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Abstract

The residence time distribution was measured at ambicnt tcmpcrature and pressure in a

tubular reactor with radial injection at very short space timcs (0.04-0.7 s). A tcchnique using

infrared laser absorption spectroscopy was developed and used to providc the required mpid

response for concentration measurements. The equipment comprised an inli'arcd He-Ne laser

emitting at a wave!ength of 3.39 IlIn and a lead selenide detector. Methane. which absorbs

strongly at the laser wavelength, was used as the tracer. The absorption of the laser light was

related to the tracer concentration by Beer-Lambert law. The laser beam passed through the

diarneter of the reactor at different axial locations. The residence time distributions were

obtained !Tom the response to quasi-step inputs. An axial dispersion model was used to

describe the reactor.
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Résumé

La distribution du temps de résidence a été mesurée à température et pression ambiante dans

un réacteur tubulaire à injection radiale pour des temps de résidence moyens très cOUl1s (0.04

0.7 s). Une technique utilisant la spectroscopie infrarouge par absorption laser a été utilisée

pour développer un instrument capable de détecter avec un temps de réponse très court la

concentration d'un traceur. Cet instrument était composé d'un laser He-Ne infrarouge

émettant à une longueur d'onde de 3.39 J.lm et d'un détectenr au sélénure de plomb. Le

traceur utilisé ét.,it le méthane, un gaz qui absorbe fortement la lumière du laser infrarouge.

L'absorption du rayon laser était associée à la concentration du traceur par la loi de Beer

Lambert. Le rayon laser traversait le réacteur par son diamètre à différentes positions axiales.

La distribution du temps de résidence a été obtenue à partir de la réponse du système à un

stimuli en forme de quasi marche ("quasi-step"). Un modèle à dispersion a'<Îale a été utilisé

pour décrire le réacteur.
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• Nomenclature

c =speed of light in vacuum

d =reactor diameter

dr =fringe spacing

ftt) =residence time distribution density function

fd =frequency of the Doppler signal

h =Planck's constant

in =as a subscript, refer to the entrance of the reactor

m =total amount of tracer injected for a pulse input

(lui =as a subscript, refer to the reactor exit

r =radial location

ro =reactor radius

t =time

• t' =dimensionless time

=path length (thickness) of the absorbing mediax

v =gas velocity in the reactor

Vjet = ir~ector jet velocity

z =axial position in the reactor, measured tTom the radial injector location

A =spectroscopic constant

B =spectroscopic constant

C =tracer concentration

Co =tracer steady state concentration

Dz =axial dispersion coefficient

Dr =radial dispersion coefficient

Ev+r =energy ofa vibrational-rotational level

Ep =energy of photon

F =residence time distribution function

• 1 = laser beam intensity

10 = incident laser beam intensity

VI



• J = rotational energy levcl

L = axiallocation of measurcmcnt

P = reactor pressure

Pe = Peclet number (axial)

Pe, = radial Peclet number

Q = total flow rate in the reactor

Re = Reynolds number (=vdp!Tll

S(t) = unit step function

T = temperature

a

.p
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•

= absorptivity

= hall' angle between the laser beams ofa laser Dopplcr ancmomclcr

= gas viscosity

= wavelength of Iight

= mean value of the residence time distribution

= mean value of a laser Doppler velocity measurement

= frequency of Iight

= angle formed between the pipe connector of the radial injector and thc laser bcam

= gas density

= standard deviation of a laser Doppler velocity measurement

= variance of the residence time distribution

= space time ofa reactor

= space time of the laminaI' flow portion ofa reactor

'tPFR = space time of the plug flow portion ofa reactor

u = vibrational energy level

I!. = denotes the ditTerence between two values
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Chapter 1

Introduction

1.1 Residence Time Distribution for Reactor Characterization

A grcat dcal of allention has recently been devoted to the production of ultrafine ceramic

and mctal powders for the dcvelopment of high technology materials. Il is believed that

matcrials madc from ultrafine ceramic powders would require lower sintering

tcmpcraturcs as wcll as exhibit bcller properties because of their finer microstructure. In

thc past decade, many researchers investigated the use of thermal plasma reactors to

produce such ultrafine ceramics. This technology possesses many distinct advantages

such as the high temperatures required to vaporize the solid raw materials, a controlled

atmosphere and the possibility of using cheap raw materials.

According to Young and Plènder(\), ultrafine powders represent one of the most

important applications for thermal plasma processing. Although many ditTerent types of

ultraline materials have been successfully produced by thermal plasma processing, there

is a lack of inlormation on reactor characterization. This is an important tool for the

optimization and scale-up of the current processes. One aspect of characterization,

mentioned by Vogt and Newkirk(2), is the lack of control on the size distribution of the

produced particles.

Il is believed that a knowledge of the residence time distribution (RTD) would help to

characterize the flow patterns of the reactor. This residence time distribution could then

be used in combination with other information to control better the particle size

1
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distribution. The residence time of a given molecule or particle is the time it spent in the

reactor. The exit consists of fluid elements having a distribution of residenee times.

To obtain the RTD of a reactor. one must perfonn a stimulus-response type of

experimenl. To do 50. one injects a known amount of traccr at the inlet of a reactor. The

tracer concentration at the reactor outlet is thcn measured as a lùnction of time. An

appropriate tracer should not disturb the 110w patterns and its concentration must be

measurable in some way. Common input functions (inlet concentration vs time) are pulse

and step inputs. buttheoretically any function may be used as long as it is known. An old

but still excellent review of the measurement of residence time distribution is given by

Levenspiel and Bischorr3l•

Measuring the RTD is usually much simpler than characterizing the complete 110w field

in a reactor. While the fonner needs only measurements at the inlet and outlet of a

reactor. the latter requires diftèrent measurements at a large number of locations. As a

consequence, however, a knowledge of the RTD does not give a complete solution of the

flow patterns inside a reactor. As explained by Shinnar(4), the RTD is a Iinear solution to

a nonlinear problem, which means that there can be a large number of diftèrent flow

patterns that will produce the same RTD. Nevertheless, the residence time distribution is

a usefui technique to obtain some important flow properties.

1.2 Experimental Conditions Overview

At the Plasma Technology Research Center of McGill University, Moura(S) developcd a

transferred arc process for the production of ultrafine aluminum nitride (see Figure 1.1).

His reactor system was composed ofa transferred arc chamber in which the anode was a

molten bath ofaluminum. The vaporized metal was carried with the hot gas flow (argon)

into a tubular reactor where the second reactant, ammonia, was injected radially through a

multiplicity of small holes. The hot fluid containing ceramic particles was then qucnched

2
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using a cold nitrogen flow. For such a system, the reactor portion is approximately

delimited by the ammonia injection point and the quenching location: no ceramic

production is assumed to occur outside that region. Mixing studies of similar reactors

have been performed by Njah, Mostaghimi and Boulos(6) and by Soucy, Jurewiez and

Boulosl1l. The former used a mathematical model while the latter presented experimental

data for complete radial mixing in the reaetor. However, none used an experimental

determination of the RTD for reaetor charaeterization.

Ar
J cathode

• r-----------------I
: ,NH3 :
,1 ,

Plasma:' .: !J., : 1
chamber ,'\ li-.fJ , ..._ ..

, :1 NH3 : iN2
:. Ar+AI, ~t:===:::J
,:,. :jNH3 :IN2 N2

Ar' \Ar~n d' 1 .1rc ,rala
Ir.b.d,l : injector

"---I~ '- ---reaètorpoïtTon- - - --'1 J
graphite to gas-soUd
crucible !i1ter
and anode

Figure 1.1 Transferred arc process used for the production of aluminum nitride
ceramic used at the Plasma Technology Research Center of McGiII
University (Moura(5»).

As mentioned previously, obtaining the RTD in a reactor implies detecting the exit

concentration of a tracer species. For the reactor described above, the method of

measurement should fulfill the following requirements.

• Because the reactor has a very short average residence time, in the order of a few

hundred milliseconds, very short time resolution is required: about 1 millisecond at

most hetween measurements.

• The 110w inside the reactor must not be disturbed significantiy by the measuring

system.

3
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• The detection system should have a low cost.

Laser absorption spectroscopy was the technique chosen for measuring the RTD. It uses

an infrared laser as the ligitt source, in this case a He-Ne laser tuned to a wavelength of

3.391 /lm. The C-H bond of most hydrocarbons absorbs strongly the light at that laser

wavelength. The tracer selected was methane (CH4). The technique was suceesslùlly

applied to a room temperature system.

1.3 Research Objectives

The objective of this Master's research work was to design, eonstruct and implcment a

very fast response detection method for the measurement of the residence time

distribution (RTD) in a tubular reactor and to model the reactor trom the measurements

obtained. Ultimately, the objective would be to obtain a good flow characterization of the

reactor used for ultrafine ceramic production.

1.4 Thosis Organization

ln chapter 2, additional background infonnation is given pertaining to RTD measurement

and modeling. Sorne notion of molecular absorption spectroscopy and a brief review of

detection devices similar to the one used are explained as weil. The following chapter

describes in detail the experimental method used. It contains infonnation on the tubular

reactor studied and on laser Doppler anemometry. The RTD detection device used is

detailed along with its calibration, operation and limitations. Chapter 4 is concemed with

the results obtained and their analysis. Conclusions and recommendations are given in

Chapter S.

4
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Chapter 2

Background Information

Il is not the intent in this chapter to give a complete overview of the theory behind

residence time distribution and infrared absorption spectroscopy. Only the basic

information directly related to this master's research work is given.

2.1 Residence lime Distribution lheory

The residence time distribution function F(t) is defined as the fraction of the exit stream

that has a residence time less than time t. From its nature, F(t) has values between 0 and

1 inclusively and is a monotically increasing function. Similarly, the derivative ofF(t)

f( ) = dF(t) RTD d~nsity 2.1
t dt functlon

is the fraction of the outgoing stream that has a residence time in between t and t+dt and

is called the density function ofthe RTD.

It was explained in the preceding section that tracer input functions can take any form.

One usually tries to use a simple input function since the analysis of the tracer oUlput is

then simplified. The two simplest input functions are the step and the pulse input; they

are iIIustrated in Figure 2.1. The step consists ofa sudden change ofconcentration ofthe

tracer. Il is maintained for a time long enough to allow the oUlput tracer concentration to

reach the input concentration, Co. 1t can be shown that

F(t) =~ ·.siepinpitt 2.2
Co

5



2.3pulse inputm

where C is the output tracer concentration. The pulse input tùnction is simiiar to the slep

except that its duration should be very much less than the time required for C to equal Co.

The following relation applies for a pulse type of input:

f
_C.....:('-".t)_ Q . C(t)

(t) =;;;-
Jqt)dt
o

where m is the total amount of tracer injected and Q is the 110w rate inside the test

section. Since the duration of a good pulse is very short, all the tracer molecules can be

assumed to enter at the same time in the reactor.

•

Step Input
CICo

1

• oL- .L- -.J

o
t

Pulse Input
C,-------------------,

"1

oL----~-------------.....Jo

•
t

Figure 2.1 Simple input functions for RTD measurements.
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• ln practicc, a perfect step or pulse injection is impossible. Il can be weil approximated in

many cases, however. Obtaining the RTD or its density function is more complex for

situations where the tracer input function can not be detined by a pulse or step. In

particular, equations 2.2 and 2.3 do not apply for imperfect step and pulse inputs.

Statistical parameters are used to characterize a given RTD. Of particular interest are the

tirst and second moments, namely the mean residence time and its variance (the second

moment with respect to the mean). In terms of the RTD function, these parameters can

be calculated as follows:

Il =J[1- F(t)]dt
u

mean residence time 2.4

2.6

2.5variance of the
residence timeci =2]t[l- F(t)]dt-[][l- F(t)]dtJ.

An important relationship is that relating the space time to the reactor volume V and the

now rate (Q) in a constant density reactor:

V spacetime
t= Q'

ln most cases, Il and tare equal. Since they can be obtained independentiy, one can be

compared with the other to ensure consistency of the data.

•
One is generally interested in modeling the obtained RTD. A good model should be

representative of the overall now pattern inside the reactor. It is thus desirable to have

sorne knowledge of the flow pattern obtained independentiy of the RTD. Figure 2.2

iIIustrates four ditTerent flow patterns: perfect mixing, plug flow, laminar flow and axial

dispersion. Their RTD functions are given below:

-,
F(t) = l-e7 ."perfectmoong

.;' ""-.:' ,"0' '1

,'" ,"'.. ,'"
2.7

•
F(t) = S(t - t) plugflow '2.8 .

7



• F(t)=l-±(~r fort~0.5·t

F(t) = 0 for t < O.5·t

tubular laminar
flow 2.9

2.11

2.10

•

•

. 1[ J.JPe 1- t 1t) l', J.JPe 1+ tI t)J closed-open
F(t) = 2" erf'\,. 2 ,[th +e . erf'\,. 2,[th axial dispersion

where Set) is the unit step function and Pe the Peclct numbcr, de!incd as

Pe = V· L. Peclet number
Oz

ln equation 2.11, v is the mean axial velocity, L the reactor length and Oz the axial

dispersion coefficient. In perfect mixing, the agitation is high enough to cnsure that the

tracer concentration is uniform in the entire reactor. The tubular rcactor with Imnhmr

flow assumes no axial or radial diffusion. A .c1osed-open system is one whcrc axial

dispersion is not possible upstream of the reactor entrance but is possible downstrcam of

the outlet measurement location.

Ali four models described above require sorne parameter estimation. The tirst thrce

require only a knowledge ofthe space time. Since it can be obtained independently of the

RTD, these models are termed zero parameter models. The axial dispersion model is a

one parameter model since the Peclet number must be evaluated from the RTD data.

Statistical methods to obtain Pe from Il and a2 are detailed by Bischoff and Levenspiel(8).

ln particular, for an open-open vessel,

I1cl (cl.ul - cl in) 2 Pecletcalculated from the . 2.12
11112 = (II _11.)2 Pe' 'fustandsCCllnd momentS' .

rout rm

ln this equation, the delta symbol refers to the difference between the inlet and outlet

measuremenls. This equation is thus valid for any type of input as long as Ilin and ain are

known. Another method is to write the goveming differential equation and to solve for

Pe either analytically or numerically. The optimal value of Pe is then found by comparing

the goodness of fit between the actual RTD data and the one estimated from the

differential equation.

8
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Ilin 7' Porteet Mixlng (CSTR)
F(l)

'L::
1

-/,7
- ~l

00
t

Plug Flow
F(l)

'1 ]f ~v 0+
1

00
t

Laminar Flow
F(t)

:le 1f ~v 0+
0

t

Axial Dispersion
F(t)

'1 1
f ~v* 0+ L00

t

Figure 2.2 Different f10w patterns in chemical reactors and their associated RTD
functions.
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• 2.2 Infrared Molecular Absorption Spectroscopy

2.15'·
' .... :'1:·.. .:

vibrational~rotational, enêrgy..·•· .•
, ,. .. .' ' .• ,', L

" ,'r'"

The constants A and B can be evaluated ITom molecular parameters; u and J are the

vibrational and rotational levels, respectively, and can take only positive integer values

According to quantum theory, the energy of a molecule can not take an infinite number of

values. Instead, the ditTerent levels take a finite number of discrete values. Sueh energy

levels are characterized by the vibration and the rotation of the molecule; they are thus

called vibrational-rotational levels. As a first approximation, the energy of a vibrational

rotationallevel is given by

Ev.. = (u+ 05)hcA + BhcJ(J + 1) .

Interactions between molecules or atoms and Iight are weil known and may take many

forms. Of particular interest to this research project is the absorption of light by a

molecule accompanied by a change in its rotational and/or vibrational level. This type of

interaction falls in the category of infrared molecular spectroscopy. The wavelength Â. of

a photon of Iight is proportional to its fTequency v according to the relation

Â. _ ~ wavelength-frequency 2.13
- v relation

where c is the speed of Iight (2.998· 108 mis). The wave number is sometimes used

instead of the wavelength: it is simply equal to Â.,I and usually has the units of cm- I• The

energy carried by a photon (Ep) is expressed by

Ep = h·v energyofaphoton ,2.14·

where h is Planck's constant (6.626·10'34 ].s).

•

(0,1,2•...).

•
Molecular vibrations can he excited by photons provided that the photon frequency

matches the vibrational fTequency of the molecule. A photon of Iight is absorhed every

time a change in the dipole moment of a molecule is caused by a molecular vibration.

Such a change is a modification of the vibrational-rotational energy level of the molecule.

Molecules ofonly one atom (like Ar and He. for example) and molecules where al1 atoms

10
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arc of the same species (such as N2 and 02) do not have a change in dipole moment in

their vibrational modes and are thus said to be infrared inactive. The energy of the

photon absorbed is equal to the difference between the new and the original energy level

of the molecule. Letting u" and J" be the quantum numbers in the original energy level

and u' and l' the quantum numbers in the new level,

energy difference
between levels

For the case where the new energy level is lower than the original one, a photon ofenergy

Ep is emitted by the molecule.

For this research, the molecular species of interest is methane. An infrared absorption

spectrum is displayed in Figure 2.3. On can see that it is composed of a central broader

band (the Q branch) and several narrower ones (the P and R branches). The symmetry of

the methane molecule imposes that the possible rotational quantum number difference

(l\J=J'-J") he either -1, 0 or +1. The different combinations where J'-1"=-1 forrn the

bands of the P branch and similarly, the Q and R branches are made of vibrational

rotational transitions where J'-J"=O and +1, respectively. Ali the transitions of Figure 2.3

are from u=O to u=1 since at room temperature, the molecules with u=O forrn the

dominant species. The partition of the molecules between different rotational and

vibrational energy levels is given by partition functions but studying them in more detail

is beyond the scope ofthis thesis.

ln their study of laser absorption by methane, Jaynes and Beam(IO) used values ofA and B

corresponding to about 3018 cm·1 and 5.25 cm'" respectively. The laser emission was

assumed to he composed of a single, very narrow band. This is explained in more detail

in reference 10. Knowing that its wavelength is 3.391 pm, one can see which band ofthe

methane spectrum is used. It corresponds to the vibrational-rotational transition

u=1+-u=O - J=6+-J=7 and it is situated in the P branch (Figure 2.3 and 2.4).

Il
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Figure 2.3 Infrared spectra of methane around ;\,=3.33 !lm (taken from Hanst(9»).
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E

•
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Figure 2.4 Vibrational-rotational energy transition of methane with a He-Ne laser
at ;\,=3.391 \.lm.
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Quantitative measurements of a molecular species are made by measuring the intensity of

the light beam absorbed by that species. The Beer-Lambert law relates the transmittance

to the concentration C by the following equations:

Beer-Lambert law
(integrated form)

•
dl = -1 ·n· C· dx Beer-Lambert law 2.18

(differential form)
where x is the path length of the absorbing medium, 10 and 1 are the intensities of the

incident and absorbed light beams, respectively. The constant n is termed the

absorptivity and is specifie to the molecular species and wavelength. The absorptivity n

can not be estimated accurately from Figure 2.3 because the spectral width of the He-Ne

laser line is much narrower than the resolution of the spectrophotometer used to obtain

the spectm.

• 2.3 Infrared Measuring Instruments

Many types of spectroscopie instruments are commercially available for measuring

concentration. A recent review is given by Dailey<'l). He divided the different

instruments into four categories: non-dispersive infrared analyzers (NDIR), near-infrared

analyzers (NIR), photoacoustic spectroscopy instruments (PAS) and Fourier transform

infrared analyzers (FTlR).

•

NDIR and PAS are quite similar in their principle ofoperation. They both use an infrared

Iight source, usually polychromatic. The Iight beam is focused into the media where the

concentration is to he measured (normally a gas or Iiquid). Since absorption usually

occurs in narrow bands where the vibrational-rotational transitions are, the wavelength of

interest is selected by using narrow bandpass filters, as explained by Wilks(12l. Since

these instruments do not use gratings, prisms or interferometers to select the wavelength

of interest, they are said to he non-dispersive. Alternatively, a laser emitting at the proper

wavelength can he employed, eliminating the need of filters. The difference hetween

13
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NOIR and PAS is in the way thallhe beam intensity is measured. While NDIR uses lighl

detectors like Golay cells or of the pyroeleclric lype. PAS uses a microphone: when the

species of interesl absorbs inlrared light, il increases its temperalure and pressure lhus

producing a sound wave.

A Fourier transform analyzer measures the entire speclrum inslead of a single

wavelength. One big advantage is that il ean monitor more than one inlrared bands

wilhout additional equipment, but this eomes at a higher cost. Near-inlrared analyzers arc

also employed for multieomponent analysis. They use seanning speclrophotomelers in

the visible to near-infrared region to scan the harmonies and eombination bands of lhe

fundamental vibrational tTequencies.

A difference is usually made between open and closed path instruments. In the former,

the light beam is not eontained in a eell: usually, it passes through atmosphcrie air. This

type of application is used with atmospheric pollutant measurement. The latter type of

instrument encloses the intTared beam in a measuring cell containing the gas or liquid to

be measured. When on-line analysis of a stream is needed, a portion or the entire llow is

deviated into the cell.

When the concentrations and/or the absorptivity of a compound is very low, it can be

necessary to have a longer path length (x) in order to have a significant transmittanee

(Ino<I). For open path type ofmeasurements, increasing x is normally easily achievcd by

increasing the distance between the source and detector. Closed path instrumcnts use

multipass ceIls where the light beam is reflected many times in the cell befbre being

measured.
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Chapter 3

gperimental Techniques

Two types of measurements were made in this research project. The tirst one was

concentration and the second type was ve1ocity. The residence time distribution was

obtained from the concentration measurements. They will each be explained in this

chapter, a greater emphasis being placed on concentration measurements and RTD. Since

the reactor used for both measurements was the same, it will be described tirst.

3.1 Reactor Design

The reactor used for RTD measurements was not operated under the same conditions as

the one used lor ceramic production. Table 2.1 displays a summary of conditions for the

two reactors. The fact that the reactor for RTD measurement was operated at room

conditions is of particular interest. A consequence of this is that its Reynolds number

range was signiticantly higher since the viscosity of gases is lower at room temperature.

The low value of Re with helium was due to its low density. At high temperatures, the

gas temperature varied both radially and axially since the reactor wall was colder than the

gas. The reactor used in this study was operated isothermally.

The gases used for RTD measurements were chosen for their different transport

properties. White helium provided lower Reynolds numbers, nitrogen gave better radial

mixing as it will be explained later (Section 3.4 and Chapter 4). The tracer, methane, was

chosen for its spectroscopic characteristics. Neither He nor N2 supported the combustion

of CH4, thus eliminating the risk ofexplosion.
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Table 3.1 Comparison of reactor conditions used for ceramic production and
residence time distribution measurements

PARAMETERS Reactor for Ceramic Reactor for RTD

Production Measurement

T (temperature) 1000-1100 K 20K

L (reactor length) 0.1-0.3 m 0.03-0.35 m

carrier gas Ar: 50-55 IImin (reactor T) N2 or He: ",50 I/min.

reacting gas NH3: 2-6 I/min (room T) CH4 with possibly N2 or

He: 1.6-27.2I1min.

quenching gas N2: 25 IImin (room T) none

P (pressure) 101.3 kPa (1 atm) 101.3 kPa (1 atm)

d (reactor diameter) 4.5 cm 4.5 cm

no. of radial jets 24 24

jet diameter 0.79 mm (1/32 in) 0.79 mm (1/32 in)

't 0.15-0.45 s 0.04-0.7 s

Re 150-200 N2: 1450-2200

He: 200-250

The reactor used is displayed in Figure 3.1. Il was made of acrylic, a transparent

polymer. Ils length and diameter were of similar dimensions as the reactor for ceramic

production (see Table 3.1). The carrier gas was introduced at the left end. Il then Ilowed

through a porous metallic plate creating a sufficient pressure drop to even the Ilow. The

reacting gas, CH4 with Nz or He in sorne cases, was injected into the reactor through 24

radial jets, placed at about 10 cm downstream ofthe porous plate. Throughout this thesis,

the term reacting gas will be used to designate the gas that Ilows through the radial

injector even though no chemical reaction occurred in the reactor studied. The remaining

portion of the reactor, about 40 cm in length, was composed of several smaller tubular

sections 5 or 10 cm long connected one into each other. One of the sections had sapphire

windows which were transparent to inlTared radiation. Another was equippcd with high

quality visible laser windows for measurement of the velocity by laser Doppler
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anemometry (Section 3.2). The ditTerent sections were interchangeable so that the ones

with the windows couId be placed at ditTerent axial locations. Ali the reactor sections

were secured together by long screws extending ITom the injector to the right reactor end.

The radial injector design was similar to the one used by Moura(Sl. The details are

displayed in Figure 3.2. The reacting gas entered by the pipe connector on top of the

injector. Il then flowed through the injector chamber. A bame was placed in the middle

of the chamber to prevent the gas ITom the pipe connector impinging directly on the top

jets. The bame did not totally obstruct the chamber so that the gas could flow over it. A

sufficient pressure drop was maintained between the chamber and the injection holes to

ensure equal gas flow through each radial jet.

3.2 Velocity Measurements

The fluid dynamics of the reactor was investigated by performing axial velocity

measurements at several positions. The results obtained were used to understand better

the tlow patterns inside the reactor; this was useful for RTD analysis. The exact velocity

values matter little; what was important was the magnitude of the values and the trends

observed. The Reynolds number values indicated that the gas flow, when fully

developed, was in the laminar region (Re < 2300). However, the flow was not expected

to be fully developed because of the reactor shortness and the strong turbulence induced

by the jets. The velocity profile across the reactor diameter was an indicator of the type

of flow. A flat profile is usually associated with turbulent conditions while a parabolic

shaped profile indicates laminar flow conditions.

17
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Figure 3.1 Reactor used for residence time distribution and velocily measurements.
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reacting gas
f1ew

Figure 3.2 eut view ef the radial injecter.

Axial gas velocities were measured by using a TSI model 900 laser Doppler anemometer

(LDA). This instrument works on the principle that when two Iinearly polarized laser

beams cross each other, they form an interference pattern due to the superposition of the

light waves (Figure 3.3). The interference pattern, consisting of fringes, is described as a

series ofdark and bright Iight bands. The distance between fringes is calculated from

d = À. fringe spacing 3.1
r 2sin(cjl)

where À. is the laser wavelength and cjl is the half angle between the two laser beams. A

solid or liquid particle passing through the measuring volume (the beam crosspoint) will

scatter Iight with an intensity related to its position relative to the fringe pattern (see

Figure 3.4). A detector that senses the intensity of the scattered Iight then displays a

signal similar to the one of Figure 3.5. The higher frequency component (Doppler signal)

is caused by the particle going from a dark Iight band to a bright one and vice versa. The

lower frequency component (pedestal) is due to the Gaussian radial intensity profile of

the laser beams. The velocity of the particle is obtained by measuring the frequency of

the Doppler signal (fd) and multiplying it by the fringe spacing:

v = fd . df. .vel~itYfi:OmDOpplerfte<îuêncY. . ·3.2
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The velocity v is the component perpendicular to the fringes. '1'0 obtuin the gus vcloeity.

one must simply make sure tlmt the purticle euusing the signul is sl11ull enough to

faithfully lbllow the gas llow. A more complete explanation oflaser Doppler anel1101netry

can be found in Durst(13).

The reactor-LDA setup is represented in Figure 3.6. The LDA used wus of the

backscatter type, which means that the scallered Iight l'rom the particles was eollected on

the same side of the equipment as where the laser beams entered. A portion of the carrier

gas stream was used to transport titaniulll dioxide particles in the 1-2 ~lm diumeter range.

A dust feeder was employed to disperse the solids in the gas. The reucting gus was either

methane or a mixture of methane with helium or nitrogen.

Measurements were taken at different axial (z) and radial positions. The angle Ibrl11ed by

the laser beams of the LDA and the pipe connector of the radial injeetor was kept at 60°

for ail experiments (Figure 3.7). Table 3.2 summarizes the various tlow mtes and axial

positions that were used. For eaeh axial location and llow rate measurements were taken

at lOto 12 radial positions. One measurement consisted of the .'.vemge of about 128 to

512 partiele velocities. Not ail possible eombinations of the conditions shown in the table

were made. Time eonstraints Iimited the total number of experiments since purt of the

equipment was loaned l'rom Alean and had to be retumed.
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Figure 3.3 Intersection of two Iinearly polarized laser beams: a) laser beams
crossing, b) enlargement of the measuring volume.

Figure 3.4 Particle passing through the fringe pattern of the measuring volume.
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Figure 3.5 Laser Doppler anemometer signal.
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Figure 3.6 Reactor setup with the laser Doppler anemometer.
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Figure 3.7 Angle between the axis of the laser beams and the pipe connector of
the radial injector.

Table 3.2 Experimental conditions for the velocitv measurements.
CerrlorGas Roactlng Gas Axial Locations

(Jet Veloclty) ,

N2: 50.5 IImin • none (0 mis) • 2.7 cm

• CH4: 2.2 llmin (3.1 mis) • 12.1 cm

• CH4: 3.9 llmin (5.5 mis) • 21.4 cm

• CH4: 2.7 Vmin-N2: 3.7l1min (8.1 • 30.7 cm
mis)

• N2: 10.5 IImin (14.7 mis)

• N2: 25.4 Vmin (35.7 mis)
He: 52.1 llmin • none (0 mis) • 2.7 cm

• CH4: 3.9 I/min (5.5 mis) • 12.1 cm

• He: 1O.7l1min (15.0 mis) • 30.7 cm

3.3 Concentration Measurements

InfTared absorption spectroscopy was chosen to measure concentration primarily for its

nearly instantaneous response time. The choice then remained to find a suitable light

source-absorber-detector combination that would perform weil and cost as Iittle as

possible. A He-Ne infrared laser-methane-Iead selenide detector combination was finally

chosen.
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The He-Ne laser is one of the cheapest sources of infrnred radiation. Ils mnin

inconvenience is that it emits only at a few discrete wavclengths. However, this tumed

out to be an advantage since the C-H bond of most organic molecules absorbs strongly at

3.391 j.lm, one of the laser wavelengths. Compared to conventional polychromatie

(broadband) infrared sources, the laser beam is already focused and does not requirc

bandpass filters to eliminate the undesirable wavelengths unless thc background radiation

is high. Using such a laser, Jaynes and Beam(IO) measured the absorptivity of seveml

hydrocarbons and found it to be high. The laser used for this rescarch W:IS a Trius

Engineering 2 mW He-Ne emitting at 3.391 j.lm.

Methane (CH4) was selected to be the monitored chemical species (tracer). Il is a readily

available gas, one of the strongest absorbers at 3.391 j.lm and its spectroscopic constants

are weil known. The gas used for the experiments was approximately 99% pure. Lcad

selenide (Pb-Se) detectors are relativcly expensive compared to other infrared detectors,

but they can be operated at 20°C rather than sub-zero temperaturcs and their rcsponse

time is in the order of microseconds. An Oriel Pb-Se detector was cmployed. To

improve the quality of the detector signal, the laser beam was modulatcd by using u

rotating wheellight chopper.

Figure 3.8 is a diagram of the experimental setup for concentration measurements. The

laser beam passed along a diameter of the reactor through two sapphire windows 1.27 cm

in diameter (0.5 in). The detector was placed on the side of the reactor opposite to the

laser. The whole system was aligned using a visible red He-Ne laser. The detector signal

was sent to an oscilloscope and then to a computer for analog to digital (A/D) conversion

and storage. Figure 3.9 is a picture of the setup: the laser is located in the upper part of

the picture while the Pb-Se detector is at the bottom.

Initially, there was no methane f10wing in the reactor. To start an experiment, at a time

t=O, a fraction or the total f10w ofthe reacting gas, either nitrogen or helium. was replaced

by methane. This was accomplished by using the computer to trigger solenoid valves and
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• at the same time to start to record the detector signal. The total reacting gas flow rate

remained constant before and after t=O; the carrier gas flow was unaltered. The solenoid

valve on the CH4 stream was 3~way so that the methane flow was simply diverted from

an exhaust stream to the injector stream upon triggering. Methane had only to he injected

in small amounts to produce good measurements, about 3 to 7% of the total gas flow on a

molar basis. Concentrations as low as 0.1 % were easily detectable.

laser

detecto

-.
•
~ ~o

exhaust

reactor

z=L '-1
~=-----C-hoppe~

.......... ........ windo~'-1 '"

-+ 1
-0+ 1
-+

~---------I~---
1

laser 1

beaml
1

da 0
amputer

Figure 3.8 Reactor setup with the RTD measurement system.

•
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Figure 3.9 Picture of the reactor setup with the He-Ne laser, chopper and
detector.

The signal obtained from the detector, as viewed on an oscilloscope. resembled the one

displayed in Figure 3.10. The signal was centered at about zero Volts by the detector

electronic circuitry. The high voltage peaks (portion <D on the figure) corrcsponded to

when the laser was unobstructed by the chopper wheel. The low regions between peaks

(valleys, portion ®) were caused by the laser beam being blocked by the chopper. The

slopes between the high and low regions (portion Q» resulted frQm the partial obstruction

of the laser beam by the chopper wheel. The computer sampled the signal for analog to

digital conversion once for each peak and valley. The sampling rate varied from 2 to 8

kHz. The voltage ditTerence between a peak and its adjacent valley was directly

proportional to the light intensity; two A/D conversions were needed to obtain one light

intensity measurement. Before the measurements were converted to concentration, the

digital signal was filtered using a lowpass Butterworth filter to remove the background

nOise.
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Figure 3.10 Raw signal trom the lead selenide detector: the black dots are
where the signal is sampled for analog to digital conversion.

To relaIe the intensity of the laser light (the signal !Tom the detector) to concentration, the

Beer-Lambert law (equation 2.17) was used. The incident beam intensity 10 was taken as

the signal intensity when no methane was present. The path length x was equal to the

reactor diameter. To determine the absorptivity (IX), experiments were performed where

the intensity of the laser beam was measured after passing through known concentrations

of methane. The results are plotted in Figure 3.11. The straight line indicated that Beer

Lambert law was followed very accurately over the entire concentration range used for

this research. A similar plot with only the lower concentration values (not shown) gave

statistically identical results. The absorptivities were calculated to be 8.24 and 10.85

atm'I·cm'I in nitrogen and helium, respectively. When air was substituted to nitrogen, the

absorptivity obtained was 8.40 atm·l·cm'l, but this was not statistically ditTerent !Tom the

value for N2.

•
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Figure 3.11 Normalized intensity of the signal versus methane concentration in
two different gases: nitrogen and helium (T=293 K, P=1 atm).

A value of 0.=15 atm-I·cm-! has previously been published by Jayncs and Bcam(lll) lor

CH4 in air measured under similar conditions. The difTerence with this research rcsllils is

hard to explain. A possibility is that the methane lIsed for this rcsearch calibmlion

measurements (and only for the calibration measurements) was about 93% pure only

(natural gas quality). However. it is believed by the author that this can only account for

a part of the difference hetween the two values. Other hydrocarbons that may be present

with natural gas have absorptivities in the same range as CH4. A more probable

explanation could be the ditTerent lasers used: a very slight wavelength shift can cause

large absorptivity difTerences. Nevertheless, the analysis of the RTD is indepcndent of

the value ofa as will be shown in Section 3.5.

It can he seen in Table 3.3 that the experimental conditions for the concentration

experiments were similar to the ones for the velocity measurements. One important

ditTerence is that concentration experiments were taken at Many angles (refer to Figure

3.7). This was necessary because it was discovered from the velocity measuremcnts that
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• the llow was not symmetric with respect to the angular coordinate. This will be

explained more thoroughly in the next chapter.

tt f~ thdTt 1T bl 33 E

3.4 Limitations of the System

a e . xpenmen a con 1 Ions or e concen ra Ion measuremen s.
Carrier Reacting Gas Angle Axial

Gas (Jet Velocity) Locations

N2: • CH4: 1.6 I/min (2.3 mis) • 0° • 3.3 cm
46.81/min • CH4: 3.3 I/min (4.6 mis) • 60° • 7.6 cm

• CH4: 3.3 I/min-N2: 3.0 I/min (8.8 mis) • 120° • 12.7 cm

• CH4: 3.3 IImin-N2: 5.9 IImin (12.9 mis) • 22.0 cm

• CH4: 3.3 I/min-N2: 12.3 IImin (21.9 mis) • 35.6 cm

• CH4: 3.8 I/min-N2: 23.4 I/min (38.2 mis)
He: • CH4: 1.6 IImin (2.3 mis) • 0° • 3.3 cm

44.71/min • CH4: 3.3 IImin (4.6 mis) • 60° • 7.6 cm

• CH4: 3.3 IImin-He: 5.6l1min (12.5 mis) • 120° • 12.7 cm

• CH4: 3.9 I/min-He: 22.8 IImin (37.5 mis) • 22.0 cm

• 35.6 cm

•
When converting the signal ITom the detector to concentration, it was assumed that the

concentration in the reactor was constant over the entire reactor diameter. This is a major

assumption and it deserves more attention. Many conditions favor a uniform radial

concentration: the tracer may be injected uniformly over the reactor cross section with a

llat velocity profile, the radial dispersion coefficient may be high, the reactor radius may

be small or the average residence time in the reactor can be very long. In most cases,

however, it is a combination ofthose factors that is ofconcern.

•
ln a stimulus-response type of experiment such as a RTD experiment, a non-uniform

velocity profile favors a non-zero radial concentration gradient even if the tracer is

uniformly injected over the reactor cross section. The following three graphs illustrate

this effect. Consider the theoretical experiment where one would inject a step input of

concentration Co at t=0 uniformly over the reactor cross section. Laminar llow with no
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3.3

exit concentration for a step

input at t=0 in a Iaminar flow

tubular reactor

diffusion is said to occur in the reactor. The molccules injected in the center of thc

reactor will escape much l'aster than the ones c10ser to the wall because of the higher

velocity at the center. This can be expressed by the following equations

~o (r,t)=O fort~f(l-(~J)

~o (r,t) = 1 fort~;(I-(~n

•

where r is any radial location and ra is the reactor radius. Figure 3.1 2 displays the

resulting radial concentration profiles at different times.

•

If a concentration measuring device such as the one described in this thesis is placed at

the reactor exit, then the measured concentration is in error compared to the mixing cup

outlet concentration. The measured concentration is given by

1 ex (-20. rr. C(r t)dr) measuredcon~n~tion3A .
C 0 1\ -Il' at the reactoreXit:
Co-Co..'"

while the mixing cup concentration is obtained by equations 2.2 and 2.9. Figures 3.13

and 3.14 display the measured and mixing cup concentrations and the error between the

two, respectively. At least for a small time portion of the overall experiment, the relative

error is large. In such a situation, a solution would be to make measurements not only

through the centerline of the reactor but also at other locations. The reactor concentration

profile would then be calculated mathematically using Abel's inversion.

•

For the reactor used in this research, it is unlikely that the methane is uniformly injected

over the entire cross section. For fully developed pipe flow with the same Reynolds

number, the radial Peclet number

vdIadiâlPecleF>·.3:5.
Pe, = D, . Î1~~r,', . "'>:';::"'" ' .. ,\:L':.:

was measured to he approximately 40 (Levenspiel and Bischorf3». However, this value

is expected to be lower close to the radial injection location because of the mixing

induced by the jets. This is especially true at high jet velocities. Soucy, Jurewicz and
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• Boulos(1) found undcr conditions similar to the ones used here that a reactor length of

about 50 mm was enough to obtain complete radial mixing. They used a radial injector

with four jets of 0.8 mm in diameter and a total gas flow through the jets of 12.1 I/min

(STP). Thcir reactor diameter was 127 mm, which is significantly larger than the one

used for this research.
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• Figure 3.12 Radial concentration profiles at the reactC\r exit at different times for
a step input of tracer in a laminar flow reai::tor.
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Figure 3.13 Mixing cup and measured concentration versus time for a step
input of tracer in a laminar flow reactor.
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Figure 3.14 Percent error between the measured and mixing cup

concentrations versus time for a step input of tracer in a laminar
f10w reactor.

Another limitation of the system used was that the input function to the reactor was not

known precisely. It was neither a step nor a pulse and the function couId not be estimatcd

accurately. In consequence, the input had to be measured at sorne reactor location

downstream of the radial injector. This means that ail the RTD information between the

injector location and the input measurement location \Vas lost.

•

The solenoid valves used had a response time in the 4 to 8 ms range. Compared to the

average residence time of most experiments performed (150 ms and higher), this can be

considered to be close to a step input. However, experiments showed that the input to the

reactor, i.e., in the reactor at the radial injection location, was no longer a step. Instead,

the input looked Iike a diffused step as shown in Figure 3.15. This occurred by the

combination oftwo etTects:

1. Significant dispersion occurred in the length of pipe connecting the solenoid valves to

the reactor injection chamber.

32



• 2. The volume orthe injector chamber was large enough 50 that it took a significant time

to reach a constant CH4 concentration throughout the chamber. ln addition, methane

escaped first through the holes placed directly below the pipe connector.

1t was found experimentally that 6tv<6tp<L\tr (refer ta Figure 3.15) and that 6tr was

ranging from about 1100 to 30 ms for reacting gas flows of 1.6 to 27.2 lImin,

respectively. This was detennined by placing the detection device directly at the exit of

the pipe and the injector holes.

111

solenoid r:-I ~
~=--=-_~ p_iP_ln_g -..::~L.l.j~a:.t-U
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Figure 3.15 Diffused step atthe reactor radial injector.

•

3.5 Residence Time Distribution Measurements

•

The purpose ofthis section is ta discuss how the RTD information was extracted ftom the

concentration experiments. Several methods were used; sorne ofthem were mentioned in

chapter 2. The experimental concentration curves were modeled by using functions with

a known RTD.

The injector chamber and the piping between the valve and the reactor introduced a lime

delay from the time when the solenoid valves were triggered to the moment where the
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first CH4 molecule entered the reactor. This time delay was measured for the vnriolls

reacting gas tlow rntes. Il was donc by placing the infrnred laser benm in the mdnl

direction of the reactor, under the jet placed directly under the pipe eonneetor. As

mentioned previously, this jet was the one where the methane esenped tirst aller

triggering the solenoid valves. The time delay was then easily delennined l'rom the

absorption data: the moment at which the laser intensity started to deerense indicated the

presence of methane. The measured time delays were sllbtrncted l'rom the lime daln of

the concentrntion experiments.

Because the models that will be discussed shortly did not lake inlo aecounl nnglilar

variations of the concentrntion, the concentrntion vs time experimenls made al dinèrenl

angles (but with the same tlow rates and axial positions) werc avernged. Also, 10 simplily

the modeling of the concentrntion data, the melhane concentrnlion was nonnalized wilh

respect to its steady state concentrntion, Co. The values of CICo were thcn rnnging trom 0

at the beginning to 1 at the end of an experiment. Using Ihe nonnalized concentraIion

data, the detennination of the RTD was then independent of the absorptivity (u).

The input to the reactor was the variation of the concentration with lime experiments

made at an axial location as close to the radial injection point as possible. This location

was selected to be the reactor entrnnce. The data had to be reliable, i.e., no significant

radial concentration gradients should be present. The choice of the appropriate axial

location for the reactor input will he discussed in the next chapter. An eqllation was titted

to the input data in order to smooth them. In ail cases, the equation was of the fonn

reactor inpuffunction ..C { {.JPë:: I-tlt in )]-=0 I-er
Co 2 ,Jtlt in

and an excellent fit was obtained with two adjustable parameters: Pein and tin.

3.6,

•
The axial position where the outlet measurement was taken was considered to he the

reactor exit. Two different models were used to fit the concentration output. The first

model was a reactor divided into two portions: a plug tlow section and a laminar tlow
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• section. For an input function given by equation 3.6, the concentration at the reactor

outlet could then be described by

for t > tp!'R -OSt!.!'R

OSt!.!'1<
t - t ,. - .,-----="--:0;-

III< (1-(2r/d)2)

C
-(r,t) = 0
CCl

l-er

~I-

~----r====ti~n=;====-
2 OSt!.!'1<

t - t ,. - .,-----="--:0;-
11-1< (1-(2r/d)2)

plug flow

followed by

laminar

flow reactor

model

3.7

•

•

C
C(r,t) = 0 for t < tP!'1< -OSt!.!'1<

"
where the adjustable parameters were tPFR and tLFR, the space times for the plug flow and

the laminar tlow reactor portions, respective!y. This is a one parameter model because

the sum ofthe Iwo space times has to be equalto t which can be calculated trom the total

gas flow rate and the reactor volume. Equation 3.7 can be integrated numerically over the

reactor cross section to obtain the mixing cup concentration. The optimal values of tpFR

and tU'R were obtained by least square curve fitting. With these parameters, the RTD

function F(t) could then be determined by equation 2.8 and 2.9.

The second model was a tubular reactor with axial dispersion and flat velocity profile: the

parameter to fit to the experimental data was the Peclet number. A closed-open type of

vesse! was assumed: the closed end was the inlet while the outlet was considered opened.

By inspection of the reactor configuration, assuming a vessel with open-open boundary

conditions would seem to be a more logical choice. In such a case, however the mean

residence time (Il) would not equal the space time (t). Instead the relation belween the

two would be (Fogler\14)

Il ' space tinle for oPèn-oj>envèssel . 3.8
t = (1 +21Pe)' '." .. .....

Because the values of Pe calculated were in the approximate range 8 to 30, the average

residence time (Il) should be significantly higher than the space time (t) according to this
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• equation for at Jeast some experiments. As shown in Table 3.4. this was not the case.

The assumption of a c1osed-open system thus appeared more appropriate.

measuremen s onewi ni rogen.

Jet Velocity or (s) lA (s)

(mIs) z=7.6-22.0 cm r-=7.6-35.6 cm z=7.6-22.0 .cm z=7.6-35.6 cm

12.9 0.246 0.479 0.238 0.472

21.9 0.222 0.431 0.207 0.420

38.2 0.187 0.364 0.166 0.352

Table 3.4 Comparison of mean residence limes and space limes for
t d 'lh'l

Two different approaches were used to calculate the Pc value that would flt best the

3.9

where CC (t) was given by equation 3.6
Il

reactor output. The flrst one was a curve fltting method similar to the one lor the laminar

flow model. The equation used was the dispersion differential equation

OC a2c OC dispersion equation (t -dim.)
-v-+O -,-=-az 1. az- at

with the following boundary conditions:

at z=0: v~ (t) = -Ol.(~) + v(C) 1.>0
o 1>0

OC
at z»L: az =0 .

•
lt was integrated numerically by using the Galerkin flnite element method.

•

The second method was statistical: it is described in Section 2.1 by equation 2.12. This

equation is normally employed for open-open reactor configurations. However. the

author found that the simplification of the more general expressions derived by Bischoff

and Levenspiel(8) gave the same relation for a closed-open vesscl (letting "0=0. xm=x".

Pb=P and Pa be very small in equation 4 of reference 8). The RTO function was

calculated from equation 2.10.
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Chapter4

Results and Discussion

A large number of experimental results under various conditions were obtained. Only

sorne rcpresentative examples are shown in this chapter in order to avoid overcrowding il.

Additional results are included in Appendix A through C, referring to Sections 4.1 to 4.3,

rcspectively.

4.1 Velocity Measurements

4.1.1 Gas Flow wlthout Radiai Injection

For velocity measurements. the porous plate intended to even the carrier gas flow was not

cmploycd because the carrier gas contained solid particles which would have c10gged the

plate. This caused problems since the carrier gas inlet was placed radially (refer to Figure

3.1). Figure 4.1 displays velocity data for no reacting gas flow at L=2.7 cm. (ln these

graphs. Vjel is the jet velocity: the reacting gas flow rate divided by the area of the 24

injection holes). The radial velocity profile was nearly flat with nitrogen but not with

helium since helium is more viscous. This suggests that the measurements done with

helium were atTected by the lack of a porous plate while the ones with nitrogen were not

significantly atTected. When a reacting gas was injected. this phenomenon lost

importance due to the interaction of the jets with the axial flow.
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Figure 4.1 Radial velocity profileS-Vjel: 0 mIs, L=2,7 cm.

•
4.1.2 Effect of Axial Position

Figures 4.2 and 4.3 display axial velocity measurements at various radial and axial

locations (z) for nitrogen and helium experiments, respectively. The mdial vclocity

profiles exhibited a core of high velocity at axial positions close to the radial injector

(L=2.7 cm). This core of high velocity was nol centered radially; its causes will he

explained below. When the mdial jets had enough momentum to cross the axial 110w,

which was believed to be the case for ail but one experiment, they met at the center of the

tube. This created an axial jet in the central region of the reactor. At equal reacting gas

flow rates, the velocities were higher in this region with helium than nitrogen due to the

more viscous flow.

•
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Figure 4.2 Radial velocity profiles at various axial locations - carrier gas: N2,
Vjet: 8.1 m/sl Re=1550.
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Further consideration of Figures 4.24.3 shows also that with an increase in L, the f10w

progressively became more symmetric about r=O and the boundary layer close to the

0.0
r/ro

Figure 4.3 Radial velocity profiles at various axial locations - carrier gas: Het

Vjet: 15.0 mIs, Re=250.

•
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reactor wall started to develop. 1f thc reactor were long enough. the r:ldi\ll vcIoeity protile

wouId eventually become parabolic. i.c.. laminar tlow conditions wouId prevail. Also.

the boundary layer was more developed at L=30.7 cm in Figure 4.3 th\ln in Figure 4.2 duc

to the higher kinematic viscosity of He.

4.1.3 Effect of Jet Velocity

The etTects of varying the amount of gas injected radiaiiy are displayed in Figures 4.4

through 4.7. As shown in Figures 4.4 and 4.6 at L=2.7 cm. when the jet velocity was

increased, the axial velocity also increased because the total amount of gas injected in the

reactor was larger. Also, the central high velocity core became more pronounced at

higher jet velocities. This can mainly be attributed to the larger amount of reacting gas

that was injected.

V (mis)
3.0 r------------------,

......,.
..., ,

2.5

2.0

.....: ,.•.... v,.,=35.7 mIs

../ ...../' ,.'...... "'"

,',

•

1.5 ./ v,.,=8.1~ v,.,=14.7 mis
•., -'+.

" ... \1.0 .. ', ' , \ ..,
v,.,=5.5 mIs, • .. •+':;--..

~ -• • • ; ''''f
0.5

-1.0 -0.5 0.0 0.5 1.0
rlro

Figure 4.4 Radial velocity profiles for various jet velocities - carrier gas: N2.
L=2.7 cm, Re=1420-2370.
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Figure 4.5 Radial velocity profiles for various jet velocities - carrier gas: N2,

L=12.1 cm, Re=1420-2370.
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• Figure 4.6 Radial velocity profiles for various jet velocities - carrier gas: He,
L=2.7 cm, Re=24D-250.
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Figure 4.7 Radial velocity profiles for various jet velocities - carrier 9as: He,

L=12.1 cm, Re=240-250.

When the measurements donc at 12. t cm are compared to the ones <11 2.7 cm, il is

observed that the high velocity core has shified 10 lhe tell reaclor wall (negalivc rlrl)

values). This suggests that the velocity veclor was not parallello the reaclor <1xis close 10

the injector. lnstead, it had a radial component poinling la the len side of lhe wall. The

same trend was displayed in Figures 4.2-4.3 but il wns not as visible due to lhe !luger

scale of the velocity axis.

4.1.4 Behavior of the Radial lnjector

•
ln the Iight of the previous observalions, il appeared 1l1at lhe flow close to the injector was

not symmetric with respect ta the radial coordinate. This was confirmed by a simple

experiment: the reacting gas was replaced by water and no carrier gas was injected. A

picture of the water tlow is displayed in Figure 4.8. Once the individual radial jets

crossed each other, the resultant jet was not straight in the axial direction. It had a strong
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radial component at an angle e around 90-120° trom the injector pipe connector

(counterclockwise direction). This behavior was caused by IWo factors:

• the individual radial jets did not ail impact each other atthe same location

• sorne radial jets had lower vclocities than others.

When a gas is used in the injector, the lower density of the gas probably results in a less

pronounced anomalous behavior compared to the one with water. Figure 4.9 is a drawing

showing the general shape of the expected velocity profile across the reactor: it is not to

scale.

Figure 4.8 Picture of the radial injector when water was substituted to the
reacting gas.
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scale.•

-1.0

..
-0.5

," 0.0
rira

•

The radial velocity profiies were integrated numerically over the reactor cross section and

the flow rates calculated were compared with the known gas flow rate values. The

relative error was defined as the difference between the two values above divided by the

true value. The results are displayed in Figures 4.10-4.11 for nitrogen and helium,

respectively. As a rule, the percentage error increased with jet velocity and it was larger

for axial locations closer to the radial injector. This is easily understandable since t'le

velocity profiles were less symmetric both in the radial and angular directions as Vjct

increased and L decreased. There was a constant percentage error equal to about -10%

for experiments at low Vjct and/or at large L. It can he explained by the fact that the

velocity was interpolated \inearly between the measurements closest to the wall and the

r/ro=1 location where v was assumed to be 0 rn/s. The true average velocity in that

reactor region was probably higher than the value obtained by \inear interpolation. This
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rcduccd significantly the calculated flow rate value, thus causing the percentage error to

be ncgative.
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• 4.1.5 Turbulence Intensity

Because each velocity measurement by the LDA \Vas an avcmgc of many particlc

velocities, each measurement consisted of a density fllnction of vclocitics. Thc mcan

value was the actual velocity displayed in the previolls graphs. Thc turbulcncc intcnsity is

defined as the ratio of the standard deviation of the velocity dcnsity funclion ovcr its

mean value:

4.1turbulence intensitycrvturbulence = - .
J.lv

Turbulence intensity values were calculated and averaged over an cntirc radial vclocity

profile. The results are shown in Figures 4.12 and 4.13. Although sorne exceptions were

present, a clear trend is that the turbulence intensity inereased with jet veloeity and

decreased when moving downstream of the injector. This is consistent with theory since

•
the radial jets introduced a large amount ofturhulence to the flow: this slowly decayed as

the flow developed downstream.

Turbulence (%)
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-' .. ~.~.
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.,,
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r· ".' .........: "

... ..•........... '~.... ............ ~......•., ")

...............
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Figure 4.12 Turbulence intensity vs measurement axial location for various jet
velocities - carrier gas: N2. Re=1420-2370.•
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Figure 4.13 Turbulence intensity vs measurement axial location for various jet
velocities - carrier gas: He, Re=240~250.•

4.2 Concentration Experiments

For the experiments shown in the next two sections. no CH4 was present in the reactor for

t<O and t=0 corresponded to the tirst trace ofC~ entering the reactor. The effect of the

angle of measurement, the injector jet velocity (reacting gas flow rate) and the axial

location of the measurement will be covered tirst. Theo. a comparison is made between

the measured steady state concentrations and their theoretical values.

•
4.2.1 Effect of the Angle of Measurement

Signiticant differences were found for experiments perfonned at different angles but with

the other conditions (axial location. jet velocity and carrier gas) kept constant. Typical
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• results are displayed in Figures 4.14 to 4.17, others arc in Appendix B. ln ail cases, the

greatcst angular variations were for axial locations close to the injector and with small jet

ve\ocities. This was explained by

• the increased turbulence level induced by high vclocity jets tàvorcd bettcr mixing

o a longer reactor, i.e., a larger L value, allowed more time for the tluid to achicvc a

uniform concentration profile sinee the space time ("c) was inereased.

With nitrogen, a jet vclocity in the range of 12.4-21.9 mIs was detennined to be the

minimum for a relatively unifonn angular concentration at L=3.3 cm. This value droppcd

to the 8.8-12.4 mIs range at L=12.7 cm and L=35.6 cm. A similar trend was tound with

helium.

C (mate fraction)
0.10.--------.-------,r-----~------,

0.5 1.0 1.5 2.0
tes)

Figure 4.14 Concentration vs time experiments at different angles - carrier
9as: N2, Vjet: 4.6 mIs, L=3.3 cm, Re=1480.
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• C (mole fraction)
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Figure 4.15 Concentration vs time ext'eriments at different angles - carrier

gas: N2• Vjet: 38.2 mis, L=3.3 cm, Re=2183.
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Figure 4.16 Concentration vs time experiments at different angles - carrier
gas: N21 Vjet: 4.6 mis, L=35.6 cm; Re=1480.
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Figure 4.17 Concentration vs time experiments at different ang les - carrier
gas: N2, Vjet: 38.2 mis, L=35.6 cm, Re=2'j 80.

4.2.2 Effect of the Jet Veloclty and Axial Position

•

From this point on to the end of the chapter, each concentration vs time curve is the

average of the measurements over the three angles (9=0, 60 and 120°). In Figures 4.18

through 4.24, the concentration as a function oftime is plotted for difTerent experimental

conditions. An interesting characteristic of the difTerent plots is the intensity of the

instantaneous concentration fluctuations. These fluctuations appeared randomly and were

believed to be caused by imperfect turbulent mixing. As with the turbulence intensity

(Figures 4.12 and 4.13) and the angular variations of the concentration (Figures 4.14 to

4.17), the instantaneous concentration fluctuations were higher at smaH Land high VjCI'

This is an additional observation which proved that a better mixing inside the reactor was

achieved with a larger amount ofgas injected radially and with longer reactors (Iarger or).
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Concentration vs time experiments at various axial positions
carrier gas: N2, Vjet: 4.6 mIs, Re=1480.
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Figure 4.19 Concentration vs time experiments at various axial positions
carrier gas: N2, vjet: 12.9 mIs, Re=1660.
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Figure 4.20 Concentration vs time experiments at various axial positions
carrier gas: N2. Vjel: 38.2 mIs, Re=2180.
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Figure 4.21 Concentration vs time experiments at various axial positions
carrier gas: He, Vjel: 2.3 mIs, Re=190.
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Figure 4.22 Concentration vs time experiments at various axial positions
carrier gas: He, Vjet: 4.6 mIs, Re=210.
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Figure 4.23 Concentration vs lime experiments at various axial positions
carrier gas: He, Vjel: 12.5 mis, Re=240.
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A noticeable exception to the above conclusion occurred with helium experiments at the

lowest jet velocity (Figure 4.21). The concentration fluctuations were high at L=3.3 cm.

then they were almost non-existent in between L=7.6 and 12.7 cm and they gradually

reappeared downstream ofthat location. It is believed that at locations close to the radial

injector (3.3 to 12.7 cm), the turbulence induced by the low velocity jets wcrc rapidly

damped by the relatively viscolls flow of helium. In that portion, however, the tracer

concentration was not uniform throughout the reactor cross section. Furthcr downstream

(L>12.7 cm), a partial mixing occurred due to the turbu!ence induced by the end efTects.

These end effects were caused by the exhaust system placed after the reactor. They wcre

significant only for helium (a significantly lighter gas than air) experiments at low jet

velocities and long reactor lengths.
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Concentration vs time experiments at various axial positions 
carrier gas: He, Vjel: 37.5 mIs, Re=310.
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• 4.2.3 5teady 513te Concentrations

•

ft was mcntioncd in Section 3.4 that a non-unifonn radial concentration profile could

induce an error in the measured concentration relative to the true (mixing cup) value. The

measured steady state CH~ concentration in an experiment w-~s compared to the

thcoretical value calculated ITom the different gas flow rates injected in the reactor. This

was done in order to assess the error introduced by the unifonn concentration profile

assumption. The error was calculated as the difference between the two values divided

by the theoretical steady state concentration value. While a large error value probably

implies that the error was also large for measurements before steady state was

established, a small value does not necessarily mean that the error was small before

steady state conditions. Figures 4.25 and 4.26 display the percentage error for various

experimental conditions. As a rule, the percentage error decreased with increasing jet

velocity and longer reactor lengths. This confinned that a more unifonn radial

concentration profile was favored under the above conditions.

~~. ..
!: "'~<t......... L=12.7cm• ................... '\.L=35.6cm
•,
: L=3.3cm•,•

-30

-20
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•
Figure 4.25

10 20 30 40
~.t (mis)

Error between the measured steady s13te CH4 concentration and
the theoretical value for various experimental conditions- carrier
9as: N2•
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Figure 4.26 Error between the measured steady state CH4 concentration and
the theoretical value for various experimental conditions- carrier
9as: He.

•
4.3 Residence Time Distribution Results

Not ail the concentration vs time results were used for RTD calculations. This section

will first explain which ones were chosen and why. An analysis of the difTerent

parameters obtained from the modeling then fbllows. The relation of the pammeters to

the ditTerent experimental conditions are investigated and the experimental values arc

compared to others from the lîterature.

4.3.1 Selection of Experimenta for RTD Analysis

•
The axial location for the reactor input was selected to be at 7.6 cm downstream of the

radial injector. The main factor justifYing this choice was that the concentration was

uniform radially at an axial location of 50 mm past the injector (Soucy & al.(7), sec

Section 3.4). Because Soucy et al. used a reacting gas flow rate of 12.1 I!min (STP),

using significantly lower flow rates seemed inappropriate. In consequence, only the
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• cxperimcnts with a rcacting gas flow equal to or above 9.2 I/min (T=298 K, P=I atm)

with N2 (vjcl~12.9 mIs) and S.9 I/min with He (vjcl~I2.5 mJs) were used for RTD

modcling. Considcring the error for the steady state concentrations at L~7.6 cm (Figure

4.25 and 4.26), ail the values were about 5% or lower for the experiments retained for

RTD modeling. Il can also be observed that the magnitude of the turbulent concentration

fluctuations was significantly lower for jet velocities above 12.5 mis (Figure 4.27 and

4.28). This should improve the accuracy of the models discussed below since the fitting

is then less sensitive to the mndom fluctuations.
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Figure 4.27 Concentration vs time for different jet velocities - carrier gas: N2.
L=7.6cm.
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4.3.2 RTD Modeling
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Figure 4.28 Concentration vs time for different jet velocities - carrier gas: He,
L=7.6cm.

•
The concentration experiments done with nitrogen were modeled using the axial

dispersion model. It was judged inappropriate to use the laminar tlow model since the

velocity measurements did not show any evidence of a parabolic radial velocity profile.

For jet velocities ranging from 12.9 mis to 38.2 mis, the axial dispersion coefficients were

evaluated by using the differential equation and the statistical methods (Section 3.5).

Two axial locations were used for the reactor exit: 22.0 cm and 35.6 cm, thus giving two

reactor lengths (14.4 and 28.0 cm). Typical input and output data (experimental and

model) are displayed in Figures 4.29 through 4.32.

•
The values of the calculated axial dispersion coefficients are prescnted in Table 4.1. The

axial dispersion coefficients for fully developed pipe flow werc taken from Levenspiel(l5)

for similar Reynolds and Schmidt number values. It was found that the Dz values

calculated from the differential equation model consistently fitted the experimental data
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• beltcr, in a Icast square sense, than the ones obtained by the statistical method. This w~~

cxpcctcd sincc the diffcrential equatiûn method used the goodness of fit to find the

optimal dispersion coeflicient. The statistical method, on the other side, relied on only

two parametcrs: the mean value and the variance. The variance was particularly sensitive

to turbulent fluctuations. This can exp!ain why the statistical Dz values were quite

different from the diffcrential equation ones, particularly at the 22.0 cm output location

where the fluctuations where greatcst.

~- .

,
.. model output
•

"•reactor output, z=22.0 cm
•,
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Figure 4.29 Reactor input and output data with the differential equation axial
dispersion model- carrier gas: N2. Vjel: 12.9 rn/s, zin=7.6 cm,
Zoul=22.0 cm, Dz=O.0085 m2/s.
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Figure 4.30 Reactor input and output data with the differential equation axial

dispersion model- carrier gas: N2. Vjet: 12.9 mIs, zin=7.6 cm,
Zout=35.6 cm, Dz=0.0060 m2/s.
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Figure 4.31 Reactor output data with the statistical axial dispersion model
carrier gas: N2. Vjet: 12.9 mis, zin=7.6 cm, Zout=22.0 cm, Oz=0.0220
m2/s.•
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Reactor output data with the statistical axial dispersion model
carrier gas: N2, Vjel: 12.9 rn/s. zin=7.6 cm, Zoul=35.6 cm, Oz=O.0076
m2/s.
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Figure 4.32

•

•
Replicate cxperimenlS were done to assess the statistical significance of the difference

between the various dispersion coefficients ofTahle 4.1. A 95% confidence intervalled a

variation of Dz trom the ditTerential equation model of about ±15%. For the statistical

method. the 95% confidence interval on Dz rose to ±30%. In Figures 4.33 and 4.34, the
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• lower Iimit, central value and upper limit of the confidence intcrval arc plotted nlong with

the eorresponding experimental data. The uncertainty on the dit1èrcntial cquation Dz

introdueed Iittle error considering that the curve fit was good tOI' ail thrcc Dz vtllucs.

With the confidence interval in mind. it appcared that Illost of the variations hetwecn the

values ofTahle 4.1 were statistieatly signifieant.

3.02.52.0

- - reactor output
- -lower confidence Iimit value
-central value
- 'upper confidence limit value

1.0 1.5
t(s)

Figure 4.33 Concentration vs time curves calculated from various dispersion
coefficient values for a differential equation axial dispersion model
- carrier 9as: N2. VIet: 12.9 rn/s, zin=7.6 cm, Zout=35.6 cm.
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•

The experimental values of Dz were roughly one order of magnitude lower than the ones

published by Levenspiel(14
) for fully developed pipe flow (see Table 4.1). It is believed

that the dominant eiTect was the non-flat velocity profile, present mostly in fully

With an increase in jet velocity, many eiTects took place:

• More turbulent mixing was present close to the injector, thus increasing Dz.

• The radial velocity profile started to exhibit a high velocity central core (Section 4.1)

close to the injector. This increased the value of Dz in that region since it was

calculated assuming a flat radial velocity profile.

• The increased turbulence probably caused the boundary layer formation to be

retarded. The consequence of this was that Dz decreased downstream of the injector

because the radial velocity profile was then flatter.

The magnitude oreach eiTect was not known as a function of the jet velocity; neither wa~

the exact region in which each took place. The variations in Dz were caused by the sum

of ail of them. The relative change in magnitude of one with the others dictated the

direction ofchange of Dz for varying experimental conditions.

- - reactor output
- -Iower confidence Iimit value
-central value
- 'upper confidence limit value .

1.0 1.5 2,0 2.5 3.0
t (5)

Concentration vs time curves calculated trom various dispersion
coefficient values for a statistical axial dispersion model- carrier
9as: N2. Viel: 12.9 mIs, zln=7.6 cm, Zoul=35.6 cm.
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developed pipe tlow since the radial vclocity prome was pambolic (Iaminar llow rcgion).

This wouId explain the higher axial dispersion cocflicient values of Levcllspiel. It also

shows that the radial velocity gradient can contributc to a large c~tellt to the dispersion

coefficient (Levcnspiel and Bischotr;l)).

The velocity measurements in helium revealcd that a signiticant boundary layer. although

not l'ully developed. was present near the TeactoT end. This justilied the use of the modcl

consisting of a plug flow foHowed by a laminar flow reactor. Because turbulent

dispersion was still present due tn the presence of the injector. the axial dispersion model

was also tested using the difTerential equation method. The experimental conditions

investigated were similar to the anes for nitrogen. Sorne input and output results

(experimentaI and modeI) are shown in Figures 4.35 to 4.38.
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Figure 4.35 Reactor input and output data with the differential equation axial
dispersion model-carrier gas: He, Viet: 12.5 mIs, zln=7.6 cm,
Zout=22.0 cm, Oz=O.0170 m2/s.
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Figure 4.36 Reactor input and output data with the differential equation
dispersion model- carrier gas: He, Vjet: 12.5 mIs, zin=7.6 cm,
Zoul=35.6 cm. Oz=O.0140 m2/s.
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Reactor output data with the plug flow + laminar flow model
carrier gas: He, Vjet: 12.5 mis, zin=7.6 cm, Zout=22.0 cm, LLFR=O.120
m, LpFR=O.024 m.
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Figure 4.38 Reactor output data with the plug f10w + laminar flow model
carriergas: He, Vjet: 12.5 mIs, zin=7.6 cm. Zcul=35.6 cm, LlFR=O.160
m, LpFR=O.120 m.

Table 4.2 displays the modeling results for the helium expcrirnents. The dispersion

coefficients for fully developed pipe flow came from the sarne reference as for nitrogcn.

The axial dispersion model with the differential equation method fitted the cxperirncntal

data better than the plug flow + laminar flow model for ail experiments.

Table 4.2 Estimated parameters for differential equation axial dispersion model
and plug flow + lamlnar flow reactor model- camer gas: He.

:Reactor,v,.t(mla).' :, Dz~m'.' ': . Lu:R(~)!:: "", .. Dz
ele
' fo~I~=":

InletioUtlet: ',: '., " .," " dlff8rentlal' " ' ' "'" \ '. ve 0

lOCations',',', ,, :equaUo'ri mode. ,,":,': ','"," ,,' ": plpe'.'tkW;,:·
(cm) ., .,' ':"'.' (m2/.' "':, .... ' ", ':"i ,,' ,", ::(m2/.)' ':'

7.6/22.0 12.5 0.0170 0.120 0.056

37.5 0.0360 0.140 0.101

•
7.6/35.6 12.5

37.5

0.0140

0.0210

0.160

0.180

0.056

0.101
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The above data showed that an increase in jet veloeity caused an increase in the

dispersion coeflicienl or laminar Ilow reactor length. The main factor affecting this

behavior was probably the pronounced gradients of the radial velocity profile past the

injector. The vclocity measurements showed that these gradients were quite large in

helium at vjcl=15 mis at L=I2.1 cm. Il seems possible that the radial velocity gradients

were even more pronounced at higher Vj,,, such as 37.5 mis. This would increase the

spread of the residencc times, thus the higher Oz or LLfR values.

At z;;>; 12.1 cm, the sharp radial velocity gradients dissipated gradually while the boundary

layer developed. Bctween z=22.0 and 35.6 cm, if the dissipation of the velocity gradients

was more significant than the boundary layer development, the dispersion coefficient

would dccrease. This could explain the trend of Table 4.2 where the Oz values for

reactors cxtending From z=7.6 to 22.0 cm were higher than the ones for reactors from

z=7.6 to 35.6 cm. As in the case of the nitrogen results, the higher values of Oz for fully

dcvelopcd pipe Ilow probably resulted from the fully developed parabolic velocity

profile.

Sorne RTO lùnctions were calculated From the axial dispersion coefficients obtained in

Tables 4.1 and 4.2 and equation 2.10. The functions are displayed in Figure 4.39 and

4.40. The abscissa is the dimensionless time t' defined as

t' = .!. . dime~sionless 4.2
't tlme

The RTO fuuctions will not be discussed in more details since they are directly related to

the dispersion coefficients. The higher the Oz values, the more "spread" are the F(t')

curves.
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Figure 4.39 Residence time distribution functions vs t' at different jet velocities

- carrier gas: N2, zin=7.6 cm, Zoul=35.6 cm.
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Figure 4.40 Residence time distribution functions vs r at different jet velocities

- carrier ga5: He, zln=7.6 cm, Zout=35.6 cm.
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Chapter 5

Conclusions and Recommendations

5.1 Conclusions

An infrared laser absorption technique was devcloped to measure the residence time

distribution in a rcactor with very short space times (0.04 to 0.7 s). The measurement

technique is non-intrusive and it has a response time ofthe orderofmicroseconds.

The residence timc distributions were successfully measured in a tubular reactor with radial

injection of the tracer at ambient temperature and pressure. The main gases used were

nitrogcn or helium whilc metL:me at a concentration up to 7% (molar basis) was employed as

a tracer. The gas axial velocity ranged from 0,49 to 0.78 rn/s. The velocity of the radial

injector jets was varied from 2.3 to 38.2 rn/s. The Reynolds number in the reactor ranged

from 250 to 2400. RTD measurements were taken at axial locations ranging from 0.7 to 7.9

reactor diameters from the radial injector.

Velocity measurements by laser Doppler anemometry showed that the gas flow was not

symmetric with respect to the angular coordinate. The main source for this was the non-ideal

radial injector since the jets had different angles and velocities. The flow was not fully

developed at any axial location in the reactor due to the injector jets.

The residence time distributions were obtained by measuring the inlet and outlet

concentrations when a time varying tracer concentration was applied. The tracer

concentration was measured by infrared laser absorption spectroscopy. The measurement

device consisted ofan infrared He-Ne laser beam passing through the diameter ofthe reactor.
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The absorption of the laser light was related to the medume concentration by Beer-l.ambert

law. The intensity of the laser heam aller passing dmmgh dIe rcactor was measurcd with a

lead selenide detector. The detector signal was smnpled at lrequcncies ITom 2 to 8 kHz.

The main limitation in the analysis is that it assumes the concentrntion to be unïtonn over the

cross section of the reactor at the measurement location. ln dle rcactor studied. the validity of

this assumption could not he assessed precisely. However. only dIe expcriments with the

highest probability that this assumption would hold true were selected for further analysis.

The very fast response of the detection deviee pcnnitted dIe monitoring of dIe concentrntion

fluctuations induced by turbulence. It was observed experimentally that better radial mixing

conditions at the exit were obtained with high amounts of gas injected radially and longer

reactors. The reactor output was modeled using an axial dispersion modcl assuming a Ilat

radial velocity profile. The dispersion coefficients found were high: from 0.0060 to 0.025

m2/s depending on the ditTerent experimental conditions. lt was believed that a signitic:mt

contribution to these values came rrom the non-flat radial velocity profiles in the reactor.

5.2 Recommendations

The ultimate objective is to measure the RTD in a high temperature reactor used for ceramic

production. Thus, it is worth considering how the method developcd here might be

implemented to such a reactor. Three considerations are worth mentioning:

• the wavelength shift and intensity ofthe absorption lines by methane

• the background inlTared radiation emitted by the reactor and the hot gas

• the measurement of the mixing cup concentration in the absence of a unifonn

concentration profile.

The tirst consideration is probably the most important. As temperature increases, the

population of the ditTerent vibrational-rotational levels will vary. This means that the line

intensity ofthe infrared spectrum ofmethane will he different compared to room tempcrature.
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A low line intensity would lead to a poor signal-to-noise ratio. Another line may then need to

he chosen, which would imply using another light source than the non-tunable He-Ne laser.

Altematively, another vibrational-rotational transition may tàll at the same wavelength as the

He-Ne laser. The absorption lines of methane and other potential tracer at high temperatures

should be studied in detai!.

At high temperature, the reactor and the gases that it contains will emit large amounts of

radiation, primarily in the iniTared region. Because this emission (the noise) will be

superposed to the laser beam (the signal) at the detector, a poor signal-to-noise ratio may

resull. lt may be necessary to remove a significant portion of the noise for geod

measurements. One possible way is to shield the laser bearn by using a narrow tube

extending ITem the detector to the reactor. This would prevent the reactor radiation to reach

the detector except for a small amount ITom the tube end. Two additional ways wouId be to

use a bandpass filter selecting only the laser wavelength and to use a lock-in amplifier.

High temperature reactors often operate in the laminar flow region due to the high viscosity

of gases. It was shown in Section 3.4 that this lead to radial concentration gradients. This

can be solved by taking measurements at locations other than the reactor center and then to

use Abel's inversion to obtain the radial concentration profile. The radial concentration

profile can then be combined with radial velocity measurements to calculate the mixing cup

concentration.
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AppendixA

Additional Velocity Measurements
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Figure A.1 Radial velocity profiles for various injector velocities - carrier gas:
N2• L=21.4 cm, Re=1420-2370.
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Figure A.2 Radial velocity profiles for various injector velocities - carrier gas:
N2, L=30.7 cm, Re=1550-2370.
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Figure A.3 Radial velocity profiles for various injector velocities - camer gas:
He, L=30.7 cm, Re=250. The fully developed I~minar profile
(parabolic shape) was obtained trom the known value of the flow
rate.
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Appendix B

Additional Concentration Measurements

C (mole fraction)
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Figure 8.1 Concentration vs time experiments at different angles - carrier gas:
N2, Vjel: 12.9 rn/s, L=3.3 cm, Re=1660. .,

76



C (mole fraction)
0.07

0.06

0.05

0.04

0.03

0.02

0.01

•

0.00 L.-_...-L.'--__'--__"'-__"'-__-'-_---J

0.0 0.5 1.0 1.5 2.0 2.5 3.0
t (5)

FigUN 8.2 Concentration vs time experiments at different angles - carrier gas:
N2, Vjel: 12.9 mis, L=35.6 cm, Re=1660.
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Figure 8.3 Concentration vs time experiments at different angles - carrier gas:
He, Vjel: 4.6 mis, L=3.3 cm, Re=210.

77



C (mole fraction)
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Figure 8.4 Concentration vs time experiments at different angles - carrier gas:
He, Vjet: 12.5 mIs, L=3.3 cm, Re=240.
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Figure B.5 Concentration vs time experiments at different angles - carrier gas:
He. Vjet: 37.5 rn/s. L=3.3 cm. Re=310.
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C (mole traction)
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Figure B.6 Concentration vs time experiments at different angles - carrier gas:
He, Vjel: 4.6 mis, L=35.6 cm, Re=210.
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Figure B.7 Concentration vs time experiments at different angles- carrier gas:
He, Vjel: 12.5 mis, L=35.6 cm, Re=240.
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C (mole fraction)
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Figure B.8 Concentration vs lime experiments al different angles - carrier gas:
He, Vjel: 37.5 mIs, L=35.6 cm. Re=310.
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Figure 8.9 Concentration vs lime experiments at various axial locations
carrier gas: N2. Vjel: 2.3 mIs, Re=1520.
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Figure 8.10 Concentration vs time experiments at various axial locations 
carrier gas: N2, Vjet: 8.8 rn/s, Re=1570.
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Figure 8.11 Concentration vs time experiments at various axial locations 
l:arrier gas: N2. Vjet: 21.9 rn/s, Re=1840.
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Appendix C

Additional Residence Time Distribution Results
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Figure C.1 Reactor output data with the differential equation axial dispersion
model- carrier gas: N21 Viel: 38.2 m/sl zin=7.6 cm, Zout=22.0 cm,
Oz=O.0135 m2/s.
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Figure C.2 Reactor in"lit and output data with the differential equation axial

dispersion model- carrier gas: N2, Vjet: 38.2 rn/s, zin=7.6 cm,
Zoul=35.6 cm, Dz=O.0090 m2/s.
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Figure C.3 Reactor output data with the statistical axial dispersion model
carrier gas: N2, Vjet: 38.2 mis, Zin=7.6 cm, Zout=22.0 cm, Oz=O.0250
m~. .
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Figure C.4 Reactor output data with the statistical axial dispersion model
carrier gas: N2, Vjel: 38.2 rn/s, zin=7.6 cm, Zoul=35.6 cm, Oz=O.0083
m2/s.
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Figure C.S Reactor output data with the differential equation axial dispersion
model- carrier gas: He, Vjel: 37.5 rn/s, zin=7.6 cm, Zout=22.0 cm,
Oz=O.0360 m2/s.
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Figure C.6 Reactor output data with the differential equation axial dispersion
model-carriergas: He, Vjet: 37.5 mIs, zin=7.6 cm, Zout=35.6 cm,
Oz=O.0210 m2/s.
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Figure C.7 Reactor output data with the plug f10w + laminar flow model
carrier gas: He, vjet: 37.5 rn/s, Zin=7.6 cm, Zout=22.0 cm, LLFR=O.144
m, LpFR=O m.
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Reactor output data with the plug flow + laminar flow model
carrier gas: He, Vjet: 37.5 mIs, zin=7.6 cm, Zout=35.6 cm, LLFR=O.180
m, LpFR=0.100 m.
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