR	contours	show	two	progressively	separated	regions	of	locally	
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high	SDR,	with	that	in	the	downstream	region	visible	initially	at	y/D	>	5,	being	advected	to	further	

downstream	locations	with	 increasing	AEI.	 	Velocity	field	measurements	are	needed,	 in	future,	to	

analyse	the	aerodynamic	structures	in	this	process.		

	 	

Fig.	5	The	mean	(left)	and	sample	instantaneous	(right)	logarithm	of	the	scalar	dissipation	rate	field	

at	various	AEI	times.	

4.2. Unconditional	statistics	

This	 section	 presents	 the	 PDF	 of	 the	 SDR	 of	 the	 decaying	 jet	 which	 is	 important	 for	 turbulent	

reacting	flow	models	that	include	the	fluctuations	of	the	SDR,	i.e.	transported	PDF	model.	The	PDFs,	

normalised	 by	 the	 local	 mean	 𝑙𝑛 𝜒  and	 standard	 deviation	 values	 𝜎!" ! 	and	 shown	 on	

logarithmic	axes,	are	constructed	as	follows.	We	selected	30	small	regions	distributed	in	the	‘whole	

jet’	(regions	where	mixture	fraction	is	above	5%:	this	ensured	that	jet	fluid	was,	indeed,	present	in	

the	regions.	Otherwise,	the	low	dissipation	rate	values	in	the	ambient	fluid	would	lead	to	high	PDF	

values	in	the	low	(𝑙𝑛 𝜒 − 𝑙𝑛 𝜒 )/𝜎!" ! 	region	and	bias	the	PDF	of	SDR	to	become	bimodal)	and,	

for	each	AEI	time,	a	PDF	of	the	SDR	was	obtained	from	each	region.	Fig.	6	shows	these	PDFs,	 for	

each	 AEI	 time,	 superimposed	 in	 the	 figure	 showing	 that	 the	 PDFs	 followed	 a	 similar	 trend	
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throughout	 the	 jet.	 For	 all	 cases,	 the	PDFs	of	 SDR	 show	negative	 skewness	when	compared	 to	a	

lognormal	distribution,	which	is	usually	the	shape	used	in	the	modelling	of	turbulent	reacting	flows.	

Such	 skewness	 has	 been	 observed	 in	 several	 different	 turbulent	 flows	 [21-24],	 as	well	 as	 in	 the	

starting	jet	[12].		

	

Fig.	6	The	PDF	of	the	normalised	logarithm	of	the	scalar	dissipation	rate	for	different	AEI	times	at	

various	flow	positions	and	its	corresponding	regression	curves.		

To	 examine	 the	 accuracy	 of	 lognormal	 distribution	 assumption,	 we	 calculated	 its	 coefficient	 of	

determination	(R2).	Although	R2	for	all	cases	is	higher	than	0.99,	the	lognormal	model	nevertheless	

over	predicted	 the	PDF	 for	high	(𝑙𝑛 𝜒 − 𝑙𝑛 𝜒 )/𝜎!" ! 	values	and	under	predicted	 the	PDF	 for	

low	(𝑙𝑛 𝜒 − 𝑙𝑛 𝜒 )/𝜎!" ! 	values.	As	suggested	in	[12],	the	generalised	Gumbel	distribution	can	

be	a	better	fit.	The	form	of	the	distribution	for	a	normalised	variable	is	𝛱 𝜃 = 𝑎× 𝑒𝑥𝑝 𝜋/2×𝑏 ×

𝜃 − 𝑐 − 𝜋/2×𝑒𝑥𝑝 𝑏× 𝜃 − 𝑐 :	 here	𝑎 = 2.065 ,  𝑏 = 0.9038 	and	𝑐 = 0.2799 	fitted	 the	 data	

andthis	fitting	is	also	drawn	in	Fig.	6	along	with	the	fitting	for	the	starting	jet	reported	in	[12].	Both	

Gumbel	distribution	curves	have	similar	ability	to	fit	the	PDF.	Considering	the	substantial	difference	
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of	 the	 flow	pattern	 and	 jet	 velocity	 at	 the	 start	 and	end	of	 the	 transient	 jet,	 the	2D	PDF	of	 SDR	

might	be	universal	for	jet	flows.		

	

Fig.	7	1D	and	pseudo-3D	PDF	of	the	normalised	logarithm	of	the	scalar	dissipation	rate	at	AEI	=	5,	(a)	

1D	longitudinal,	(b)	1D	transverse,	(c)	1D	longitudinal	+	2	×	1D	transverse.		

The	non-lognormal	distribution	of	SDR's	PDF	may	attributed	to	several	reasons.	Stetsyuk	et	al.	[25]	

suggested	 that	 the	 PDF	 does	 approach	 a	 lognormal	 distribution	 for	 a	 well-mixed	 flow	 regime.	

Dowling	 [21],	 and	 Dahm	 and	 Buch	 [22],	 suggested	 that	 increasing	 measuring	 dimensions	 (or	

assuming	 isotropic	 SDR)	 leads	 to	 a	 PDF	 close	 to	 a	 lognormal	 distribution.	 We	 thus	 examined	 a	

pseudo-3D	SDR	has	a	different	shape	in	its	PDF,	by	assuming	that	it	remains	statistically	the	same	in	

the	two	transverse	(here	Z	and	X)	directions	(e.g.		Su	et	al.	[26]).	Fig.	7	shows,	at	AEI	=	5,	the	PDFs	of	

SDR	for	1D	longitudinal,	1D	transverse	and	1D	longitudinal	+	2	×	1D	transverse.	The	1D	SDRs	show	

higher	 skewness	 relative	 to	 the	 PDF	 of	 2D	 SDR,	 while	 the	 PDF	 of	 pseudo-3D	 SDR	 is	 indeed	

somewhat	 closer	 to	a	 lognormal	distribution.	The	 skewness	and	kurtosis	of	 these	 three	PDFs	are	

compared	in	Table	1.	The	pseudo-3D	SDR	has	lower	negative	skewness	and	excess	kurtosis,	while	

the	two	1D	SDR	show	higher	kurtosis	and	skewness.	Since	high	SDR	values	are	more	likely	in	shear	

layers,	which	are	weaker	in	the	decaying	jet,	the	negative	skewness	exhibited	in	the	decaying	jet’s	

PDF	and	could	be	inherent	in	other	transient	jets	as,	for	example,	in	the	starting	jet	[13,	27,	28].	

Table	1	Skewness	and	kurtosis	for	1D	and	pseudo-3D	PDF	of	the	normalised	logarithm	of	the	scalar	

dissipation	rate	for	AEI	=	5.	

(c)	

(a)		 (b)	
	

(c)	
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SDR	PDF	 Skewness	 Kurtosis-3	

1D	longitudinal	+	1D	transverse	 -0.5691	 0.9607	

1D	longitudinal	+	2	×	1D	transverse	 -0.5296	 0.8635	

1D	longitudinal	 -1.2144	 2.8160	

1D	transverse	 -1.1719	 2.6382	

5. Conclusions		

This	study	presents	the	first	measurements	of	the	SDR	in	a	decaying,	isothermal	turbulent	jet.	The	

jet	mole	fraction	at	various	times	AEI	was	measured	by	acetone	PLIF	and	the	SDR	was	calculated	

from	the	instantaneous	measurements	of	mole	fraction.	The	main	findings	are:	

1.	The	convection	of	the	last	UEC	generates	a	region	of	low	concentration	in	the	decaying	jet.	This	

low	concentration	region	allows	ambient	air	entrainment,	which	generates	large	scale	indentations	

and	low	mole	fraction	pockets.	

2.	The	region	of	maximum	mole	 fraction	 is	convected	downstream	with	the	advection	of	 the	 last	

UEC	and	 the	mole	 fraction	near	 the	nozzle	decays	at	 steeper	 spatial	 rate	AEI	 than	during	 steady	

state.	Consequently,	 in	contrast	to	a	steady	jet,	mole	fractions	in	the	downstream	region	become	

higher	than	further	upstream	after	time	AEI	=	20.	

3.	Owing	to	the	persistence	within	the	ROI	of	the	UEC	before	AEI	=	15,	the	PDF	of	the	mole	fraction	

presents	 a	 long	 tail	 at	 higher	 mole	 fractions	 (>0.4),	 while	 the	 outer	 and	 inner	 mixing	 layers	

contribute	 peaks	 of	 low	 and	moderate	mole	 fraction	 respectively.	With	 increasing	 time	 AEI,	 the	

peak	at	moderate	mole	fractions	moves	to	yet	leaner	values	and	the	long	tail	disappears	after	AEI	=	

20.	For	methane,	as	an	example,	the	decaying	jets	has,	relative	to	the	steady	jet,	higher	probability	

of	values	outside	the	flammability	range,	and	richer	values	up	to	about	0.3	which	is	evidence	that	

the	entrainment	wave	affects	molecular	mixing.		
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4.	 	 The	 averaged	 SDR	 results	 show	 the	maximum	SDR	near	 the	nozzle	 exit	 contracts	 in	 the	 axial	

direction	 with	 increasing	 time	 AEI.	 The	 instantaneous	 SDR	 results	 show	 that	 large-scale	

entrainment	 structures	 change	 the	 structure	of	 the	 flow	near	 the	nozzle	 exit:	 the	 region	of	 high	

instantaneous,	 convoluted	 SDR	 adjacent	 to	 the	 nozzle	 exit	 moves	 progressively	 towards	 the	

centreline	and	a	“waist	region”	emerges	at	y/D	≈	0.5	with	increasing	time	AEI.		

5.	The	PDF	of	normalized	2D	SDR	in	the	decaying	jet	shows	negative	skewness	and	a	PDF	which	is	

quantitatively	similar	to	that	of	a	starting	jet	(a	Gumbel,	rather	than	lognormal,	distribution),	while	

the	PDF	of	the	pseudo	-	3D	SDR	is	closer	to	lognormal,	which	could	be	attributed	to	the	absence	of	

strong	shear	layers.	
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