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ABSTRACT	

Water	is	one	of	the	greatest	essences	in	today’s	world.	Treatment	of	waste	water	could	solve	a	lot	of	problems	faced	by	modern	
world.	Motive	of	this	study	is	to	treat	industrial	waste	water	by	the	means	of	RTD	which	is	a	completely	experimental	method.	
In	a	packed	bed	bioreactor	response	of	RTD	experiments	were	carried	out.	We	determined	residence	time	of	liquid	and	solid	
from	residence	time	distribution	(RTD)	measurements	using	tracers.	The	 final	pore	volume	(void	space)	of	the	reactor	with	
java	plum	core/seed	packed	bed	reactor	was	between	1300‐1400	ml.	The	observed	values	for	Experimental	mean	Residence	
Time	for	step	change	is	12.564	minutes	while	Dispersion	number	was	found	to	be	0.0451	and	Peclet	no.	is	22.167	where	as	σ2	is	
found	to	be	242.1136	and	 		is	0.1065.	

	Keywords:	Residence	Time	Distribution	 (RTD),	Packed	Bed	Reactor,	Tracer	Testing,	Processes,	Step	response,	Distribution	
function.	

1. INTRODUCTION	

In	 last	 few	 years,	 there	 is	 al	 lot	 of	 increase	 in	 usage	 of	
treating	waste	water	of	 industry	by	packed	bioreactors.	
In	 chemical	 engineering	 field,	residence	 time	
distribution	(RTD)	 of	 a	chemical	 reactor	is	 a	 probability	
distribution	 function	 that	 describes	 the	 amount	 of	 time	
a	fluid	element	 could	 spend	 inside	 the	 reactor	 taking	
different	 routes	and	different	 lengths	 [1].	RTD	being	an	
experimental	method	is	useful	as	it	provides	information	
about	 material	 flow	 which	 is	 used	 in	 various	 chemical	
process	 industries.	 Thus,	 to	 check	 out	 feasibility	 of	
chemical	 reactors,	 we	 have	 analysis	 of	 RTD.	 A	 tracer	
which	 is	 generally	 inert	 atom/	 molecule/	 chemical	 is	
used	to	follow	progress	is	decisive	in	nature.	There	exists	
many	 tracer	 detection	 techniques,	 major	 among	 them	
are	inline	and	offline.	We	used	both	of	them	to	measure	
RTD	 in	 this	 case.	 In	 inline	 detection	 technique,	 the	
system	 is	 unsettled	 by	 using	 either	 a	 pulse	 or	 a	 step	
input	 in	 form	 of	 thermal	 or	 electrical	 signal	 and	 then	
records	 directly	 from	 inline	 probes	 how	 the	 system	
responds	 to	 this	 input	 [2].	When	 these	 steps	 cannot	 be	
finished	instantly	usage	of	Offline	detection	 is	preferred	
[3,	4,	5,6].	Here	optical	and	conductivity	method	are	used	
for	tracer	detection.	

In	Literature	there	are	reports	of	Usage	of	different	types	
of	 dyes	 as	 tracer	 compounds.	 Different	 criteria	 like	
solubility,	 adsorption	on	biomass,	pH	stability	 and	 time	
stability	were	considered	to	select	suitable	dye	tracer.	In	
various	studies	different	dyes	which	are	not	harmful	for	
laboratory	 purpose	 like	 brome	 cresol	 green,	 brome	
phenol	blue,	dextrin	blue	2000,	eosin	y,	mordant	violet,	
ethylene	violet,	ethylene	blue,	rhodamine	b	and	brilliant	
green	have	been	used	 [7].	Among	 the	above	mentioned	
dyes	 brome	 cresol	 green,	 brome	 phenol	 blue,	 dextrin	
blue	 2000,	 eosin	 y	 and	 mordant	 violet	 provides	 good	

solubility,	 no	 adsorption	 on	 biomass,	 stability	 in	 time	
and	 no	 color	 change	 between	 pH	 6.5	 to	 8.5	 [7].	 	 To	
determine	 RTD	 experimentally,	 the	 tracer	 material	 is	
injected	 at	 input	 and	 the	 response	 of	 tracer	 profile	 is	
recorded	at	outlet	of	the	system.	Stimulus	response	is	the	
most	 common	 method	 used	 for	 measurement	 of	 RTD.	
Stimulus	 response	 is	 an	 inline	 detection	 technique	 so	
tracer	 is	 injected	 in	 the	 form	of	pulse	 input,	 step	 input,	
square	 pulse,	 Ramp	 input	 and	 sinusoid	 input.	 Mostly	
used	 inputs	 for	 the	 measurement	 of	 RTD	 are	 step	 and	
pulse	 input.	 These	 two	methods	 are	 used	 in	 this	 study	
too.	In	step	input	the	tracer	is	added	along	with	the	feed	
at	a	constant	rate	whereas	in	pulse	input,	a	small,	known	
amount	of	tracer	material	is	injected	by	a	syringe.		

Reactor’s	 performance	 can	 be	 simulated	 by	 different	
models,	major	among	which	are	Dispersion	model,	plug	
flow	model,	distribution	flow	model,	laminar	flow	model	
and	much	more.	In	the	present	study,	we	used	Residence	
Time	 Distribution	 (RTD)	 experimental	 technique	 for	
understanding	the	behavior	of	packed	bed	reactor.	RTD	
is	 a	 completely	 experimental	 method.	 RTD	 is	 suitable	
method	 for	 analysis	 of	 flow	 system	 in	 industrial	
processes.		

2. MATERIALS	

All	the	experiments	were	perfomed	at	room	temperature	
(298K).	

 Tracer	solution	of	conc.	Hydrochloric	acid	(HCl)	

 Phenolphthalein	

 Milipore	water	(R=18.2M	Ω‐cm)	

 conductivity	meter	(HACH)	
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 N/10	NaOH	

3. METHODS	

3.1	EXPERIMENTAL	SETUP	

In	a	packed	bed	bioreactor	response	of	RTD	experiments	
were	carried	out.	The	schematic	diagram	of	experimental	
setup,	which	consists	of	packed	bed	bioreactor,	injection	
point,	 mixing	 tank	 fitted	 with	 stirrer	 (feed	 chamber),	
peristaltic	 pump,	 filter	 unit	 for	 water,	 pressure	 gauge,	
level	indicator,	and	sampling	port	is	shown	in	Fig	1.	The	
reactor	was	made	up	of	SS	316	(Stainless	Steel	316)	with	
an	 inner	 diameter	 8	 cm,	 height	 100	 cm	 and	 working	
volume	of	5.02	L.	The	reactor	was	 filled	with	 java	plum	
core/seed	of	particle	size	of	2‐6	mm	and	bulk	density	of	
71.66g/100ml.	The	reactor	assembly	was	a	close	circuit	
unit.	 Five	 equidistant	 ports	 (P1,	 P2,	 P3,	 P4,	 and	 P5)	 of	
1.25	 cm	 diameter	 were	 used	 to	 collect	 liquid	 samples	
along	 the	 height	 of	 the	 reactor.	 The	 final	 pore	 volume	
(void	 space)	 of	 the	 reactor	 with	 java	 plum	 core/seed	
packed	bed	reactor	was	between	1300‐1400	ml.	

Table:	1	feature	of	Bio‐column	Reactor	

SR	No	 Description	 Value	

1	 Diameter	of	reactor	(cm)	 8.0	

2	 Total	height	of	reactor	(cm)	 100

3	 Volume	of	reactor	(liters)	 5.03

4	 Number	 of	 sampling	 point			
(cm)	

5.0	

5	 Height	 of	 sampling	 point			
(cm)	

100

6	 Diameter	 of	 	 sampling	 point	
(cm)	

1.25

7	 Total	 Weight	 of	 Absorbent	
(gm)	

2420

8	 Density	of	Bed	(gm/mL)	 0.7166

9	 Actual	 Volume	 of	 Reactor	
(Liters)	

1.623

	

	

Figure	1:	Experimental	Setup	for	RTD	

3.2	SPECTROPHOTOMETRIC	METHODS		

In	 this	 technique,	 a	 compound	 of	 a	 metal	 such	 as	
aluminium,	 iron,	 thorium,	 zirconium,	 lanthanum	 or	
cerium	reacts	with	an	indicator	dye	to	build	a	complex	of	
small	 dissociation	 constant.	 This	 complex	 reacts	 with	
fluoride	 to	 give	 a	 new	 complex.	 Because	 of	 the	
transformation	 in	 the	 configuration	 of	 the	 complex,	 the	
surface	 assimilation	 spectrum	also	 shifts	 relative	 to	 the	
spectrum	 for	 the	 fluoride‐free	 reagent	 solutions.	 This	
alteration	 can	 be	 observed	 by	 using	 a	
spectrophotometer.	One	of	 the	essential	dyes	employed	
is	 trisodium	 2‐(parasulfophenylazo)‐1,	 8‐dihydroxy‐3,	
and	6‐	naphthalene	disulfonate,	generally	recognized	as	
SPADNS.	Erichrome	Cyanine	R	is	one	more	usually	used	
dye.	 The	 dye	 reacts	with	metal	 ions	 to	 give	 a	 coloured	
complex.	 In	 the	 SPADNS	method,	 zirconium	reacts	with	
SPADNS	 to	 build	 a	 red	 coloured	 complex.	 Fluoride	
discolours	 the	 red	 colour	 of	 the	 complex	 and	 therefore	
the	 alteration	 in	 absorbance	 can	 be	 calculated	 using	 a	
spectrophotometer.	

	

Formation	of	the	SPADNS	–	ZrOCl2	complex	

	

Reaction	of	the	complex	with	fluoride	ions	
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3.3	PROCEDURE	

In	this	experiment	we	first	close	the	drain	valve	provided	
at	the	bottom	of	the	feed	tank	to	fill	it	with	water.	When	
the	feed	tank	is	filled	with	water,	an	injection	containing	
20	 ml	 conc.	 HCl	 is	 placed	 at	 the	 tracer	 injecting	 point	
after	opening	the	dead	end.	Once	it	is	ensured	that	knob	
provided	on	 the	pumps	 is	 at	 zero	position,	 Set	 rotation	
selection	switch	towards	clockwise	rotation	arrow	while	
Set	other	switch	provided	on	the	pump	towards	Manual	
option.	When	the	flow	rate	gets	stabilised,	inject	quickly	
the	 pulse	 tracer	 from	 the	 syringe.	 Start	 the	 stop	watch	
simultaneously.	Collect	10	ml	of	exit	stream	sample	from	
the	 top	at	0.5	min	 interval.	Take	 the	 sample	and	 titrate	
with	N/10	NaOH	using	phenolphthalein	as	the	indicator.		

3.4	REACTIONS	INVOLVED	

 	HCl	+	NaOH																															NaCl		+	H2O	
																	Or	

 H2SO4			+		2	NaOH																					Na2SO4		+	2H2O	
	

4. RESULTS	AND	DISCUSSION	

We	 dedicated	 this	 section	 to	 discuss	 results	 obtained	
after	 performing	 above	 said	 experiments	 of	 those	 of	
measurement	by	RTD.	 	For	RTD	analysis	we	performed	
tracer	experiment.		

4.1	 CALCULATION	 OF	 DISPERSION	 NUMBER	 &	
PECLET	NUMBER	

Elements	 of	 fluid	 taking	 different	 routes	 through	 the	
reactor	 may	 take	 different	 lengths	 of	 time	 to	 pass	
through	 the	 reactor.	The	distribution	of	 these	 times	 for	
the	stream	of	fluid	leaving	the	vessel	is	called	the	exit	age	
distribution	 “E”,	 or	 the	 residence	 time	distribution	RTD	
of	 fluid.	The	RTD	 is	 represented	 in	 such	a	way	 that	 the	
area	under	the	curve	is	unity,	

1
∞

																																																	

The	mean	residence	time	is	

	 1
∞

	∑ 	 	∆ 																					

When	a	tracer	is	injected	into	a	packed	bed	at	a	location	
more	 than	 two	or	 three	particle	diameters	downstream	
from	 the	 entrance	 and	 measured	 some	 distance	
upstream	 from	 the	 exit,	 the	 system	 is	 analogous	 to	 an	
open	 vessel	 system.	 For	 such	 a	 system	 there	 is	 no	
discontinuity	 in	 the	 flow	at	 the	point	of	 tracer	 injection	
or	 at	 the	point	 of	 tracer	measurement,	 the	 variance	 for	
open	system	is‐	

	 	
2

	
8
	

Where,	

		

L	 	Characteristic	Length	(m)		

DL	 	Effective	Dispersion	Coefficient	(m2/s)		

U	 Superficial	Velocity	(m/s)	based	on	empty	cross‐	
section		

The	vessel	dispersion	number	 is	given	as	 inverse	of	 the	
Peclet	number.		

The	mean	residence	time,	 																	

	 	

		

Theoretical	corresponding	mean	residence	time	

	 	 1 	 	

The	variance	of	a	continuous	distribution	measured	at	a	
finite	number	of	equidistant	locations	is	given	by‐	

	
∑
∑

	
∑
∑

^2	

∑
∑

		

The	Dispersion	number	can	be	written	as:	

	
1 √1 8

8
	

Where		

		

Peclet	 number	 is	 reciprocal	 of	 dispersion	 number	 and	
can	 be	 calculated	 easily	 once	 we	 know	 the	 dispersion	
number.		

	

Figure	2:	Graph	showing	variation	of	exit	age	
distribution	with	reduced	time	for	packed	bed	reactor	

5. CONCLUSIONS	

In	present	study,	Residence	Time	Distribution	for	packed	
bed	 reactor	 for	 step	 input	 change	 was	 investigated	
experimentally.	 Residence	 Time	 Distribution	 method	
provide	 a	 useful	 tool	 for	 efficient	 operation	 design	 and	
system	 improvement.	 The	 variance	 (σ2ᶱ,	 σ2),	 Mean	
residence	 time	 (τm)	 and	 Dispersion	 number	 of	
experimental	 Residence	 Time	 Distribution	 provide	 a	
good	model.	
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Table	2:	Experimental	Residence	Time	Distributions	
for	packed	bed	reactor	
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