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1.1 Importance of H,-F, flame reactor

Many chemical processes of industrial importancglire higher temperatures and the
requirement of heat energy to provide higher tepees may be provided externally by
means of resistance/induction heating, steam/tleefind heating or, internally, by carrying
out highly exothermic chemical reactions in theiosagf interest. The equipments based on
the principle of external heating are called hothweactors, while those following the latter
principle are categorized as cold-wall reactorse Buhigher metal temperature in a hot wall
reactor, the formation of slag on the reactor wa#ds to corrosion problems, gradual
deterioration of the heat transfer and contaminatibthe final product. Therefore, the wall
needs to be scraped frequently resulting in aneas® in the maintenance period and
decrease in the reactor throughput. In order tadastach situations, while keeping the region
of interest in the reactor at higher temperatuael®wer wall temperature is maintained in a
cold wall reactor. For a cold wall reactor, intéaathe required energy can also be provided
by in-situ generation of heat through an exotherohemical reaction, for example, in a
flame reactor. Flame reactors are compact, possghsenergy density and can be highly
energy efficient. Some of the promising examplethefsource of chemical heat include the
reaction between Hand Q and between Hand F. The use of hydrogen as a fuel is common
for attaining high temperatures because of its mgss-related energy density. Since both
the H-O, and H-F, reactions are fast and chain type, they can leadxpdosion under
specific conditions. Between the two, the hydroflaarine reaction is more advantageous as
a heat source for those chemical processes whagetature requirement is higher and the
oxide contamination of the final product is noteguatable. Basov et al. (1969) and Sullivan et
al. (1975) consider that the reaction betweegrahtd F, is very fast and involves a branched
chain mechanism where the free radicals help ipayation of the reaction steps. A large

amount of energy (~540 kJ/g-mol) is released whenéydrogen and fluorine react raising
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the temperature and the pressure. A flame, whishlteefrom a complex interaction of flow,
heat transfer, diffusion and chemical reaction,preduced consequent to the chemical
reaction. This flame becomes a source of heat fanyncthemical reactions and material

processing.

1.2 Current statusand trends

Majority of the published work deal with,HF, reaction in the context of HF lasers
[Chen et al. (1975), Kapralova et al. (1976), Kinda&ho (1994)]. The energy release in the
H,-F, reaction is used to generate HF molecules at highergy levels. Very little work has
been reported on the utilization of chemical enerfyy material processing in
chemical/nuclear industries. The flame reactorsradfwide range of applications from nano-
particle synthesis to nuclear processing. Degusdp:fwww.azonano.com], who has
investigated several processes in flame reactotswall reactors, plasma reactors and laser
evaporation reactors reports that, although eacdtegs delivers unique capabilities, the
flame process is the preferred option becausesaddalability, versatility and cost-efficient
production. Nanomaterials, which broadly consispotders with particle diameters below
100 nm are receiving an increased interest inrdastry and academia. They open door to
the development of novel materials with applicagicior instance, in ceramics, catalysis, fuel
cells, electronics, chemical-mechanical polishohega storage, coatings [Rittner (2002)] etc.
In nuclear industry, flame reactors are deployedanety of applications, namely, reduction
of Uranium Hexafluoride[Galkin and Sudarikov (1964)], fluorination of uram
tetrafluoride [IAEA-Tecdoc-1115 (1999)], pyrohydysis of uranium hexafluoride [Galkin et
al. (1961)] etc. The conversion of uranium oxideutanium hexafluoride is achieved by a
dry fluoride volatility process in a flame reactorthe USA [www.world-nuclear.org]. Also,

there are reports on the preparation of nucleae-puanium hexafluoride from uranium ore
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concentrates and rich uranium ores by the methadirett fluorination in a flame reactor
[Lavroskii et al. (1959); Smiley and Brater (1959Rakov et al. (2001) have studied the
possibility of using a computer program to perfarahculations on the adiabatic temperature
of combustion, chemical equilibrium and kineticsings the available thermodynamic
database and characteristics of uranium compounusy suggest that the flame reactors
similar to those used in these activities can bisaised for processes where temperatures not
less than 1200-1300 K are required. Kobayashi et(20105) have carried out several
experiments for fluorination test of the mixture B0, and Pu@ with wide range of
production rate and proposed a new reprocessitndéagy called the FLUOREX process,
which is safe, technically matured, cost compeditimd reduces waste generation. Kani et al.
(2009) too have found that the uranium in the speels can be selectively volatilized by
fluorination in the flame reactor and the seletyidan be adjusted by changing the quantity
of F, supplied to the reactor. In view of the wide ranfji@pplicability of the flame reactors,
the emphasis in the present work has been to @&cquuariety of data which is useful in

developing an industrial scale+H, flame reactor.

1.3 Motivation

Sufficient data on the combustion properties of HweO, mixture exist, which
includes the ignition temperature, the flame terapee, the burning velocity, the
flammability limits, the reaction kinetics, etc. Wever, scant information is available in the
literature on the HKF, reaction. Moreover, there is no published dat@mjineering scale
experimental investigations on this system. Inaang reactor, the process can be stable or
unstable depending on the operating parametershandluctuations in the feeding of the
reactants. It is therefore necessary to understiamdehaviour of the #F, flame reactor

under the influence of various parameters.
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Hitherto, researchers have carried out studies Bh,Heaction at laboratory scale for
specific requirements, such as, generation of H¥hbtal laser etc. No attempts have been
made to conduct HF; reaction at relatively higher scale (>0.1 slpmgainontinuous type of
reactor which will be of industrial importance. Timvestigations with higher fluorine flow
rate in a flow reactor and the safety issues irewlin the smooth handling of such type of
inherently dangerous reactions is necessary. ltequired to know the effect of the
parameters such as gas flow rates, flow ratiosctaea preheating and the solid wall
preheating on the behaviour ot-H, flame reactor, which has not yet been reportethén
literature. The effect of diluents such as heliumtrogen and argon on jH, reaction
mechanisms have been numerically investigated abtdsped. In order to predict the,- .
reactor behaviour under the influence of diluetitg, transient as well as the steady state
experiments need to be carried out. A precisermitefor the scale-up of a flame reactor is
not available in the literature. The present thaslsle presenting the basis for the scale-up,
aims also to discuss the simulation results (usirgiandard computational fluid dynamics

tool) obtained for various designs of a scaled-wf-Hlame reactor.

1.4 Objectives

One of the goals of this work is to establish ahmdblogy for conducting safe and
controlled reaction between hydrogen and fluoriide objective is also to acquire
understanding on the effect of various parametershe behaviour of the FF, flame
reactor. Another goal of the work includes the ct&@ of a simulation tool and using it to
make a CFD model which can predict the temperatines,velocity and the concentration
profile inside the reactor, and subsequently candael for planned scale-up. The following

studies will be covered in the reported work.

Chapter 1: Introduction Page 5



* The experimental investigation of,4f, reaction in a tubular reactor at sub-
atmospheric pressure.

» Development of a CFD tool for the computationaldetion and validation by the
experimental data.

* Influence of excess hydrogen and nitrogen on thgégature distribution of the
H.-F, flame reactor.

» Effect of preheating on the thermal behaviour efth-F, reactor flame reactor.

» Effect of type and quantity of diluents on-H, reaction in a flame.

« Design of H-F, flame reactor for an envisaged scale-up.

1.5 Organization of thethesis

The literature survey in Chapter-2 helps understaedreaction mechanisms of both
the systems, namely,,HD, and HB-F,, as proposed by various researchers. It also skssu
the effect of diluents such as oxygen, helium, argotrogen etc. on the 3D, and other
fuel-oxidizer systems. Unlike #0, and other systems, in the,-H, system, the entire
proportion of H and k mixture can be potentially explosive if not handledrefully.
Chapter-3 thus discusses about the planning otrdifit experimental trials that would
establish the feasibility of a controlled and saperation of H-F, reaction. It also discusses
about the range of gaseous flow rates, selectiorflosd ratios, effect of preheating,
generation of temperature curve with variation lwe fluorine composition and study of
effects of dilution with inerts on the behaviour the H-F, flame reactor. Two types of
reactors, namely, a batch type (a horizontal cyioadl reactor, HCR) and a continuous type
(a vertical cylindrical reactor, VCR) are requirea fulfill the envisaged objectives. The
details of the entire experimental set up compgisifi the two types of reactors and the

sequence of operation are given in Chapter-4. @hd&ptdiscusses the development of a
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simulation tool, the selection of CFD models anlidaion of the simulation by experiments.
The observations of the conducted experiments lamatdrresponding simulation results are
discussed in Chapter-6. The validated CFD toolrsher utilized to simulate a number of
possible scale-up designs and the resultant tetgperand the velocity distribution profiles
are discussed in Chapter-7. The concluding remamkidie completed work are summarized

and the recommendations for future work are give@hapter-8.

Chapter 1: Introduction Page 7



CHAPTER 2

LITERATURE SURVEY ONREACTION

MECHANISMS OF

Ho-F> AND SIMILAR FUEL-OXIDIZER

SYSTEMS

This chapter presents a comprehensive review on H,-O, system starting from reaction
mechanisms, occurrence of multiple explosion limits and the effect of steam, oxygen and
inerts on the H,-O, reaction. It also gives an overview of the possible mechanisms of H,-F;

reaction. A comparison has been made between the two systems for a better under standing.

| ———
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21  Introduction
Some of the fuel-oxidizer systems such asCh H,-Br,, H,-Cl, etc. belong to the

chain type reactions, which are initiated eithersbplight or an external ignition source. The
free radicals and or active atoms produced byrthiation process become the chain carriers.
While more and more active species are producethése carriers, they also get killed
simultaneously by colliding against the reactorlvaalinert molecules. A continuous chain
propagation with the evolution of heat leads to lesipn. The reaction is said to be
uncontrolled if a) there is an accumulation of ttencentration of active atoms/radicals
leading to chain avalanche or, b) there is an aatation of heat augmenting the reaction
kinetics and thereby leading to thermal avalanthenost of the hydrogen-halogen reactions,
both the phenomena take place and, therefore, thexecontinuous rise in the temperature
and the pressure if the reaction is not controllédhy be the initial concentration of an
atom/radical present in the system, arahdf} be the rate of their generation and termination

respectively, then the rate of accumulation of élgsecies is given as,

4 = ng + (a—P)n (2.1)

de
As is clear from the above expression, whenp, it leads to chain avalanche. Similarly, the
thermal avalanche occurs when the rate of generaticdheat through chemical reaction is

more than the dissipation and consequently, thee gontinuous accumulation of the heat
(j—g) in the system. This is expressed by the equation

d

=5 = QoViR — KeggAr(Ty — Ty) (2.2)
The first term on the right hand side of equati®2) is the rate of heat generation by virtue

of reaction whereas the second term gives thedbkgat through the diffusive heat transfer

from the reactor.
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A good amount of data is available in the literaton H-O, reaction. The hydrogen-
oxygen reaction has got varied application suchnasocket engines because of its high
energy content of 141790 kJ/kg [http://www.engimegioolbox.com]. Unless ignited with
the ignition energy requirement of hydrogen, 0.04F [http://www.hysafe.org], they do not
react at ambient conditions without a catalyst. €hergy requirement further decreases with
increasing temperature, pressure or oxygen conidéely require higher temperature than the
auto ignition temperature of hydrogen, that is, 809 K
[http://en.wikipedia.org/wiki/Autoignition_temperate] for initiation. In the presence of
platinum as a catalyst, the hydrogen reacts witlygem even at ambient conditions.
According to Das (1996), if a mixture of hydrogermaxygen is exposed to light, the oxygen
molecule is dissociated into oxygen atoms andy@sgnce of the sensitizers such as GO N
and NH;, a set of secondary reactions take place produgiagoms. These H atoms in turn
interact with the oxygen atoms and produce watée Tydrogen combustion in oxygen
primarily produces heat and water. The temperabfirhe hydrogen flame in air is around
2318 K [http://www1l.eere.energy.gov]. The flammapilimits based on the volume percent
of hydrogen in air at one atmospheric pressurébat@een 4 and 75 while the flammability
limits based on the volume percent of hydrogenxpgen at one atmospheric pressure are
between 4 and 94. The explosive or detonable liofilsydrogen in air are usually between
18.3 to 59 percent by volume [http://en.wikipedig/wiki/Hydrogen_safety]. However, this
range was found to be depending on the size o$yheem. While Tieszen (1986) reported a
detonation range of 13-70% of,Hh a 43 cm tube, in one of the Russian test fasli a
detonability limit of as low as 125 volume percertas been observed
[http://www.hysafe.org]. In pure oxygen, Zabetaki®67) reported the explosive range of
hydrogen between 15 and 90 volume percent. Schr@edkeHoltappels (2005) have studied

the effect of the initial temperature and pressarehe explosion limits of hydrogen-air and
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hydrogen-oxygen mixtures. At atmospheric presstire,range of the explosion limits of
hydrogen gets widened at both low and high ends higher initial temperature, whereas at
room temperature, it gets squeezed if the initixktane pressure is more.

The reaction betweenyHind F is another attractive option for providing hea¢mgy.
Hydrogen is an efficient fuel and fluorine is aosiy oxidizer. The literature data on-H
reaction, however, indicate possibilities of seffition on mixing of the two gases. Eyring
and Kassel (1933) reported ignition and explosree imixing of the two gases in the whole
range from ~100% Hto ~100% FE at room temperature. Occasional explosions occurred
which they believed were initiated either by cosmaig bursts, local radioactivity or catalytic
material. Grosse and Kirshenbaum (1955) have discughat the self ignition takes place
whenever fluorine gas issues into the hydrogen spimere, even at room temperature.
However, they were able to premix Bnd k, at atmospheric pressure, in the whole range of
~100% H to ~100% F by (1) eliminating impurities such as HF in thesgs, (2) avoiding
the presence of all transition metals and their maunds (particularly Cu, Fe, Ni) in the
mixing chamber, and (3) precooling both the gase¥0tK. The gases could be warmed up to
195 K in Pyrex glass apparatus without ignitioncéwing to them, the presence of oxygen
in fluorine could be one of the reasons for thailtesobserved by Eyring and Kassel (1933).
The effect of the hypergolic reaction betweep &hd F, on the shear layer have been
investigated by Mungal and Dimotakis (1984) andrklanson and Dimotakis (1989). The
volumetric compositions of hydrogen and fluorinerevbetween 0 and 24% and 0 and 6%
respectively. The resultant adiabatic temperatige was up to 900 K. Nitric oxide was
added to the hydrogen stream to generate radicatontact with fluorine and initiate the
hydrogen-fluorine reaction. Dimotakis and Hall (I9%roposed a simple thermodynamic
model to assess the effect of Damkohler numberhenH/NO/F, and H/Air chemical

systems. Egolphopoulos et al. (1996) reported aemnigal investigation on the dynamics and

Chapter 2: Literature Survey on Reaction Mechanisms of H,-F, and Smilar Fuel-Oxidizer Systems Page 11



the structure of non-premixed and premixed/NO/F, flames and concluded that the major
fraction of the product formation in turbulent, nmg layers must take place in a mode in
which the reactants are in premixed, rather thannam-premixed diffusion flames.
Bergthorson et al. (2009) further studied the flb&d response to the changing levels of
mass injection in a rearward-facing geometry.

The maximum theoretical temperature of hydrogentfhe flame as reported by
Wilson et al. (1951) is 4300 K. While the effect idf to O, ratio on its reaction flame
temperature is well established, no such data gk,Hystem is available in the literature.
Further, sizeable number of publications is avédlamn effect of dilution with inerts such as
He, Nb, O,, H, and Ar on several fuel-oxidizer systems includhgO, system, but their
effect on H-F, reaction is scarcely studied. Possible reactionhaeisms and kinetics data
on H-0O, and H.F, reactions, as investigated by various researchierssummarized and
discussed in the following sections. This discusssoalso useful while interpreting different

experimental observations in this work.

2.2  H>O;reaction system

221 H,-O;reaction mechanisms

The reaction mechanism of,¥D, reaction has been widely studied. A comparative
study with H-F, reaction is of interest to this work. At elevatiethperature, the reaction
between hydrogen and oxygen takes place throughn cbaanching and breaking
mechanisms. There is some ignition lag ig®4 reaction. The plausible reaction steps
involved in this reaction are as follows: [Strebl@®84), Koroll and Mulpuru (1986)]
2H + O — 2H,0O AH =-241 kJ/gmol (2.3)

Hz + O, - 20H. Initiation (2.4)
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OH. + H — H,O + H. Propagation (2.5)

H.+0O — OH. + O. Branching (2.6)
O.+H - OH. + H. (2.7)
H+H.+M - H, + M } Termination (2.8)
H+O0+M — HO, + M (M is an inert molecule) (2.9)

Reaction (2.4) is endothermic and occurs very stawdtil a sufficiently high temperature is
reached. Reactions (2.5) and (2.6) have high duiivaenergy and hence, are more
temperature sensitive. The above steps producesaatibms and radicals such as H., O. and
OH. in the reactive system. Unless these specesused up simultaneously as they are
produced, the reaction rate goes on increasing rex@lly with time and results in an
explosion. Such a situation however, can be avoifidte terminating processes are rapid.
Presence of wall and inert molecules plays a saamt role in deciding the course of-B-
reaction. Survival of radicals such as H., O. ard. @epends on the reactor diameter and
type of the wall surface (reflecting or non-reflagttype). They are destroyed if they reach

the reactor wall. Examples of wall reactions inwodyrecombination are given by:

H. + H. S H, (2.10)
0.+0. 50 (2.11)
OH. + OH. - H,O, (212)

The chain carriers can also be destroyed in thepbase by termination reactions (2.8) and
(2.9). HQ is a stable compound and normally does not takeipahemical reaction. As
mentioned, KO, reaction does not explode at all pressure and déeatyre combinations.
For every pressure, there exists a minimum temperatbove which the mixture is always
explosive. However, at a given temperature, thetuni&xmay or may not lead to explosion
depending on the pressure. The explosion limisedrecause of competition between (a) the

reactions occurring in gas phase and at the wadll @) the reactions promoting formation of
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chain carriers and, those deactivating them. Oeage of multiple explosion limits inZD,
reaction is shown in Figure 2.1 [B. Lewis and G.Mélbe, (1961)]. Since the wall effect
dominates at lower pressure, either pressure opdgature has to be higher at the first
explosion limit. At the second explosion limit, tiebain branching and chain terminating
steps [reactions (2.6) and (2.9)] are competitind Bence, temperature required to sustain
the explosion increases with pressure. At the tleixg@losion limit however, stable HO
molecules outnumber the radicals leading to ‘ndesipn’ scenario. At still higher pressures,

the HGQ too becomes reactive and yields more active spduyaeacting with Klaccording

to equation,
HO, + H, - H,O, + H. (2.13)
Third limit Explosion
No explosion
Pressure

Explosion

First limit

No explosion

Temperature

Figure 2.1: Multiple explosion limits in 40, reaction [Lewis and Elbe, (1961)]
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2.2.2 Effect of steam on H»-O, reaction

Steam is usually considered to behave as a simiplentlin combustion acting as a
heat sink. But, David and Mann (1942) observed tritasne temperature to be higher than
dry flame temperature for openxddir flames. Kuehl (1962) too observed an increase
burning velocity upon replacing ;Nwith H,O vapour in low pressure JFhir flame and
postulated that steam accelerates burning by iscrgdhe radiative heat transport from the
hot combustion product to the water vapour in thlwint gas. Muller-Dethlets and Schlader
(1976) reported similar effect of steam on propaneé ethylene flames. Following reactions

are conceived in the#D,-steam system.

H.+H,0O - OH.+ H (2.14)
0.+H0 ~  OH. + OH. (2.15)
H+0O+HO —  HO,+H0 (2.16)
H.+H.+HO -  Hy+HO (2.17)
H.+OH.+HO -  HO+HO (2.18)

These reactions were studied numerically. Reagfdl6) is an exothermic reaction with an
enthalpy of 196 kJ/mol. Reactions (2.16) to (2.4&) chain breaking reactions where steam
acts as a third body. Though H@olecule formed from reaction (2.16) is stable wrge
amount of heat released increases the temperatufresireaction zone by several hundred
degrees. At higher temperatures, addition of st@aoduces more active radicals as per
reactions (2.14) and (2.15). The increase in bgrnialocity caused by this mechanism
counteracts the physical effect of steam of redudiame temperature. However, beyond
60% steam, flame cooling mechanism dominates andehthe burning velocity decreases.
The rate of reactions (2.14) and (2.15) slows dawren more steam is added. This is
because of reduced flame temperature at highemsteaction. The effect of steam on

recombination via reactions (2.17) and (2.18) wasinfl to be almost negligible.
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Interestingly, with H-Air mixture (instead of KHO,), steam had only physical effect on
flame temperature suggesting that the presencehef merts such as nitrogen reduces the

third body efficiency of steam.

2.2.3 Effect of O, diluent on H,-O; reaction

The induction time (Induction time is defined ag time at which there is sudden
change in the values of pressure and heat flungueaction between a fuel and a oxidizer
in a batch reactor) for 2H+ O, = 2H,0 reaction as proposed by Cheng and Oppenheim
(1984) is given by,

1720(kcal / mole)

7, (16) = 0000154 H,] [0, e & 2.19)
The equation 2.19 is similar to Arrhenius rate espion where the concentrations ofatd
O, (expressed in large brackets) are in mof/and the value of the constant is 0.000154
(cm’mol)®1*5°%8%s. The induction time reduces with increase ingexy concentration.
Though N and Q have similar specific heat and thermal diffusesti Koroll and Mulpuru
(1986) observed increase in the burning velocityibye of reactions (2.4) and (2.6) (where
the order of the reaction is one with respect tygex) when 25% nitrogen in the

stoichiometric mixture of HO, was replaced by additional 25% oxygen.

2.2.4 Effect of other diluentson H,-O, reaction

Willbourn and Hinshelwood (1946) have examineditifieience of hydrogen-oxygen
proportions and addition of nitrogen on the thixplesion limit of H-O, reaction and
qualitatively showed that the third limit does degaipon the branching of reaction chains
caused by the presence of inerts like nitrogenuddils affect burning velocity by changing

transport properties and adiabatic flame tempezatufhey also affect chemical kinetics.
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Except for steam andQDthe effect of the diluents on the burning velpabnform to the

correlation given by I. Glassman (1986) as,

Su Ha k)2 (2.20)
where, a is the thermal diffusivityk is the reaction rate constant and Su is the bgrnin
velocity. Replacement of one chemically inert diluby another alters the transport term in
equation (2.20). In reaction (2.9); & more effective than Ar and He in reducing tlaenie
temperature by facilitating formation of more H@olecules. The rate constants given for
this reaction as suggested by Sullivan et al. (La7&®,

ko) =1.5x16°e%RT for Ar, He

= 5.1 x 18 ¥R for N,.

During another study of 0, system on the influence of the diluents such gsANand He,
Koroll and Mulpuru (1986) observed decline in therbng velocity of the mixture to be in
the order, M > Ar > He. Based on this observation, they prodade following modified

expression for prediction of the burning velocity:
a. X
Su (70)2 = S, (1-x/%) (2.21)

where, Sgand Su are the burning velocities without and wilithent respectively, x is any
diluent fraction and xis the diluent fraction at which the burning vetgpdecomes zero.
Equation (2.21) was found to be accurate for leahréch flames containing He, Ar or,N
Helium and Argon have identical molar heat capesitand therefore the same adiabatic
flame temperature. But, they differ in their effect burning velocity due to different thermal
diffusivities. N, and Ar have nearly identical thermal diffusivitidderefore, the difference
in their effect on burning velocity can be intetgckin terms of different flame temperatures
arising from their not having the same heat caacitAny behaviour deviating from

equation (2.21) would suggest that the diluents alsntribute to mechanisms other than
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flame cooling and heat transport. The effect ofiehlts on the flammability limits of #Air
mixture was studied by Drell et al. (1957). Withdamn of diluents, the rich limit sharply
decreased whereas the lean limit was hardly affedire quantity of Mrequired to prevent
the flame propagation was more than that for, @@inly because of lowery&alue of the
former gas. Water vapour, although a combustionyet behaved similar to GOShebeko
et al. (1994kxperimentally studied the reaction between hydreme/gen and the retardant
(He, N, Ar, CO,) mixtures at temperature up to 280 and pressure up to 20 bar. The
retardants with higher heat capacity than the aridwere found to be more efficient in
extending the lower flammability limit with conceation. However, they observed an
anomalous effect of helium on the lower flammapilimit of the mixture. The flammability
limits for the H-O,-N, and H-O,-He mixtures narrowed down at higher pressurestdue
drop in the relative concentration of the activee@ps resulting from termolecular
recombination reactions. Mellish and Linnet (19&8)nd the effect of diluents on reducing
the flammable range for hydrogen in air as ,€&<He<Ar in wide tubes and
He<CQO<N.<Ar in small tubes suggesting at the influenceha& teactor dimension on the

characteristics of the #hir system.

2.3  HyF,reaction system

Many researchers have performed fundamental sttml@sderstand the nature of-H
F, reaction at lab scale. The reaction of fluoringhwiydrogen, once initiated, proceeds over
a wide range of gas compositions as a branchea cbaction [Foon, (1975)]. According to
Suchand et al. (1973),,Heacts with E spontaneously and often explodes without ignition
under some conditions. Levy and Copland (1968) ntedahat the chain reaction of; ldnd
F, could be stabilized by {gas in their experiments. Chen et al. (1975) aaeshlEK Truby

(1978) have performed numerous experiments to expgle explosion phenomenon by
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controlling the mixing ratio of initial reactantsné gas additives. They have also
demonstrated the existence of explosion boundathesugh gas kinetics studies. To
investigate the pre-explosive reaction of anFz mixture, researchers such as Seeger et al.
(1981) have used a tubular reactor of 1-2 mm diameith separated gas inlets for fluorine
and hydrogen, and molecular beam analysis to medkarproduct concentrations. The use
of such small diameters is necessary to produceokeamar beam of high intensity.
Depending on the initial temperatures, they fouhdt,tthe reaction is either slow with
practically no heat production or fast and autatier A few investigations carried out to

explore the mechanism of hydrogen-fluorine mechmarage discussed as follows:

2.3.1 Proposed H,-F; reaction steps

The H-F;, reaction takes place even at room temperature artipes a flame whose
temperature is much more than the-® flame. Chen et al. (1975) have discussed the
mechanisms of HF, reaction. They involve 1) diffusion of active cerd like F., H., HF*
and H* which initiate the chain reaction; 2) heat tramgpor diffusion of translational hot
molecules or atoms which heat up the gas; and &)agation of pressure waves from the
locally heated gases with supersonic speed. Hdferépresents HF molecules excited to the
fourth vibrational level and above [Brokaw (1964, @&nd, HB* is the hydrogen molecule
excited to first vibrational level [Kapralova et &1976)]. Mechanisms 2) and 3) perturb the
stationary reaction kinetics so much so that asstzont volume, they can vary the pressure
and temperature of the reactants drastically aad le explosion reactions, which should be
avoided at all costs in a chemical reactor. Somehef selected reaction steps in-F
reaction as proposed by Brokaw (1965 a) and Sulli{@&75) are summarized here for
further discussions.

Overall reaction:
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HytF, —— >  2HF AH = -540 kJ/g.mol (2.22)
[Bond Energies of HF, Hand E are 566, 435 and 158 kJ/gmol respectively,

(http://www.nist.gov/data/nsrds)].

F,+M - 2F. + M Initiation (2.23)
F.+H - HF*+H. ) (2.24)
F.+H —  HF *+ xH. + (1-x)H* (2.25)
H.+Fk — HF* + F. Chain Propagation (2.26)
H. +F - aHF*+ (1a) HF + F. (2.27)
(0. ~ 0.013-0.02) >
H* + F, -  HF*+ F. (2.28)
HF* + F, - HF + 2F. (2.29)
HF* + H, - HF+H (2.30)
Hy + F —»  HF+H.+F. ] (2.31)

(Albeit, rate of reaction (2.30) being slow, proti@pof formation of H; is less.)

HF* + M — HF + M Termination by (2.32)
Hy, + M — Ho+ M } relaxation (2.33)
H.+H.+M — H,+ M Termination by (2.34)
F.+F.+M — F+ M } recombination (2.35)

(M can be any inert particle. The excess reactiaontacts as an inert.)

The fluorine atoms required to initiate the reattwe formed either by dissociation at higher
temperature or by collision of fluorine moleculetwianother high velocity molecule
(reaction 2.23). The reactions (2.24) and (2.2¢) eothermic with the heats of reaction
being 126 and 410 kJ/gmol, respectively. The HF*letwles are energetic enough to
dissociate fluorine by reaction (2.29). Rabideaale(1972) found the specific rate constants

for reactions (2.24) and (2.26) to bet# x 10? cm’mole.sec and 2.5+0.2 x 0
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cm*/mole.sec respectively at 300K; this indicates lamoat instantaneous reaction. This was
further consolidated by Zebib et al. (1975) who éh@iven the composition profile of a
stable, non-premixed burner flame, considering ¢iméystraight chain process and neglecting
the initiation and termination steps. The schemeeattion adopted by them included F+H
—->HF+H and H+E>HF+F only. The concentration profile presented g showed that

H, and F never co-existed as the reaction is instantaneous.

2.3.2 Hj,-F;reaction mechanism with diluents

Levy and Copeland (1963) have carried out hydroff@orine reaction in a flow
reactor made of magnesium at 1%D in which hydrogen was mixed with a stream of
nitrogen containing 1-5% fluorine. They proposed thate of reaction to be first order in
fluorine and zero order in hydrogen. The fact tmgdrogen does not appear in the kinetics
suggests very strongly that it may act as an intnbiThey further carried out studies on the
kinetics of the hydrogen-fluorine reaction [Levyda@opeland (1965)] in a static reactor,
where the reaction was found to be inhibited bygexyin the temperature range of 122 to
162 °C in such a way, that for a given hydrogen andrfheo pressure, the rate reached a
limiting value at some oxygen pressure and diddearease with further oxygen addition.
The reactions were carried out at atmospheric pressvith oxygen varying from 85 to 500
mm and hydrogen and fluorine (in stoichiometriaagain the range of 20 to 80 mm water
column. The rest was made up by nitrogen and helgnokaw (1965 bandKim and Cho
(1994)also have investigated the inhibition of the hy@mdluorine reaction by additive
oxygen. According to them, oxygen reacts with H &dtoms to bring down the rate of
reaction. Sullivan (1975) and Sullivan et al. (1p%escribed the vibrational relaxation
reaction HF* + M>HF + M, M being a diluent, to be a very fast reactand suggested that

the lighter molecules such as hydrogen and helivennaore effective in de-exciting HF
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molecules. Millikan and White's (1963) correlatipnedicts that hydrogen is nearly thirty
times more effective than nitrogen in relaxing Héni the first vibrational level. Moreover,
the fundamental vibrational frequencies of HF anddHfer by only about 6%, so that there
is the possibility of de-excitation by transfendbrational energy from HF to H

Further, Sullivan et a{1975) have carried out some numerical simulattorgrovide

data on the influence of the diluents on theFsdreaction as follows:

HF*+M > HF+M (2.36)
3
kM=N,) = 238a0°— "
mol — s
3
kM=He = 7x0°—"
mol — s
3
kM =Ar) =  46x10°
mol —s

Thus, N is more effective in de-exciting Hfollowed by He and Ar.
Hz*+M > Hy+M (2.37)

cm’

mol — s

k ( ) = 8.4 x 18 T exp (-82.64/17) for He

5.4 x 18 T exp (-87.34/F3) for Ar

5.4 x 18 T exp (-87.34/1°) for N,

Thus, He is more effective in de-exciting Hholecules.

The product HF may also restrain the propagatioth@freaction by relaxing the excited HF
molecules by HF*+HP>2HF. This effect is more prominent when the reacpooceeds to a
larger extent producing more HF. Addition of any gaher than hydrogen and fluorine in a
F,-H, chemical laser initiated by a relativistic electloeam has a significant effect on the
energy and the duration of the laser pulse. Thragsvby which a gas additive affects the

laser energy are, i) change in specific heat,adeteration of the rotational relaxation of HF
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molecules and iii) generation of ‘F’ atom. Speneéral. (1972)have used nitrogen and
helium to produce F atoms from g#& a continuous HF laser. The laser performanderims

of lasing length and specific power yield improwsten nitrogen was replaced by helium
because, helium promoted formation of more F atdBmsilarly, Nedoseev et al. (1989)
observed that, when initial mixture of,/H, and Q was diluted with helium in the range of
1-2 times of fluorine concentration, the output rgyeincreased by 2-2.5 times and, the
duration of the laser increased from 105 to 140Tiss dependence was attributed to an
accelerated rotational relaxation of the HF* molesu Any further rise in the quantity of
helium did not alter the output energy. The ratecloémical reaction slowed down due to
increase in specific heat capacity of the mixtlwr® Hess (1972) observed the enhancement
effect of Mok on the HF chain reaction chemical laser withoutisgag a significant
deactivation of vibrationally excited hydrogen ftiste. Addition of small amounts of MgF
to the H-F, chain reaction system resulted in significant éase in the HF laser output
power with a reduction in the pulse duration. Euiim calculations done by Cummings et
al. (1977)indicated negligible possibility of the formatiori either NF; or NHz at higher

temperatures, when nitrogen was added as a diluent.

24  Effect of diluentson other fuel-oxidizer systems

Wheatly and Linnett (1952) and Clingman, Brokaw dfehse (1953) studied the
effect of the diluents on the flame velocity foethcetylene-oxygen and the methane-oxygen
system respectively. Rabinowitch (193fBund the order of effectiveness of the inert
molecules in causing recombination of hydrogen braimine atoms to be NH,>Ar>He.
Huffstutler et al. (1955) have discussed the eftéd¢he diluents such as nitrogen, argon and
helium on the burning velocity of the hydrogen-bmenflame. In their experiments, helium

and nitrogen had a non-repeatable effect on theimgrrvelocity with the change in the
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bromine to He/Mratio. Nitrogen caused the highest reduction entirning velocity because
it was more effective in causing recombination cdiitl Br atoms. Potter et al. (1956) studied
the effect of helium, argon and nitrogen on theppre-air mixture. The lower flammability
limit of propane in air is 2.38%. When nitrogen air was replaced by equal amount of
helium and argon, the limit reduced to 1.92 an®% 7espectively. Sandry R. (1956) studied
the effect of helium, nitrogen and argon on the haeé combustion system. The flame
velocity was found to be maximum for helium folladvby argon and nitrogen. Tressaud et
al. (2007) have studied the effect of diluents sastHe, M and Ar on the fluorination of
polymers. Compounds of nitrogen such as aminesN{dcdacted as radical quenchers and
caused an increase in the termination of the peend the fluoro radicals formed in the
fluorinated layer. Okada and Makuuchi (1969) foumslium and nitrogen useful in the
fluorination of polyethylene powder to improve iphysical properties. Both the gases
prevented a fiery and intense fluorination reactioithe process. Langan et al. (1996) have
studied the role of the diluents (Ar, He;,ND, and NO) in the NF plasma processing to
reduce SiQ to SIiN. They proposed a dominating role of theuelilts to control the
electronegativity of the plasma discharge. The tetat measurements taken by them
revealed that the diluents have a profound effecth® plasma impedance and the actual
power dissipated in the discharge. Thesplasma diluted with argon exhibited the lowest
impedance and the highest power dissipation whigeNO diluted plasma had the highest
impedance and the lowest power dissipation ratee. pfemixed oxygen-acetylene flame is
utilized in the chemical vapor deposition of diardoklahn et al. (1997) found a strong effect
of the flame temperature, the stoichiometry and dieent addition on the diamond film
quality. Hanser et al. (2007) have analyzed th&uanice of diluent gases on the metal-
organic vapor phase epitaxy of GaN thin films. ThaN growth rates were found to be

~30% higher when kwas used as the diluent. The measured differandbe growth rates
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of the GaN films in B and N were attributed to the different transport projesriof these
mixtures. Sakurai (1974) has reported the rate r&%-BO, reaction decreased by nearly a
half when the carrier gas for Bywas changed from helium to argon. This was atteitbwo
the decrease in diffusion rate of Brin the relatively stagnant gas film between thkdso
phase (U@ and the main gas stream. Fackler et al. (2014¢rdeed an experimental and
numerical study of the dilution effect on the enuef nitrogen oxides (N@Q from CH,
combustion. Their results showed that the dlution increases the N(production more
effectively than the equivalent G@ecause of the ability of G@o deplete the radicalaking
part in the NQ formation chemistry. Shrestha and Karim (2001)ehamalytically explained
the effect of nitrogen and GQresent in methane on the engine performance laownsthe
inhibiting characteristics of Cto be much greater than nitrogen. Similar effeasvalso
observed by Liu and Most (2009). The effects olienher of flame retardants such as;ICF
CFsBr, and CRBH, on methane-air system, were studied by Babushal. (1996) in a plug
flow reactor. As concluded by them, the ignitionagewas either increased or decreased by
the initial retardant decomposition kinetics, whielleased the active species into the system.
These species could either terminate or initiage rraction chains. On the other hand, the
presence of the retardants always caused incr@askeei reaction time by reducing the
concentration of active radicals such as H., OHl @n, which were formed during the
combustion process. Park et al. (2002) have nualbrianalyzed the effect of the dilution of
the air stream on the flame structure in the metk@n combustion. The dilution effect in
decreasing the flame temperature varied ag>EigD>N,, although the thermal heat capacity
of H,O was the highest. This was because of the diffdaserakdown behaviour shown by
CO;, and HO in the high temperature region. The breakdowhi ) leads to the formation

of radicals such as H., O. and OH. so that, the@ncheaction step H+©&>O+OH is
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augmented considerably. On the other hand, thektho@an of CQ inhibits the chain

branching mechanisms.

25  Comparison between the H,-O, and H,-F, systems

There are some obvious differences between thesystems. At ambient conditions,
H,-O- reaction needs external stimulus (ignition) tatstahereas hydrogen will react readily
with fluorine. The calculated adiabatic flame temgperes of H-O, and H-F, mixtures, at
their stoichiometric ratio, are 3473 K
[http://en.wikipedia.org/wiki/Adiabatic_flame_temag¢ure] and 4300 K respectively. The
nature of reaction products from the two reactisnalso different. The combustion product
of hydrogen-oxygen system is water vapour. It bumres non-luminous, almost invisible pale
blue, hot flame liberating the chemically bound rgyeas heat. The thermal energy radiated
from the hydrogen flame is very low due to a strabgorption by the ambient water vapour
which eventually acts as a flame quencher. Thesefbespite its high flame temperature, the
burning hazard is comparatively small in the ® mixture. The reaction product HF from
the H-F, reaction on the other hand promotes chain propagéteactions 2.29 to 2.31). The
energy released during de-excitation of the enmrgdE molecules has been used in
producing HF chemical laser. Unlike hydrogen-oxygelme to very high equilibrium
constant, the hydrogen-fluorine reaction is almostversible even up to a temperature as
high as 5000 K. A comparison between the thermaaymadata of the two reactions is given
in Table 2.1. Further, the influence of diluentstsas oxygen is found to be different in both
the reaction schemes. Though increase in oxygetecbanhances the rate of-B, reaction,
Kim and Cho (1994), who worked on the HF chemiaakl, found that the rate of formation
of HF was reduced by addition of,OThe pulse power and the temperature of the system
came down with increase in concentration efi©the reaction mixture. Presence of oxygen

in Ho-F, reaction leads to termination of chain reactionfimyning stable radicals such as
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HO, andFO,. Levy and Copeland (1965, 1968) and Brokaw (19%%lbo reported that
oxygen inhibits H-F, reaction by reacting with active H and F atoms ndging down the
reaction rateOne apparent advantage of addition of oxygen howesehat it makes the
system easily controllable, so that, the compasitbH, and F can be kept high at a given
pressure. With this arrangement, it is possiblett@ain higher output energy than oxygen free

environment.

Table 2.1: Change in the equilibrium constant$efl-O, and the H-F, reactions

with temperature

H,-O, reaction H.-F, reaction
(AG°: = 228600 J/gmol) (AG°R = 542200 J/gmol)
[Harrison (1960)]
Temperature in K K

298 1.0029E+40 298 1.09024E+95
500 7.5225E+22 500 4.38899E+56
1000 1.7564E+10 1000 2.09499E+28
1500 1081560.53 1500 7.59955E+18
2000 8487.15436 2000 1.44741E+14
2500 463.008392 2500 2.13046E+11
3000 66.5998683 3000 2756728701
3500 16.6710251 3500 123528255.9
4000 5.89968746 4000 12030828.08
4500 2.62995035 4500 1966056.61
5000 1.37797833 5000 461568.7702
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Besides above discussions on the informations ablail with respect to
reaction, there are many areas (such as effectanbus parameters namely, flow ratio,
presence of diluents, preheating etc. on the bebawaf the reactor handling,HF, reaction)

which need to be addressed by proper planning ystdmatic investigations.
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CHAPTER 3

PLAN OF EXPERIMENTS

The present part of the thesis discusses about the experimental planning to carry out the
investigations on the effect of various parameters on the behaviour of Ho-F, flame reactor
aimed at acquiring useful data for further research and development. Selection of
parameters, their range and the sequence of conducting experiments is also presented in this

chapter.
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3.1 Introduction

The reaction between hydrogen and fluorine is baitgmpted at this scale with very
little literature information in the background,oept that it is a chain reaction and could be
devastating if the excess heat is not removed frwreactor system. Though the release of
heat of reaction for any fuel-oxidizer system i®pgortional to the concentration of the
limiting component, the temperature is the maximainthe stoichiometric ratio. Table 3.1
gives the calculated flame temperature for the pdydrogen-Fluorine reaction mixed in

different proportions at atmospheric pressure aodirtemperature [Wilson et al. (1951)].

Table 3.1

Theoretical flame temperature by Wilson et al.()951

Mole% F, | Mole% H, | Theoretical Flame Temperature at 1 gtm
(K)
10 90 1920
33.3 66.7 3550
50 50 4300
66.7 33.3 3800

Taking safety into cognizance, it is better to deah reactive mixtures rich in hydrogen so
that, not only the temperatures are lower but tileajuantum of toxic and hazardous fluorine
gas handling will be minimal. Therefore, to be be tonservative side, the experiments are
started with a huge excess of hydrogen reactinly fikibrine in the flow reactor. The idea is
to first establish confidence in handling such kofdreaction in a smooth and sustained
manner, and then go about various designs of erpets to study the effect of different

parameters on the chemical reaction. Work of tlagume demands highly reliable process
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instruments, an all inclusive data acquisition eystand adequate training in handling.
Because of the safety issues, the experimentsreeqaieful planning, so that the number of
experiments is minimized but yield meaningful résuln the following sections the selection
of parameters, their range and also the sequenegpefiments are discussed. The design of
the experimental set up depends on the plan ofremeets. In order to carry out the planned
studies on KHF, reaction, two types of experimental set ups ageired to be designed and
built. One is a flowing type tubular reactor whehe investigations will be performed as
described in the sections 3.2, 3.3, 3.4, 3.5 aBd\8hile the other one is a batch reactor
which will be used to carry out experiments as no@ed in the sections 3.6 and 3.7. The
design, fabrication, assembly and testing of thpedarmental facility should address the
safety. This aspect will be further discussed im&@ér-4 on ‘Experimental Set-up and Design

Methodologies’.

3.2 Preliminary experimentsto establish feasibility of handling H,-F,reaction

The initial few experiments with arbitrarily chosgas flow rates are planned to test
the adequacy of control and the safety systemeoEiperimental set up, and also have some
idea about the reaction flame and the temperatisteibdition inside the reactor resulting
from the reaction between hydrogen and fluorineothar objective is to generate process
data primarily in the form of reactor temperatusgich will be used for the validation of the
computational model being developed for this puepdde test run starts with a very high
excess of hydrogen (>400%) over lbecause lean mixtures of Bo not have high flame
temperatures. The quantity of hydrogen is thencedwstepwise and slowly. The three cases
with varying flow rates of Fand B are listed in Table 3.2. The content of nitrogerthe
fluorine stream is the same in all the cases. Thabatic flame temperature for these cases

varies from ~2500 to 3500 K. It is practically ingstble to measure this high temperature,
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that too in a highly corrosive atmosphere. Themftihe temperature sensors are placed in

such a way that they do not lie in the flow patllodrine stream where very high

Table 3.2

Gaseous flow rates and adiabatic flame temperature

Case| Flow Rate,| Flow Rate,| HJ/F; ratio Adiabatic
no F H, flame temp in
(slpm) (slpm) K
1 0.44 2 4.54 2488
2 0.5 2 4 2691
3 0.48 1 2.08 3546

(Note: The uncertainty in measurement of the flate is within +- 1% of the value)

temperatures are expected. Furthermore, theraéed to provide flexibility in locating the
thermocouples near the feeding nozzles so thatehsor position can be adjusted in order to
get a clearer picture of the reaction flame. Itingortant to measure and control the
individual gas flow rate with the best possible mecy. Therefore, the orifice flow meters
are calibrated frequently and the flow set poims iacreased gradually. For example, to
reach a value of 0.4 slpm for fluorine, the senfwoare increased in the sequence of 0.1, 0.2,
0.3 and 0.4 slpm respectively. The set point ismgkd only when the reactor temperatures
are stabilized. These initial experiments are vargortant, as the range of the parametric
investigations and the flame reactor design wildbpendent on their results.

In most of the applications, it is desirable to éav flat temperature profile in the
reaction zone to maximize the conversion in a champrocess. There can be many

parameters such as reactant feed rates, feed, ratitosl temperatures and presence of an

Chapter 3: Plan of Experiments Page 32



inert etc., which affect flame temperatures as aglthe reactor temperatures. It is planned to
take up these parametric investigations, one by wag/ing a single parameter at a time

while holding others constant.

3.3 Flow ratios of hydrogen, nitrogen and fluorinein atubular reactor

Besides hydrogen and fluorine in the feed, nitrogealways present in the fluorine
stream in small quantities. Due to operational megoents, fluorine is mixed with nitrogen
when it is produced from electrolysis of HF. A fexperimental studies are planned to see
the influence of excess hydrogen, td F, ratio and varying nitrogen flow rates on the react
temperatures and compare the observations withgii@ts from the computational model. If
there is a good match between the two, then theguatatonal tool can be used to simulate
cases involving higher fluorine flow rates and spemther than hydrogen and fluorine,
which will be required in the design of a flameates. The chosen flow rates of gases are as
per Table 3.3. Albeit, the composition of hydrogervaried systematically, the quantity of

nitrogen is chosen arbitrarily just to study theerof nitrogen in thermal dissipation inside

Table 3.3

Gaseous flow rates and adiabatic flame temperature

Case| Flow Flow Flow Parameter Adiabatic
no Rate, Rate, B Rate, N flame temp in
(slpm) (slpm) (slpm) K
4 0.2 0.63 0.4 2682
5 0.2 0.85 0.4 2367
6 0.2 1.27 0.4 1954
7 0.3 0.95 0.45 2830

| ———
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8 0.3 1.27 0.45 Excess Hydrogen 2487
9 0.3 1.91 0.45 2025
10 0.4 1.27 0.5 2911
11 0.4 1.7 0.5 2545
12 0.4 2.54 0.5 2067
13 0.2 0.85 0.9 1933
14 0.2 0.85 3.4 1090
15 0.3 1.27 1.95 Additional Nitrogen 1715
16 0.3 1.27 3.45 1333
17 0.4 1.7 1.5 2043
18 0.4 1.7 3.5 1500
19 0.2 0.74 0.4 2513
20 0.2 1.06 0.4 2137
21 0.3 1.11 0.45 2646
Excess Hydrogen
22 0.3 1.6 0.45 2221
23 0.4 1.48 0.5 2718
24 0.4 2.12 0.5 2277
25 0.2 0.85 14 1647
26 0.2 0.85 19 1446
27 0.2 0.85 24 1296
Additional Nitrogen

28 0.3 127 2.45 1560
29 0.4 1.7 2 1867
30 0.4 1.7 2.5 1722

(Note: The uncertainty in measurement of the flate iis within +- 1% of the value)
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the reactor. In the designed set of experimentdrdgen percentage is varied from 215%
(v/v) excess to 535% (v/v) excess for three base flates of fluorine, namely, 0.2, 0.3 and
0.4 slpm, respectively. The flow rate of fluorineemixed with nitrogen is held constant
while that of hydrogen is varied. Nitrogen, betw&st and 3.4 slpm is premixed with the F

stream (for all the base flow rates of fluorine)stady its effect on reactor temperatures. In
every case involving additional nitrogen, fluorillemade to react with ~325 % excess of

hydrogen. The reactor is operated at 1000 mbaj fabssure in all the cases.

3.4 Reactor and reactant preheating

The equilibrium constant of dissociation of a gaslecule into its constituent atoms
increases with temperature. Initial concentratibaaiive atoms is an important feature of a
propagative type reactive gaseous system. In aajnaleaction, the promulgation of the
chain depends on the rate of active species/radarabted or destroyed. These species may
be generated either by thermal dissociation duthéomal avalanche or by colliding with
another high energy molecule due to chain avalanshthe same time, they may lose their
energy or recombine either by collision with anrirmaolecule or hitting against a solid wall.
In addition to initial temperatures of the reactgages, the solid boundary wall temperatures
can play a decisive role in dictating the profilé temperature, velocity and species
concentration inside the reactor. Hence, it is ditito conduct a few experiments to
investigate the effect of reactant preheating amactor wall preheating on the reactor
temperature distribution. With the equipment safetymind, the upper limit of wall
temperature is restricted to 423 K. The base flates of fluorine and hydrogen are
maintained similar to those discussed in previcetion 3.3. The feeding lines and the

process reactor are preheated by resistance badesdme wire heaters. The desired skin
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temperature is achieved by using an on/off cordrol total of nine cases, as shown in Table

3.4, are considered for this study.

Table 3.4

Gaseous flow rates and adiabatic flame temperature

Case| Flow Flow Flow Parameter
no Rate, B Rate, H Rate, N
(slpm) (slpm) (slpm)
31 0.2 0.85 0.4
32 0.3 1.27 0.45 Only reactor preheating off
33 0.4 1.7 0.5
34 0.2 0.85 0.4
35 0.3 1.27 0.45 Only feed line preheating off
36 0.4 1.7 0.5
37 0.2 0.85 0.4
38 0.3 1.27 0.45 | Both feed line and reactor preheating
39 0.4 1.7 0.5 off

(Note: The uncertainty in measurement of the flate iis within +- 1% of the value)

3.5 Fluorineflow rates

When reactions between hydrogen and fluorine ameied out, the reactor wall
temperature is controlled by regulating the flowedher air or water in the cooling circuits
attached to the reactor. With increase in the gnesigased per unit volume, the choice of the
cooling fluid depends on its heat transfer charattes and the quantity of heat deposited on

the reactor walls. The quantity of heat depositedh@ walls in turn depends upon the nature
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of flame produced in the chemical reaction. Thoadlabatic flame temperature remains the
same as long as the feed ratio is maintained,ldineefdimensions can vary according to the
flow rates and the dynamic conditions prevalenidimshe reactor. While air is adequate as a
cooling medium for lower flow rates of fluorine (4p 0.4 slpm), requirement of water is
foreseen as the means of reaction heat removaidber fluorine flow rates (>0.4 slpm). The
maximum envisaged flow rate of fluorine is 0.8 slpmh an energy release of ~320 watts.
The advantage one would derive from higher flovesatf fluorine is that it will result in
higher reactor temperatures which can be usedive thie chemical reactions needing high
activation energies. The augmented capacity ofdhetor to process more feed should not be
seen only with respect to higher reaction tempeeatibut also on the basis of energy
efficiency. Therefore, the limit on increasing thgorine flow rate can be applied both from
the safety concerns and on the basis of energyaiidn efficiency. The results from this
exercise offer useful information about the optiedizzapacity of a given reactor system. In
the present consideration, the tubular reactor\netahas been studied while increasing the
fluorine feeding rate from 0.4 to 0.8 slpm for aefil ratio of hydrogen to fluorine. The

planned flow rates of gases in this investigatiegven in Table 3.5.

Table 3.5

Higher flow rates of gaseous in the tubular reactor

Case| Flow Rate, i | Flow Rate, H Flow Rate, N
no (slpm) (slpm) (slpm)
40 0.4 1.6 0.22
41 0.5 2 0.27
42 0.8 3.2 0.45

(Note: The uncertainty in measurement of the flate iis within +- 1% of the value)
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3.6 Study of effects of type and quantity of diluentson Hx-F; reaction in aflamein a
batch reactor

The choice of diluent gases in flame reactors nhestmade with care, as the
temperature distribution can depend strongly on tipe of the diluent gas used. The
presence of a diluent can bring about significdnainges in the combustion characteristics of
fuels. It may reduce or improve the effective méition of fuel in the conventional
combustion devices. In a chain type reaction, sashreaction between hydrogen and
fluorine, the diluent gases can propagate chaimdtion by generating more active species
due to enhanced collision. They can also inhibmes®f the intermediate reaction steps either
by relaxing the excited species, facilitating rebimation of active atoms or forming a stable
compound which possibly may help in terminationtteég chain reaction. The enhancing or
the inhibiting effect of the diluents is dependentseveral factors, such as, the type of inerts,
their concentration, the reactor geometry, the mgxpattern etc. In addition to the
information that the species other than the pgaibng reagents influence considerably the
momentum and energy dissipation, it is importanexplore the impact of other diluent
species on KHF, reaction at a relatively more fundamental levehefe is a need to
understand, as which attributes (thermal, physiodl chemical) of an external species affect
the kinetics and the course of highly reactive axdthermic reaction between hydrogen and
fluorine. The choice of additives or inerts is lzhea their ease of availability and economic
viability. Thus, helium, nitrogen and argon areafined to be used as diluents in thef
system. It is planned to conduct transient expertmein a batch reactor without
compromising on the safety related issues. Theopbjihy of operation, control and safety
for the batch reactor is similar to the flow reaatsed previously, except that the frequency
of data logging is increased so that, more dasvaslable for analysis. Provision is made for

charging and neutralizing the toxic gases. A deddavacuation system is installed to
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ensure that no trace of product or un-reactedghstiin the reaction chamber before a fresh
trial is taken. Adequate instrumentation in thexfaf thermocouples and pressure transmitter
is integrated to the system for data acquisitiauvefal sets of unsteady state experiments as
listed in Table 3.6 are conducted in the batchtoeaavhich is designed as a horizontal
cylindrical vessel. The main objectives of the ekpents are to study the behaviour of the
Hydrogen-Fluorine flame reactor with respect tong®ein temperature and pressure with
time, when three types of diluents namely heliutrpgen and argon are introduced into the
system. It is necessary to maintain a high pressuruorine surge tank to evade any
possibility of back flow of gaseous mixture frometmeactor to the tank. The pressure
difference between the fluorine surge tank andélaetion chamber, diameter of the fluorine

feeding tube and the size of the reactor are ssezhthat the jet issuing from thetozzle

Table 3.6

Quantity of diluents in the batch reactor operaihigher pressure

Case no Type of diluent Diluent % (mole basis) Mat
43 None (base reaction) 0
44 Helium 11.11
45 Helium 33.33
46 Helium 42.86
47 Nitrogen 11.11
48 Nitrogen 33.33
49 Nitrogen 42.86
50 Argon 11.11
51 Argon 33.33
52 Argon 42.86
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forms a round, turbulent free jet. Upper limit dwe iluent concentration (~43%) is based on
the preliminary calculations on permissible pressise resulting from the addition of extra
molecules and temperature increase. To ensureysafets necessary to study the jet
behaviour to see if the expanding flame touchesr¢laetor walls soon after the fluorine is
introduced into the system. The empirical correlaiare available for free expansion of jets
discharging into the fluid of equal density, whea buoyancy force is acting on them.
Fluorine stream being denser than the mixture dfdyen and the diluent in the reactor, the
actual jet spread will be less rapid than the mdlytbuoyant jet modeled through the
available equations. Detailed examination on #ssi¢ is further discussed in the Chapter-4.
In combustion, equivalence ratio is defined asrtiwar ratio of fuel to oxidizer as

compared to its stoichiometric ratio. There is andwnt effect of initial pressure on the
combustion behaviour at higher and lower equivaeratios, as there is less dissociation.
The mixing effects can be more significant at lowesssure levels. Further, the possibility of
chain propagation is less if the reactor is opératdower pressure. Therefore, while dealing
with higher equivalence ratio (~2) in the experitsewith the diluents, it is worthwhile to
extend the above study of dilution effect to a lowgial chamber pressure. Consequently, a
few more experimental trials as detailed out inl&&h7 are planned wherein, the sequence
of operation is similar to the one discussed abd@¥e. only distinction between the two sets
of experiments is the initial pressure up to whigldrogen is filled in the chamber. Quantities
of both hydrogen and fluorine are brought down saamaintain more or less the same
equivalence ratio in the two types of investigasio8ince, the operations are carried out at
reduced pressure, the pressure surges, as a censeqaf the energy release during the
reactions will not lead to a rise in pressure tisaunsafe for the reactor. Therefore, the

content of the diluents in the mixture can be insesl from 43% to 83%.

Chapter 3: Plan of Experiments Page 40



Table 3.7

Quantity of diluents in the batch reactor operaahtpwer pressure

Case no Type of diluent Diluent % (mole basis)
wrt Hy
53 None (base reaction) 0
54 Helium 11.11
55 Helium 33.33
56 Helium 50
57 Helium 66.67
58 Helium 83.33
59 Nitrogen 11.11
60 Nitrogen 33.33
61 Nitrogen 50
62 Nitrogen 66.67
63 Nitrogen 83.33
64 Argon 11.11
65 Argon 33.33
66 Argon 50
67 Argon 66.67
68 Argon 83.33

3.7 Generation of temperature curve with variation in the fluorine composition
Subsequent to transient studies on hydrogen flaoreaction, experiments are
planned to reproduce the reaction temperature cwhan the content of fluorine is raised

from lean to rich. To avoid increase in the reatéonperatures when the hydrogen-fluorine
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composition approaches the stoichiometric ratioctvin turn may cause reactor pressure to
reach an unsafe level, the quantities of hydroged #Huorine to be used for these
experiments are reduced by choosing a lower iniiattor chamber pressure. Although the
adiabatic flame temperature depends on the fuekidizer ratio rather than their individual
guantities, low pressure operations will ensuré tiha reactor temperatures do not escalate to
an alarming value because more margin is providetdt product gases to expand and cool

down subsequently. Thus, keeping the moles of lggiraonstant in the reactor, the fluorine

Table 3.8

Mole fractions of kin H,-F;, reaction and corresponding adiabatic temperature

Case no Mole fraction of Adiabatic flame

fluorine temperature in K
69 0.166667 2489
70 0.333333 3820
71 0.375 4083
72 0.473684 4626
73 0.545455 4548
74 0.565217 4476
75 0.583333 4415
76 0.6 4365
77 0.62963 4284
78 0.6875 4155
79 0.791667 3986
80 0.846154 3917
81 0.891304 3868
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mole fraction is varied from 16 to 90%. Furtherailstalong with calculated adiabatic flame
temperatures are given in Table 3.8. The componehtthe experimental set up, the
instrumentation and control scheme, the data atiguissystem and the operation sequence
etc. will be similar to the earlier studies men&dnn the section 3.6. The results from this

study will provide new data for Hydrogen-Fluoringstem.

3.8 Study on dilution effect in a flowing type Ho-F, flame reactor

The research in the area of the hydrogen—fluorinaction hitherto, mainly
concentrated on the reaction thermodynamics, tteetedf the reaction on fluid flow, and the
probable reaction mechanisms through small scalgerements. Though investigators
particularly from the field of HF chemical laseneastudied HF, reaction with diluents, the
experimental investigations on the influence ofsehaliluents on the 3, reaction in
engineering scale have not been reported. The iex@ets handling hydrogen and fluorine
on fairly large scales have been planned in théeeaection (section 3.2). Study on the
influence of excess hydrogen and additional nitnoge the performance of flame reactor is
described in the section 3.3. Furthermore, thestesmh study on HF, reaction induced
thermal effects affected by presence of the dikisoch as helium, nitrogen and argon in a
static, cylindrical, horizontal reactor has beerncdssed in the section 3.6. The effect of
dilution is expected to be different when therehange in the gas feeding configuration and
the type of reactor (static/flow). This can be hesaof the change in the mixing pattern
inside the reactor. It is planned to conduct a éxperiments with the diluents (He, ldnd
Ar) in the flowing type tubular reactor where theedling nozzles, their position and the
resultant mixing effects are different from thattioé batch reactor. The experimental set up,
the operation and the control schemes will be sintd the ones discussed under sections 3.2

to 3.5. Fluorine @ 0.5 slpm and hydrogen @ 2 slpartlae selected flow rates for this study.
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Thermal effects are studied in the reactor. Hydnogad the diluents are supplied from
commercially available high purity (>99.9%) gasiegiers whereas fluorine is produced by
electrolysis of HF. Regulated flow of diluents thgh a control valve is premixed with the
fluorine stream before feeding into the reactoreylare added in the quantities such that the
percentage of diluents admixture with fluorine istibeen 0 and 85. However, the mole
fraction of the diluents in the product gaseoustur (assuming entire fluorine is reacted)
varies from 0 to 0.545. The details on the gas flates, diluent concentration and the nozzle

exit velocities are given in Table 3.9.

Table 3.9

Flow rates of gases for dilution study in the floxactor

Case F> H, He N> Ar Diluent | Mole fraction | Velocity | Velocit
no | (slpm) | (slpm) | mixed | mixed | mixed | % (mol | of diluent in atk yatH
with with with basis) | the product nozzle nozzle
F F F wrt mixture (ass. | exit, m/s | exit,
(slpm) | (slpm) | (slpm) | F>+dilu | 100% F m/s
ent | consumption)
82 0.5 2 0 0 0 0 0 5.781 1.6978
83 0.5 2 0.3 0 0 37.5 0.12 8.033 1.69178
84 0.5 2 0.5 0 0 50 0.17 9.534 1.6978
85 0.5 2 1 0 0 66.66 0.286 13.29 1.6978
86 0.5 2 2 0 0 80 0.44 20.8 1.6978
87 0.5 2 3 0 0 85.7 0.545 28.3 1.69y8
88 0.5 2 0 0.3 0 37.5 0.12 8.033 1.69/8
89 0.5 2 0 0.5 0 50 0.17 9.534 1.69y8



90 0.5 2 0 1 0 66.66 0.286 13.29 1.69/78
91 0.5 2 0 2 0 80 0.44 20.8 1.6978
92 0.5 2 0 3 0 85.7 0.545 28.3 1.6978
93 0.5 2 0 0 0.3 37.5 0.12 8.033 1.69/78
94 0.5 2 0 0 0.5 50 0.17 9.534 1.69Y78
95 0.5 2 0 0 1 66.66 0.286 13.29 1.6978
96 0.5 2 0 0 2 80 0.44 20.8 1.6978
97 0.5 2 0 0 3 85.7 0.545 28.3 1.69Y78

(Note: The uncertainty in measurement of the flate is within +- 1% of the value)

3.9 Conclusions

Several parametric investigations are planned ndy do gain experience in
conducting experiments but also to acquire a wgkctsum of process data related to the
characteristics of the hydrogen-fluorine reactibine types of data that can be extracted from
the experiments are in the form of reactor tempeeatind pressure. Details of reactor
fabrication, placement of instruments and the dpmral methodology for this purpose is

provided in the Chapter-4.
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CHAPTER 4

EXERIMENTAL SET UP AND DESIGN

METHODOLOGIES

The two types of experimental facilities where the experiments have been conducted are
described in this chapter. The objective of using the first type of facility has been to initially
establish the feasibility of carrying out H,-F, reaction in a flowing type reactor to study the
effect of parameters such as flow ratios, preheating and addition of diluents with the reacting
stream and generate data which can later be used to validate a CFD model. The main focus
of the experiments carried out in the second facility has been to generate the H,-F, reactor
temperature data with fluorine component increasing from lean to rich and study the
transient response of the H,-F, flame reactor at different pressure levels when the
composition of the inerts is varied. The basis of selection of instruments, the safety measures

and the sequence of operation have also been discussed.
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4.1  Introduction

An experimental facility is set up where informaticelated to the hydrogen-fluorine
reaction can be collected by designing simple aate £xperiments. Two types of
experimental facilities are created to accomplish dbjectives as envisaged under ‘plan of
experiments’ in the Chapter-3. Since reaction betweydrogen and fluorine can lead to an
explosion at any composition, it is necessary wehadequate instrumentation, controls and
safety measures incorporated in the system, whitmuat only serve to record the process
data but also ensure the personnel and the equipsagaty. The following steps have been

adopted during the installation of the test fagilid address the safety concerns.

42  Thesafety issues

To ensure reliable functioning, the integrity oétbet up components such as piping,
valves and instruments are checked thoroughly duttie installation. Seamless pipe has
been chosen for the reactor fabrication so thedntwithstand a higher internal pressure. The
fabrication is carried out by skilled techniciansdar strict supervision. All the weld joints,
whether in an equipment or in piping, are 100% agdiphed to rule out any chances of
fabrication defect. The equipments and pipelines subjected to hydro and pneumatic
testing at pressures above the design pressurdedkege testing of the pipe lines, especially
hydrogen feed line, is carried out using helium sng@ectrometer leak detector. Engineered
safety features such as adequate ventilation atdllstion of the gas detectors are adopted to
ensure personnel safety during operation. To cautyhe periodic surveillance for leakage of
the toxic gases such as fluorine and hydrogen iflephand held detectors are also made
available to the operating staff. The reactor iptke a larger room with multiple access
points, which will be helpful in event of an emengg. Furthermore, to meet an exigency, an

emergency door and windows are also provided imdghetor room. All the instruments such
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as thermocouples, pressure transmitters, pressttehses and the flow meters used during
the trials are procured from reputed sources aadariodically tested and calibrated using
standard references. Adequate process interloclstlam safety trips are identified and
implemented in the system. Manual intervention myithe trials is minimized and the entire
operation is designed to be operated from a remmédehted control room with a provision

for data logging, alarm annunciation and safe shwitdof the entire facility. The above

safety precautions and the operation methodologresimplemented in all the intended
experimental trials. Further details on the compbtmeof the experimental set ups are

discussed below.

4.3  Setting up of experimental facilities

The fundamental difference between the two tygdaalities is with respect to the
type of the process reactor where reaction betweertwo gases is carried out. The first
reactor is a vertical cylindrical reactor (VCR) wheflow experiments are conducted,
whereas the other reactor is a horizontal cylirmdmeactor (HCR) where the transient studies
on H-F; reaction are performed. The VCR is employed initivestigations described under
sections 3.2, 3.3, 3.4, 3.5 and 3.8 of the Chapteshereas studies covered under the
sections 3.6 and 3.7 of the same chapter have thsedxperimental facility involving the
HCR. Sources for feeding hydrogen and fluorine thee same in both the cases. In either
case, the product HF along with other gases, narhghrogen and inerts such as nitrogen,
helium or argon are sent to the scrubbing systeamiods components of the experimental

systems are described below.

4.3.1 Detailsof theexperimental facility involving the VCR
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Figure 4.1 shows the block diagram for theF reaction system with the VCR. The
experimental set up consists of a process reaéligure 4.2), feeding system and the
scrubbing system. The VCR is made from 2" NB, S6hséamless Monel-400 pipe with
flanges at either end. Hydrogen and fluorine nazaee fixed by welding to the top cover
flange. They are slightly inclined towards eacheothnd also with respect to the longitudinal
axis of the reactor. Hydrogen nozzle is shorten tine fluorine nozzle inside the reactor. The
fluorine gas is fed from a 2 mm diffuser type nezzvhereas hydrogen is discharged into the
reactor through a 12.5 mm diameter distributor iguinultiple pores of 1 mm size. The
pores provided in the hydrogen nozzle help distalibe hydrogen gas evenly in the reaction
chamber so that a uniform hydrogen cover is formée. diluent gases are premixed with the
fluorine stream before entering the reactor. Hydrogas and the diluents (as applicable) are
supplied from the respective gas cylinders, whilerine is generated by electrolysis of
hydrogen fluoride in an electrolytic cell using RAF as the electrolyte. Since, the anode
chamber of the electrolytic cell where fluorine geoduced is always purged with small
quantity of N, the fluorine stream carries a small fraction d@fagen along with pure
fluorine. The fluorine produced from electrolysisHF is passed through a chemical trap to
remove entrained HF so as to minimize the unwaeféett on the reaction rate between
hydrogen and fluorine. Flow rates of the gaseoreasts namely hydrogen, fluorine and the
diluent are regulated through the respective floantwl valves with PID controller.
Calibrated orifice meters are employed for the flomwasurements. The pressure downstream
of the control valves is recorded through the pressransmitters installed in the line. The
gases pass through a preheating section wheratbadweated to the desired temperature. The
reactor wall too is heated to the desired temperaigsing an on-off temperature controller.

The flow resistance between the control valve &ed¢action chamber being negligible, the
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Figure 4.1: Block diagram for #F; reaction system (VCR)
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Figure 4.3(b): Radial (mm) and angular positiohthe thermocouple in the reactor (VCR)

gases are at similar pressure at the feed poirt.efituent from the reactor is connected to a
scrubber system, which induces slightly negativesgure in the reactor. The reactions in the
reactor are carried out at ~1000 mbar (abs) pressurich is controlled through a control

valve installed downstream of the reactor. Furttiex reactor is instrumented with several

Table 4.1: Location of thermocouples in cylindricabrdinates

Thermocouple Angle in anti-clock wise Radius in mm Distance in mm
direction from Top of the

reactor flange

T1 338 5.4 178
T2 90 4 173
T3 197 5.7 161
T4 14 20.1 154
T5 115 26 260
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T6 90 25 260

T7 33 20 260
T8 135 16 594
19 135 16 764

thermocouples placed at different locations to r@@md monitor reactor temperatures during
the course of the reaction. Figures 4.3 (a), 4.3fij Table 4.1 show the details of the
thermocouple locations in the reactor. All the nueesients in the axial direction are taken
from the top of the upper flange of the reactore Tadial measurement is taken from the
centerline of the reactor while the angle is meagun the anticlockwise direction. Four B-
type thermocouples tagged with T1, T2, T3 and T¥ehlaeen used near the feed nozzles,
where the reaction flame is formed and the tempesatare likely to be higher. These
thermocouples can record temperatures up to 2080eik in the fluoride atmosphere. They
are inserted through a guide tube open at one @tiths depending on the requirements, the
insertion lengths of the thermocouples can beadteAt other locations away from the feed
nozzles, where lower temperatures are expectesl Kitype thermocouples tagged T5 to T9
are placed. These thermocouples are inserted thriheythermowells to protect them from
corrosion. The entire reactor is conceptually ddddnto three zones, namely, the mixing
(zone-1), the reaction (zone-2) and the quenchmomg-3) zone. During the reaction, the
reactor wall temperature is controlled by remouing excess heat deposited on the walls by
air/water cooling in all the three sections. Thanlof air/water in these sections in turn is
controlled by individual PID controllers. One presstransmitter and two pressure switches
are installed in the reactor to measure the pressod also safeguard the reactor against any
possible pressure rise resulting from an uncomaleaction between hydrogen and fluorine.

Adequate process interlocks and safety trips apgeimented to protect the reactor from high
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temperature and high pressure surges and alsonprineerelease of toxic fluoride gases. To
provide further safety, a rupture disc of 5000 mgrrating is attached to the reactor; the
rupture disc is vented through the alkali scrubé&e product gas HF along with the excess
hydrogen and the diluent is routed to the scrubbéwere it gets neutralized with KOH

solution. The excess hydrogen is released to tm®sgghere through a flame arrester and
finally a water seal. The reaction is carried ownf a remotely located control console
equipped with Programmable Logic Control (PLC) ahe data are recorded through

Supervisory Control And Data Acquisition system ARIA).

4.3.2 Detailsof the experimental facility involving the HCR

The experiments with the HCR are designed to sthdytransient behaviour of the
hydrogen-fluorine flame reactor in respect of cheaamgtemperature and pressure when a) the
fluorine composition in the HF, mixture varies from lean to rich, and b) varioypds of
diluents in varying concentration levels are mixeith hydrogen before the start of the
reaction with fluorine. Thus, several sets of uadiestate experiments with and without
diluents such as helium, nitrogen and argon coelglanned and conducted in a controlled
way in the batch reactor. The block diagram for ékperimental set up involving the batch
reactor (HCR) is given in Figure 4.4. This facilincludes the feed system and the scrubbing
system in addition to the reactor (Figure 4.5) @ystThe evacuation system is also provided
to evacuate the reactor before taking up a fresh {fhe reactor is a small horizontal
stainless steel (SS) cylindrical vessel flangetiadh ends and insulated with ceramic wool.
The hydrogen and the diluents are supplied fronh lpigrity gas cylinders. The, produced
from the electrolysis of HF is compressed and stare a discharge surge tank whose
pressure is maintained using the pressure reggl&atve in the fluorine compressor. It is

connected to the reactor through a fine controtileeealve. Flow meters are not required in
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this set up as the quantities of gases in the seace controlled by regulating their partial
pressures. There is a vacuum pump to evacuates#fogor in the beginning of a batch and
discharge into the scrubber. The gases are fedghr8S tubes. The fluorine feeding tube,
kept at a distance from the reactor wall, is iresedeep into the vessel to avoid the release of
intense reaction heat near the reactor walls, hgatti a possible burnout situation. Five ‘K’
type thermocouples (T17 toT21) in the metallic thewells and one absolute pressure

transmitter are fitted in the reactor to recordpgenature and pressure during the course of the
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Figure 4.4: Block Diagram for the experimentalgetof H-F, reaction studies (HCR)
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reaction. Figure 4.6 shows the schematic of theungented reactor. T18, T19, T20 and T21
are located in the forward direction to study theead of the jet and the extent of reaction,
while T17 is placed in the rear direction to cheblat even at lower velocities of jet
dispersion, free jet conditions are maintained.ofhe issuing from the nozzle forms a
circular free jet in the turbulent regime as, aym#ds no. is very high (Jet Reynolds no. at
the exit is around 2.7*fpand b) the cross sectional area of the chambei® than five
times that of the jet. For a turbulent free jetewlboth the jet fluid and the entrained fluid are
air, the jet angle: is ~20° for x/dy <100 (Perry’s hand book {7dition), Table-6-6), where x
is the longitudinal distance from the nozzle eXius, the spread of the un-reacted fluorine
jet inside the reactor is as shown in Figure 4his profile of the jet is true when the fluorine
jet is discharged into fluorine only, so that thexeéo density difference between the jet and
the stagnant gas. Actually, fluorine stream beiegser than the mixture of hydrogen and the
diluent, actual jet spread in the reactor will lessl rapid with distancer (<20 °) than the
neutrally buoyant jet of fluorine in fluorine. Irtheer words, the jet spread depicted through
this figure is wider than the actual jet profileheéFefore, it can be concluded that the jet does

not touch the reactor walls. Further, the expansidhe fluorine jet in the axial direction is
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Figure 4.7: Spread of the un-reacted fluorinerjeghie reactor
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such that it does not touch any of the thermowalsalled in line, thus, they are protected
from being exposed to the region of high tempeet@ince pressure ratio between the
source for fluorine (fluorine storage tank) and teactor where it is discharged, is more than
2; fluorine enters the reactor at sonic velocity~&20 m/s. Tuve (1953) found that the

longitudinal variation in the velocity along thentee line of the jet can be given as,

V°—62d°f X <100 4.1
v, %% ordo (4.1)

Using the above correlation, the reduction in tlmerine jet velocity in the axial direction is
as shown in Figure 4.8. With calculated averageorsl of ~ 73 m/s, the time taken by the
jet to reach the facing wall of the reactor is m8. The observation that the temperature
reading of T20 (which is closer to the upstreantt@awall facing the nozzle tip) is always
on the lower side, confirms that fluorine does neaitch the other end of the reactor.

To study the effect of varying composition gf Ehe reactor is evacuated by vacuum
pump, filled with hydrogen and then short duratfarorine pulse is admitted into it. The
guantity of fluorine sent to the reactor is cor&dlby regulating the pressure drop in the
fluorine surge tank. As the reaction takes plake,dhange in the reactor temperatures and
pressure is recorded. This exercise has been ctwubtfor fluorine fraction ranging from ~16
mol % to ~90 mol %. Every successive trial is pdsgkby purging, evacuation followed by
fresh filling of hydrogen, so that no residualsppbduct HF and unused reactants fluorine
or/and hydrogen are left in the reactor. For thalgton effect of diluents, the chamber is
evacuated as earlier and filled with hydrogen. Beftuorine is fed into the reactor, helium,
nitrogen or argon is mixed with hydrogen in varyiogmpositions. The initial chamber
pressure with hydrogen is deliberately kept aelittigher so that, the error involved in
achieving the planned diluent concentration is mined. In all the experiments involving
the diluents, the quantities of hydrogen and fluerihave been the same. The-Fd

composition in all the trials has fewer moles afofine as compared to hydrogen so as to
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maintain the reaction temperatures under contritérAeach experiment discussed above, the
effluents containing excess hydrogen, the diluamis the product HF are sent to the alkali
scrubber operating at a slightly sub-atmospherssure. Klis discharged to the atmosphere
through a flame arrester followed by a water s&he rise in the reactor temperatures and
pressure during the reaction are recorded evegnsed he entire operation and data logging
is carried out remotely from control room througbADA. A few more similar experiments
are carried out in the same facility with a slighange in the operating conditions, to study
the effect of initial pressure on the-H, reaction in the presence of diluents. The sequehce

the operation, control and regulation philosophthessame as discussed above.
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Figure 4.8: Centerline velocity of un-reacted finerjet in the reactor

4.3.3 Selection of instruments
The types of instruments which are used in the mxm@atal facilities include

thermocouples, pressure transmitters, pressurectsgit and flow meters. ‘B’ type
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thermocouples, whose hot junction and the coldtjancare made from platinum-rhodium
alloys of different compositions, are selected fegasuring near-nozzle temperatures which
will be exposed to the corrosive fluoride atmosphatrthe open end of the guide tube. They
can be used for temperature measurement up to ROB® the other places in the reactor,
comparatively cheaper and more easily availabletife (chromel-alumel) thermocouples
are deployed through the thermowells. The respdmse for the thermocouples varies
between 2 and 3 seconds. A response time of 3 dedws been considered for the purpose
of interpretations. Capacitive type, highly sensitpressure transmitters with wetted parts
made from Inconel-600 are chosen as they offeebeattcuracy and compatibility with the
gases being handled. Quick responding, diaphragma pyessure switches are installed to
provide redundancy to the reactor protection pbpby. Orifice meters because of their
simplicity, ease of installation and the cost eftig are used to measure the gaseous flow
rates and provide input to the respective flow walgrs. In order to reduce the error in the
flow measurement, they are calibrated every tinferbebeing put to use for a given set of

planned experiments.

4.3.4 Placement of instruments

The information available in the literature mensabout the high temperature flames
resulting from H-F, reaction. The temperatures reported are so hahittis not possible to
measure them with commercially available thermotesipFurthermore, high temperature
measurement techniques such as pyrometry can alsden used because of very low
emissivity values of the flames and the optical aifyaof the system. Therefore, a more
pragmatic approach is to measure temperaturetieadivay from the flame position where
the reactor temperatures are lower. Accordinglg, ‘Bi type thermocouples are placed in a

manner that they do not lie in the flow axis of thwrine nozzle. Further, with respect to the
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fluorine nozzle exit point, they are placed in éiffnt directions so that, a broad picture of the
reaction flame can be inferred during the expertsiefable 4.2 gives detailed information
on the placement of ‘B’ type thermocouples in th€R/ Placement of other ‘K’ type
thermocouples is planned so as to give an ovenalperature profile of the reactor across its
length and radius. The pressure transmitter anslspre switches are installed closer to the

feeding points in order to capture pressure sullgesg the course of the chemical reaction.

Table 4.2: Radial distance of ‘B’ type thermocogpi@m the centre of the,Rozzle tip

Thermocouple Radial distance from the centre of

the ,Nozzle (mm)

T1 5.39
T2 10.86
T3 15.67
T4 10.67

4.35 Control and data acquisition system

The process control is implemented to get the ddsialue of process parameters
such as flow, temperature and pressure. Safetylaoks and trips are also provided. For
example, while on one hand the cooling fluid flesvcontrolled to maintain the reactor wall
temperature at desired value, on the other handase of uncontrolled rise in the wall
temperature, the safety is imposed through alamtstlocks and ultimately trips to avoid
occurrence of any unwanted phenomenon and causaggatm man and machinery. Since the
reaction between the two gases is very fast andngatly dangerous, operation/control
through manual systems has been completely rulédmal the programmable logic based

control is incorporated in the system. This notyamhsures a smooth and swift operation of
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the experimental facility, but also supports persbrsafety. The system is equipped with
easily retrievable data storage facility along witxibility to choose the time interval for
data storage frequency. Depending upon the lerfgtieglanned experiment, the time factor
is selected judiciously so as to collect sufficietita for subsequent analysis and
simultaneously not putting too much load on the mnaevice. As a redundant measure, to
help and alert the operator, the indications of’f&glosition, process values and alarms are

provided both in the control panel as well as anSICADA screen.

4.3.6 Safety measures

As described earlier, redundancy in the safety @gugr has been adopted in the
system. For example, to protect the reactor frooessant rise in pressure resulting from an
uncontrolled reaction between hydrogen and flugranpressure transmitter is backed up by
two pressure switches with equally fast responsevision of alarm annunciation before
tripping is kept to minimize the interruptions chgian experimental trial. Alarm indications
offer the operator some time to take correctiveoacbefore the system is forced to shut
down automatically. Gas sensors are installed tectiehe leakage of hydrogen and other
toxic gases such as fluorine and HF from the eqeimand the pipelines. Provision of
transmission of data from these sensors to theaawobm along with the alarm annunciation
at a given set point enables taking recourse tdegtive steps before the onset of an
emergency situation. Portable gas sensors areitkepe control room for detection of gas
release and exactly pinpoint the location of tlekége during periodic surveillance. Further,
chemicals such as ammonia vapour and Kl solutienagso made available to be used to
detect the release of HF angd léspectively, from the leaking joints. The safetport, the
operating manual and the emergency preparednessreport are made available at a

convenient location for reference and guidance dster corrective action as deemed
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necessary during an emergency. No personnel amtythe reactor room is allowed during
the progress of an experiment so as to discountpasgibility of injury/accident to the
operating staff. The integrity of the experimensdt up is maintained by following

meticulously the laid down operation and mainteegoocedures.

4.4  Sequence of operation

Taking the hazardous and dangerous nature of clénbeing handled in the
experimental facility into cognizance, it is neaysto follow a well planned operation
sequence, which not only offers systematic apprdéaatonduct the experiments but also is

operator friendly. The adopted sequences of operati both the reactors are as follows:

4.4.1 Operation sequence of facility comprising of the VCR
I.  Operating console and data acquisition systemvaitersed on.
ii.  Scrubber system is made operational. Reactor adllilees are connected to
the scrubber system.
iii.  Flow of nitrogen equivalent to desired flow ratef reactant gases is
established in both hydrogen and fluorine feedsline
iv. The feed line and the reactor are heated with #lp bf a resistance based
heater and the reactor wall temperature is maiatain
v. Regulated flow of hydrogen is introduced into thaator replacing nitrogen.
vi.  Similarly, nitrogen in the fluorine feed line isptaced by fluorine in required
quantity.
vii.  The reaction between the two takes place in thetweand continues with the
set flow rates of hydrogen and fluorine till theesdy state (no change in

reactor temperatures with time) is achieved.
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viil.

Xi.

Fluorine flow is stopped and replaced by nitrogen.

Hydrogen feeding is cut off and replaced by nitrage

Steps (v) to (ix) are repeated for a new set okarpental condition. The feed
line and the reactor heaters are switched off wiezreot required.

Finally, the stored process data are extractedgegsed and analyzed for

drawing conclusions and further investigations.

4.4.2 Operation sequence of facility comprising of the HCR

Vi.

Vil.

Operating console and data acquisition systemveitelsed on.

Scrubber system is made operational. Reactor aaulliees are connected to
the scrubber system.

The reactor is evacuated with the help of a vacpump and then isolated
from all other sub-systems such as scrubber system

The reactor is charged with hydrogen to the degwredsure by opening the
hydrogen feed manual valve.

Wherever applicable, the total pressure of thetoeas raised to the set level
by addition of the chosen diluent.

All other isolation valves (kifeeding, diluent feeding, evacuation line and the
scrubber line) being closed, a short pulse of theoiis introduced into the
reactor containing mixture of hydrogen and the ehlu The quantity of
fluorine fed is controlled by regulating the presswrop in the fluorine
storage tank through remote operation of an ismatialve installed near the
reactor entry.

The reaction in the horizontal reactor is allowedcontinue till no further

increase in temperature and pressure with timelaserved.
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viil.

Xi.

After the reaction, product HF and other gasesdaeeted to the scrubber for
neutralization/venting.

The reactor is purged with nitrogen.

Steps (iii) to (ix) are repeated again for a newdedesigned experimental
condition.

Finally, the stored process data are extractedcegsed and analyzed for

further studies.

Due to practical constraints, it is difficult totain the temperature, pressure and the

species concentration distribution across the keagt breadth of the reactor. Therefore, the

experimental information will be utilized for valiting a CFD tool which will predict these

profiles in the reactor and enhance the understgnalbout the system. The CFD tool thus

developed can be used to optimize the process péeasifor diversified applications without

requiring much experimental effort. It will also bf#ective in simulating the reactor designs

for an envisaged scale up. The various aspecttafef reactor modeling are presented in

Chapter-5.
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CHAPTERS

CEFD MODELING OF THE FLAME

REACTOR

The present chapter describes the salient features of a combustion process and the
compexicity involved in its analytical modeling. It emphasizes on the need of the
computational modeling and its validation with the experimental data. It also discusses the
identification of the CFD tool, determination of the governing physical models and the effect
of grid size on the computational results. A summary of the inputs given to the CFD solver is

also provided.
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5.1 Introduction

A combustion phenomenon involves many physical emeimical processes which
exhibit a broad range of the time and the leng#iesc It transforms the chemical enthalpy
into the sensible enthalpy. The combustion processth high heat of reaction produce a
flame. The definition of flame length is not wunisal In the literature
(http:/ffire.nist.gov/bfrlpubs/fire96/PDF/f96102 Ppdflame lengths are normally defined on
the basis of the mean temperature, the chemicapasition or the luminosity along the flow
axis. The interchangeable use of the differentnitgdns may cause confusion regarding the
importance of the different physical processes. &mample; the definition based on the
luminosity is inconsistent because it strongly delseon the physical properties (such as
emissivity) of the product formed. For a hypergokaction such as between hydrogen and
fluorine, it is more appropriate to define flamadé based on the chemical composition,
which in turn is directly affected by mixing. Sinoeultiple definitions of the flame length
may lead to confusion, the discussions and thelgsions in the subsequent chapters are
restricted to mixing/reaction zone.

The chemical kinetics occurring in the flame isweomplex and involves typically a
large number of chemical reactions and formationintérmediate species, most of them
radicals. For a given thermodynamic state of a une<{composition, temperature, pressure),
the flame resulting from the combustion exhibits awn dynamics (speed, heat release,
spread of the flame jet) on which there is hardly eontrol. A mathematical description of
the combustion is quite complicated, although s@malytical solutions exist for simpler
situations of the laminar flames. Such models agally restricted to analysis in the one-
dimensional space. In a simplified form, the contiomscan be represented by a single
irreversible reaction involving a fuel ‘F’ and axridizer ‘O’as,

ngF + ngO — Product + Heat (5.1)
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where, i and iy are the stoichiometric coefficients of the fuetlahe oxidizer respectively.
The large difference between the temperatureseobtiint and the fresh gas leads to a
sharp self-acceleration of the un-burnt gases whutisequently approach the reaction flame
with greater velocity. This velocity is called tHmurning velocity. Compared to the
hydrocarbon fuels, it is higher for hydrogen beeaasits fast chemical kinetics and high
diffusivity. The higher the burning velocity, theegter is the chance for transition from
deflagration to detonation. The burning velocitytlod stoichiometric mixture of hydrogen in
air at ambient conditions is 2.55 m/s, reaching aximum of 3.2 m/s at the hydrogen
concentration of 40.1%, and would even increase 11075 m/s in pure oxygen
[www.hysafe.org]. Explicably, the corresponding ued for the hydrogen-fluorine
combination would be even more. In contrast tolheing velocity, the flame speed, which
is related to a fixed observer, is much greaten tha burning velocity due to the expansion
of the combustion products, instabilities, and tleht deformation of the flame. The
detonation velocity in the hydrogen-air system hegcvalues in the range of 2000 m/s, in
pure oxygen it goes up to 3500 m/s. From the simplat of view that a flame is a reaction
zone, two aspects are consideredtqithe characteristic mixing time or the rate atchhihe
reactants are fed, and, (i) the characteristic chemical time or the strengtthefchemistry
to consume them. The Damkohler number, Da, comga#sthese time scales and for that
reason, it is one of the most integral non-dimemaigroups in the field of combustion. Thus,
it is given by,

D, =4 (5.2)

Tc
A large Da means that the chemistry has alwaysinhe to fully consume the fresh mixture
and turn it into equilibrium. Real flames are ubpallose to this state. The estimated
characteristic reaction time is of the order of teath of a milli second [http://www.cfd-

online.com/Wiki/Combustion]. When Da is small, finesh mixture cannot be converted into
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products by too slow a chemistry and the flow retaalmost stationary. The picture of a
deflagration lends itself to the description basadhe Damkohler number. A reacting wave
progresses towards the fresh mixture through ptefgeaf the closest upstream layer. The
increase in the temperature reduces the chemioal $uch that the mixture characteristics
changes from a low-Da region (far upstream) to ghiida region in the flame (intense
reaction to equilibrium).

The combustion problem is complicated becauseviblies the turbulent flows, a
highly non-uniform distribution of pressure and pmrature and the presence of multiple
species. The combustion chemistry is based on ¢bkaittion comprising of the three major
steps: (i) generation (where the radicals are edea the fresh mixture), (ii) branching
(where the products and the new radicals appean frderaction of the radicals with the
reactants), and, (iii) termination (where the ratiadecombine). The branching step tends to
accelerate the production of the active radicamilar to an autocatalytic process. The
investigations of the issues related to a combuagti@blem require not only methodically
planned experimental work, but also numerical modelThe assumption of rudimentary
chemistry can be effective in the combustion anslgsd modeling. Every combustion
model however, must be validated with the experisieas each one has its own
characteristics. Depending on how the fuel andakieizer are brought into contact in a
combustion system, traditionally, two combustiogimees have been recognized: the non-
premixed regime and the premixed regime. In the-premixed regime, the fuel and the
oxidizer are fed separately to the combustion clenfince the burning rate is controlled by
the diffusion of the reactants, the flame thus poedl is also known as the diffusion flame.
This configuration is safer because the fuel amdakidizer are in contact only in a limited
region, and are separated elsewhere. Some of #mpdes in this category include operation

of a lighter, burning of a candle or lighting a gesvered stove. Figure 5.1 shows the
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schematic of a non-premixed diffusion flame. In tcast to the non-premixed regime, the
reactants in the premixed regime are well mixedogefentering into the combustion

chamber. The reaction takes place right at the laamouth, creating a shorter flame. The
chemical reaction can occur everywhere and theelaan also propagate backward into the

feeding system making it inherently unsafe. Thadkef a typical premixed flame is shown

Oxidizer

Feeding of the reactants to
the flame due to concentration gradient

Figure 5.1: Sketch of a non-premixed diffusion feam

Fresh ga Burnt ga:

Flame fron
Fuel + Oxidizer Product gas

Reaction zor

Temperature
Reaction rate

Figure 5.2: Sketch of a premixed flame
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in Figure 5.2. As follows from this figure, the fahiemistry is confined within a thin reaction
zone stuck to the hot burnt gas at the equilibrtemperature. In this zone, the Damkohler
number is high in contrast to the fresh mixture #mel reaction rate in this region can be
shown by a Gaussian shape with low standard dewialihe hydrogen and fluorine reaction
studied in the present work belong to the non-pxeohdiffusion flame.

The direct measurement of scalars such as temuperahd pressure inside a flame
reactor or a combustion chamber is difficult astihee scales are very small, temperatures
are extremely high and the gaseous atmospher¢eis afgressive. Therefore, it is necessary
to take help of the computational simulations tadiect a comprehensive investigation on
the flame reactors. Before the simulations on tlaared problems are carried out, it is
important to identify a robust and computationadigonomic CFD tool and evaluate the
suitability of the selected CFD models by devissiogne simplistic experiments and using the

acquired data for validation.

5.2 Identification of the CFD tool

It is known that the chemistry between hydrogen &ndrine is very fast and
complex too. It is also clear that the fluid dynasjithe heat transfer and the mass transfer
would play a crucial role in dictating the distrilmn of the velocity, the temperature and the
species concentration inside the reactor. Sinceldping a numerical model from the scratch
(where, governing equations of mass, momentumggraerd species conservation have to be
solved numerically) will be a very stupendous taghktself, it is decided to use commercially
available ‘FLUENT’ as the CFD tool, which is validd by the experimental data. It solves
the problems with unstructured mesh which simgdifiee geometry modeling and reduces
the time spent on mesh generation for a complex.bdde governing equations for the

conservation of mass, momentum, energy and otlaarscsuch as turbulence and chemical
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species are solved using a control volume basduhitpee. Between the coupled solver and
the segregated solver available in FLUENT, the tanipolver was tried for simulation, but it
was not possible to see any progress of solutiaen eafter one week of computation.
However, the pressure based segregated algorithichwias been used for simulating the
experimental results is actually a semi coupledraigm in the sense that, at a given time
step, the momentum and the pressure equation®eddirst, and then the updated mass
flux, pressure and velocity are used to solve thergy, species, turbulence and other scalar
equations within the same time step [FLUENT Inceruguide, chapter 4 (2003)]. The
velocity and the scalar fields are time-steppeetiogr. The segregated algorithm arrives at a
converged numerical solution through several itengt Although the lagging causes a small
error, it eventually disappears in the steady-stakition. The segregated algorithm is
memory efficient and also has been able to simukeeexperimental results well. The issues
such as definition of modeling goals, the choicecafmputational model, selection of the
physical model and determination of the solutioocpdures have been fine tuned so that the

best possible results are predicted by the CFDlatouns.

5.3 Selection of the turbulence model

In the planned investigations, fluorine and hydrogesuing into the reactor have
lower velocities, and the un-mixed flows of thesseg are in laminar region. However, when
the two gases mix and react together, the tempergtes up to such an extent that the flow
becomes turbulent. Therefore, it is important toxstder turbulent flow models in the
simulation. FLUENT provides many turbulent modelgls as the Spalart-Allmaras model,
the Reynolds Stress Model (RSM),ekmodels, k& models, ¢-f model, Large Eddy
Simulation (LES) modektc. No single turbulence model is universally ated as being

superior for all classes of problems. The choice tafbulence model depends on
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considerations such as the physics included irfldve the level of accuracy required, the
available computational resources, and the amdutiithe available for the simulation. In the
Spalart-Allmaras model, only one additional tramspequation (representing turbulent
viscosity) is solved. It is effectively a low-Reyds-number model designed specifically for
aerospace applications. The RSM model on the dilaeid accounts for the effects of
streamline curvature, swirl, rotation, and rapidmyes in the strain rate in a more rigorous
manner than one-equation and two-equation modedstteerefore, it has greater potential to
give an accurate prediction for the complex flowwever, the reliability of the RSM
predictions is limited by the assumptions considdceclose the exact transport equations for
the Reynolds stresses. It also requires additiooadputational effort. In the case of the k-
and ke models, two additional transport equations (f@ tilwrbulence kinetic energy, k, and
either the turbulence dissipation ratepr the specific dissipation raie) are solved, and the
turbulent viscosity (P is computed as a function of k an@dr ©. The standard k-model as
proposed by Launder and Spalding (1972) is a sempi&cal model, where the derivation of
the model equations relies on the phenomenologioabkiderations and empiricism. The
standard ke model on the other hand is based on the Wilcox model (1998), which
incorporates the modifications for low-Reynolds-rogn effects, compressibility and shear
flow spreading. Because of the robustness andehsonable accuracy for a wide range of
fluid flows, the two models have become the worklsrof the practical engineering flow
and the heat transfer simulations. Therefore, treaye been considered for the computational
investigation of the envisaged{H, reaction system. Simulations for the gaseous fiaes

as mentioned in ‘case 2’ (details given in chaBjehave been carried out using both the
models and the temperature contours are presantédure 5.3. As follows from this figure,

the shape of the flame as predicted by tlenkedel is more stable as compared to the k-
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model. Further, the predicted temperature value$lothrough T9 are compared with the

experimental data in Figure 5.4. It is seen frora figure that the predictions with thesk-
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Figure 5.3: Contour plots of temperature (K) fos€& using standarddk-and ke model
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Figure 5.4: Comparison of turbulence model onperature at different thermocouple

(Note: In the figure 5.4, the uncertainty in th@estimental temperature shown by T1 to T4 is
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within +-0.5% of the value whereas the uncertaintiemperature shown by T5to T9 is
within +- 2.2 K. This applies to all the tempera&uneasurements shown by T1 to T9

discussed hereafter. )

model are closer to the experimental data. Thezetbe ke model for turbulence is used for

simulation of all other cases.

5.4 Effect of the grid size on the computational results
Following the adequacy testing tife turbulence models, further numerical studies
are performed on the ‘case 2’ to verify the gridependency. The most plausible effect of
the grid size can be in the zone near the feedlemzzherefore, simulations are carried out
for initial 200 mm (from the fluorine nozzle tipgrigth of the reactor only. The grid sizes of
0.75 mm and 1 mm have been chosen for the simnfatiigure 5.5 presents the results with

the two grid sizes. The difference in temperatategarious locations for both the grid sizes
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Figure 5.5: Comparison of grid size on temperatti@ifferent thermocouple locations for
Case 2.
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is not significant. However, there is a large difece between the computational time
requirements for the two sizes. With 0.75 mm gadout 4 million grids), more than 2 days
are required to obtain a converged solution. Tieessolution with 1mm grid size (about 1.3
million grids) takes about 20 hours. As a conseqgeef this, all the subsequent simulations

are carried out with 1 mm grid size.

5.5 CFD modeling and the gover ning equations

55.1 CFD modeling

The CFD modeling has been carried out for the e@rtcylindrical reactor (VCR)
only. A 3-D geometry of the VCR has been preparsthgt GAMBIT 2.2.30 for the
simulations. The reactor length for the computatianvestigation has been limited to 875
mm, assuming it to be insignificant beyond thisgién FLUENT version 6.3 is used as the
CFD solver as well as for post processing. The adgatns are carried out using SGI 64 bit,
Xenon QUAD core processor, 16 node machine havitB &AM for master and 4GB for
each node. The reactor is divided into 3 sectiorfadilitate the effective meshing. Since the
feed nozzles are inclined, the region above tharithe nozzle tip is meshed with 1 mm Tetra
grid. To capture the mixing as well as the reacpbenomena, a fine meshing of 1 mm Hex
grid is adopted near the nozzle exit region. Inrémaaining part of the reactor, 1.5 mm Hex
grid mesh has been provided. The details of thgtheaf each section, the type of mesh and
the number of cells are reported in Table 5.1. itleal gas law has been used for the density
variation due to the temperature change. Firstraderetization is used for the momentum,
the species, the turbulent kinetic energy and tinleutent dissipation rate. The Boussinesq
model [This model treats density as a constantevatuall the equations, except for the

buoyancy term in the momentum equation, where,po (1-8AT)] is not incorporated in the
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momentum equation as the temperature variatioharréactor is expected to be very large.
SIMPLE (Semi Implicit Method for Pressure Linked Uatjons) scheme is used for the
pressure-velocity coupling. Relaxation factors &,®.7, 0.8 and 0.8 have been used for
pressure, momentum, turbulent kinetic energy anoutant dissipation rate respectively. In
the first approximation, the radiative heat trang$enot considered in the simulation due to
low emissivity values of the flames. Mass flow inie kg/s is given as the inlet boundary

condition for both the nozzles. ‘Outflow’ is givers the outlet boundary condition. Outflow

boundary condition assumes zero diffu{i%gr):oj flux at the outflow cells, whereg is
X

any flow variable. No-slip boundary condition isigsed at the walls. Unless specified, the
inlet temperature for both the hydrogen and therihe gas as well as the reactor wall
temperature is given as 423 K. The reactor pressuggzen as 1000 mbar (abs). The steady
state condition is assumed and the solution isatier until the stipulated convergence

criterion of residue < 1His achieved.

Table 5.1: Details of type and size of mesh

Zone| Length of Reactor from Type and size of Mesh No. of Cells
No. top flange
1. Up to 140 mm Tetrahedral,1mm 647790
2. 140-330 mm Hexahedral,1mm 870337
3. 330-875 mm Hexahedral,1.5 mm 751616
Total 2269743

5.5.2 Governing equations
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Assuming incompressible fluid, the model equatiassised in the CFD solver are as
follows:

Continuity equation:

ap AU _
00 axi

. (5.3)

Momentum equation:

0pU) d(UU) P o [ (aU; aU; 2 _ aU\ —1] . (5.4)
__orp o0 _ 25 09 o F
36 T ox ox " ax M \ax, T ax 3%y ) T P TP

iy
The pressure correction takes place using the SEBMRIgorithm such that the continuity
equation is satisfied. The equations (5.3) and) (&té called the Reynolds-averaged Navier

Stokes (RANS) equations. They have the same gefmral as the instantaneous Navier-

Stokes equations, with the velocities now represgrénsemble-averaged (or time-averaged)

values. Additional terms, the Reynolds stressegu;u; represent the effects of turbulence.

They are modeled in order to close the equatiof).(® common method is to employ the
Boussinesq hypothesis [Hinze (1975)] to relate Regnolds stresses to the mean velocity

gradients as

The turbulent viscosity, is evaluated using the standard kaodel. For this model, the

corresponding equations for the turbulent kinetiergy and the turbulent energy dissipation

rate are
d(pk) = d(pkU;)) 0 < ut) ok (5.6)
= — — | =—|+ Gy + Gy — S
20 + 0%; 0x; e+ ox/ 0X; T Gt by = pE+ Sk
d(pe)  d(peU;) 0 ( ut) o¢ £ g2 (5.7)
90 + 0%, - an H+ o, aX]- + Cie Kk (Gk + C3eGp — Caep k + Se
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In the equations (5.6) and (5.7) &d $ are user-defined source terms. I@presents the
generation of the turbulence kinetic energy dueti® mean velocity gradients and is
calculated as

——7 9Yj .
G = — p uju; a_xi] (5.8)

Gy is the generation of turbulence kinetic energy ueuoyancy and is calculated as

Gp = pg; 2+ I (5.9)

Pr¢ 0%
where, Pris the turbulent Prandtl number for energy andsgthe component of the
gravitational vector in thé"idirection. The default value of # 0.85. The coefficient of the

thermal expansior, is defined as

B:_%(Z_f; 5 (5.10)

The turbulent (or eddy) viscosity,, is computed by combining k ands follows:

k2
e = pCy— (5.11)

In the equations (5.6), (5.7) and (5.11),,&,, Cs. and G are the constantsy andc, are
the turbulent Prandtl numbers for k ancespectively. The standard turbulence parameters a
reported by Rodi (1993) are taken §s=0.09, G; = 1.44, G; = 1.92,0¢ = 1.0 ando, = 1.3.
The degree to whichis affected by the buoyancy is determined by thestant G, which is

calculated according to the following relation [Hes et al. (1991)]:

Cs. = tanh|-| , (5.12)

v
u

where,v is the component of the flow velocity parallelth@ gravitational vector and u is the
component of the flow velocity perpendicular to travitational vector. Thus,sCbecomes

1 for the buoyant shear layers in which the mamwftirection is aligned with the direction

of gravity, and, zero for the buoyant shear laybegt are perpendicular to the gravitational
vector.

Energy equation:
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As regards to the solution for temperature, itesived from the energy conservation
equation under the assumption of a low-Mach nurfiber (compressibility neglected). The
low-Mach number approximation is suitable for treflalgration regime, which is the main
focus of the combustion modeling. The governingagign for modeling the turbulent heat
transport (excluding viscous dissipation) is gibsrthe following:

(5.13)

d(pE) O[Ui(pE+p)] 0 . Cppe 0T
66 + aXi aX] (k +

— S
Prt )6x]l + Pon

where, E is the total energy per unit mass and $he source of energy per unit mass. The
source of energy in case of modeling of an exotieneaction is the enthalpy generated
during the course of reaction. Initially, the vetgdistribution and the fluid properties affect
the heat transfer. Subsequently, through the reledsntense heat in a small volume, the
combustion influences the flow field and also theaes distribution. Thus they all are inter-
related.

Species transport equation:

As a consequence of the reaction between hydrogérflaorine, the reactor under
consideration will contain several species such the, product HF, excess hydrogen,
unutilized fluorine (if any) and the inert gases (sed). Therefore, it is necessary to include
the species transport modeling with the chemicattien. The conservation equation for

each chemical species is solved by using the coineediffusive equation as follows:

9 -0 (5.14)

j i
where, Y, is the mass fraction of frspecies, 4 is the mass flux an®  (equivalent to source

term) is the chemical reaction rate at which aipaldr species is either consumed or
produced in one or more reactions. The diffusiomtg},) is modeled by Fick's law which is
usually a good approximation to the rigorous diffuasvelocity calculation. The reaction

rates that are contained in the source term),(Ran be computed either from the laminar
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finite rate model (Arrhenius model), the eddy gpssion model (EDM) given by Magnussen

and Hjertager (1976), or from the eddy dissipatmncept (EDC) model [Magnussen

(1981)]. The EDM has been selected for the simuati It is a turbulence-chemistry

interaction model where the reaction rates arenasduto be controlled by mixing. The other
two models which use the Arrhenius chemical kineatculations are avoided as they are
computationally expensive. The net rate of productf species m due to reaction r, Ris

given by the lower of the two values from equatigingn below.

- Y,
R, :erMwmApfmin —° , (5.15)
’ ’ ' k @ VQ,er,Q
2o
' £ (5.16)
-y M. ABpE_F
A O W

The model requires products to initiate the reactiherefore, a default value of product
mass fractions equal to 0.01 is considered whilgalizing the solution. It is usually

sufficient to start the reaction.

5.6 Effect of radiation modeling in temperatur e predictions
The radiation is a prominent mode of heat transpodomparison to the convection

and the diffusion when the source temperaturesyareally higher than 1000 K. This is due
to the fourth-degree dependence of the radiative dh temperature. But, besides the source
and the sink temperatures, the radiative heatferatso depends on the physical dimensions
of the source, relative positions of the source thedsink and the material properties such as
emissivity (for emitter) and absorptivity (for reeer). The fact that the temperature of the
flame produced from the chemical reaction betwegirdgen and fluorine is of the order of
4000 K, the study of the effect of the radiativeath&ransfer on the near nozzle reactor

temperatures becomes evident. Out of the five tiatianodels available in the FLUENT
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solver, the Rosseland model [Siegel and Howell 2)]98as been selected for simulation as it
does not solve an extra transport equation forrtbident radiation, is faster than others, and
requires less memory. To include the radiation finxthe energy equation, besides the
conductive heat transfer, an extra term becaudbeofadiative component is added in the
equation 5.13, such that the total heat diffusarentbecomes,

0o = (K'+k) VT (5.17)
where, k™ is the thermal conductivity andskthe equivalent radiative conductivity given as,

k=166 ———T° (5.18)

[3(os+a)—C og]
In the above equation, ‘a’ is the absorption ceefht,cs is the scattering coefficient, and C
is the linear-anisotropic phase function coeffitieanging from -1 to 1, which is a property
of the fluid. The default value of ‘C’ in the modslzero. The case no. 82 (details provided in
chapter 3) is re-simulated incorporating the sekkatadiation model. The change in the
reactor temperatures thus obtained is as showigird-5.6. All the temperatures except at
T8and T9 locations went up by a small margin. Thveas no significant variation in the T8
and T9 temperatures. The match with the experitigmtzcorded temperature is found to be
better with the model without the radiation effethis observation leads to the conclusion
that, besides convective diffusion mode, the inolusf the radiation mode of heat transfer
in the energy balance modeling is not crucial @hdrefore, can be safely ignored to save
computation time. Small dimensions of the flame asdow emissivity values are the most
probable reasons for this observation. Having dised the all above, the composition of the

modeling is summarized as described below.
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Figure 5.6: Effect of radiative heat transfer oacter temperatures for case 82

5.7 Summary of the modeling

(Note: The ones not mentioned here are simplykaeoff in the simulation tool)

)] Creation of geometry, defining boundary types andtwctured mesh generation

using GAMBIT 2.2.30.

i) Start of solver for 3D modeling.

i) Import of geometry (.msh file) into FLUENT and &@daption

iv) Types of flows: Steady-state; incompressible anouient.

V) Selection of solver formulation:
a. Type of solver: Segregated
b. Type of formulation: Implicit, steady, pressure é@s
C. Type of velocity formulation: absolute
d. Gradient option: Green-Gauss cell based

Vi) Choosing the basic equations to be solved:

a.

b.

Flow regime: Turbulent (Viscous model)

Near wall treatment: Standard wall functions
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C. Type of turbulent model: k<standard) model; model constants: by default

d. No viscous heating and full buoyancy effects

e. Energy equation: checked

f. Heat transfer: Convective diffusion, (radiatioromy one case, case 82)
g. Radiation model: Rosseland (Only in case no. 82)

h. Chemical species and reaction model:

i. Model: Species transport
ii. No of species: depending on the problem (minimum 4)
iii. Reaction: volumetric
iv. Turbulent chemistry interaction: Eddy dissipation
vil)  Specifying material properties:
a. Individual fluids:

i. Density: Incompressible, Ideal gas law (becaussspire variations are small
and temperature variations are large)

ii.  Thermal conductivity, viscosity and coefficient ggecific heat: Taken from
FLUENT database. Since molecular properties playnamgnificant role in
turbulent cases, they are either treated to be t@otss or calculated
employing piecewise polynomial.

li.  Standard enthalpies and entropies: Selected frodEINT database.

iv. Absorption and scattering coefficient: SelectedfiBLUENT database.

v. Kinetic theory parameters: L-J parameters from FNUEdatabase / user
defined.

b. Mixture of gases
I Material mixing: mixture template

il. Density: Incompressible - ideal gas
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iii. Specific heat coefficient of the mixturédeal gas mixing law

2 Thermal conductivity of the mixture: Ideal gas migilaw

V. Viscosity of the mixture: Ideal gas mixing law

Vi. Mass diffusivity of the mixture: Kinetic theory —ebard-Jones collision

parameters
C. Reaction: Eddy dissipation
viii)  Defining boundary conditions: Boundary conditiorgedfy the flow and thermal

variables on the boundaries of a physical modekyThre, therefore, a critical
component of CFD simulations and it is importanatththey are stipulated
appropriately. The boundary types input to the eiolre as follows:
a. Inlet boundaries: mass flow inlet at both the faedzles and the temperature

of the feed gases

b. Exit boundaries: Outflow

C. Wall boundaries: No slip condition (fluid flow),onstant temperature
(thermal)

d. Internal cell zones: Fluid

e. Internal face boundaries: Interior

iX) Operating Conditions:
a. Pressure: 101325 Pascal.
(Operating pressure is significant for incompressitheal gas flows because it
directly determines the density)

b. Acceleration due to gravity: 9.81 /s

X) Solution controls:
a. Under relaxation factors
i. Pressure: 0.3
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ii. Density: 1
li. Body forces: 1
Iv. Momentum: 0.7
v. Turbulent kinetic energy: 0.8
vi. Turbulent dissipation rate: 0.8
b. Discretization
I. Pressure: Standard
ii. Pressure-velocity coupling: SIMPLE
iii. Momentum: First order upwind
iv. Turbulent kinetic energy: First order upwind
v. Turbulent dissipation rate:  First order upwind

Xi) Finalizing convergence criteria:

a. Convergence criteria for continuity equation:*10
b. Convergence criteria for velocities: 10

C. Convergence criteria for k: PO

d. Convergence criteria far 10*

e. Convergence criteria for energy: 410

f. Mass fraction of species: 10

xil)  Post processing (Obtaining results in various fosmsh as contours, vectors, plots

etc.)

5.8 Conclusions
FLUENT has been chosen as the commercial CFD toelnhulate the behaviour of
the H-F, flame reactor. The models governing the physiaheforoblem have been selected

based on the closeness of the prediction of thelatmons with the experimental data. The
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Eddy Dissipation Model as the species transportehadd the ke model as the turbulence
model predict reactor temperature values which @mpwell with the experimental
observations. The grid independence test condumtedne of the cases reveals that the
results obtained with the finer grid (0.75 mm) almost similar to that obtained with the grid
size of 1 mm. However, there is a huge differemcéhe respective computation time and
therefore, 1 mm grid is chosen for all the simolasgi. The role of the radiative heat transfer is
not found to be significant in the energy dissipatprocess. The utility of the tuned CFD tool
will be further vindicated if it can satisfactorilgspond to the changes in the behavioural
pattern of the flame reactor with respect to theatian in the operating parameters. In line
with this, the experimental observations for a efgriof designed experiments and the

corresponding simulation results are discussedamext chapter.

| ———
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CHAPTER 6

EXPERIMENTAL OBSERVATIONS,

SIMULATIONSAND DISCUSSIONS

Several sets of planned experiments beginning with the preliminary studies on H,-F;
reaction, the effect of the flow ratio and the preheating on the temperature distribution
pattern inside the reactor and, the influence of the diluents on the behavioural change in the
H,-F, flame reactor have been carried out. The results are reported in different sections. The
main objective of this part of the thesis is to discuss the experimental observations with
regards to the scientific inter pretation, the simulation results and the mathematical modeling.
The simulation predictions are validated by a variety of experimental data to substantiate the
usefulness of the CFD tool for future work. Short conclusions are provided at the end of each

section.
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6.1 THE PRELIMINARY EXEPERIMENTSTO ESTABLISH THE FEASIBILITY

OF HANDLING H2-F, REACTION

6.1.1 Introduction

The reaction betweenHand F, has been carried out in a long tubular reactor
operating at sub-atmospheric pressure. The reabgtmeen H and k is diffusion/mixing
controlled. Low pressure operation is beneficiatshese the reaction zone expands and can
be probed more accurately. This also helps in lieduthe temperature in the reactor. The
design methodologies, the details of the experialesgt up, the thermocouple locations and
the operation sequence are discussed in the peedoapters (Chapter-3 and Chapter-4).
Since all proportions of thet&nd F, mixture are potentially explosive, it was necesdary
protect the reactor with a rugged instrumentatioth e@ontrol system. The experimental trials
involving hydrogen and fluorine started with higkcess of hydrogen over, Because lean
mixtures of ; do not have high flame temperatures. The quanfityydrogen was reduced
stepwise and slowly. The three experimental casesthe flow rates of fand B are listed
in Table 3.2 (Chapter-3). The fraction of nitrogerthe fluorine stream was the same in all of
them. The three cases were simulated using a corrahetomputational tool. The
experimental data is used to fine-tune and valitta@enumerical model. This study will be
also useful to design many industrially importandgesses needing high activation energy.

The observed experimental findings are as discusskeav.

6.1.2 Experimental observationsand discussions
The maximum temperature recorded by the thermoesumhcreased with the
increasing EFto H, ratio. The reactor temperatures responded tohlthege in the #H, ratio

within seconds. Thermocouple T1 recorded the higtegsperature in all the runs followed
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by the thermocouples T2, T3 and T4, respectivelye Temperatures as shown by these

thermocouples in Figure 6.1 are in the range of {68090 K. Thermocouple T3, which is

radially farther from the Fnozzle tip as compared to T4, always recordeddnitgmperature

than the latter. This indicates the expansion efftame. From the T3 readings, it appears

that the flame expands to a radius of ~16 mm anhgiludinal distance of 20 mm. T2 and T4

are at the same radial distance, but T2 is 19 mthdafrom T4 longitudinally. T2 always

measured higher temperature. Assuming symmetrafef about the fluorine flow axis, the
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temperature difference between the two suggestdéhrelopment of a thermal boundary
layer. From the high temperature values of T15 dbvious that the centre line temperature of
the flame is very much higher than 1800 K evendi mm distance from the nozzle. With
increasing K/H; ratio, the difference between T1 and T2 also imsed suggesting sharper
temperature gradients. Therefore, it is not adWesab operate the reactor at highefHy
ratios if uniform reactor temperature profile iseguirement. Thermocouples T5, T6 and T7
which are relatively closer to the reactor walbawled temperatures in the range of 490-570
K which are much higher than the wall temperaturel2z8 K. The temperature profile is
flattened down the length of the reactor as thiedihce between T6 and T7 was 60 — 70 K
as compared to 500-700 K, the difference betweemAd T2 placed at the top. Even at a
distance of ~450 mm from the nozzle tip, the therouple T8 showed temperature in the
range of ~430-480 K. However, in all the cases,wlfich is 624 mm away from the tip
showed a value close to the wall temperature. Haeereactor cooling dominates over the
reactor heating due to the chemical reaction. Ibhserved from the above, that the high
temperature zone created due to reaction, expapd® @ distance of ~450 mm. Quick
dissipation of the reaction heat due to high temfoee gradients ensures that there are no hot
spots.

The temperature values stabilized thirty to fortypumes after the reaction had started.
The fact that the preheater, which was used toeatethe reactor wall, remained in the
switched off mode almost all the time during theirse of the reaction, suggests that always
there exists a surplus heat, which needs to bentakey once the reactor wall has been
preheated to 423 K. During the experiments, no insthe reactor pressure was recorded
through the pressure transmitter or the pressuitelss. Pressure surges, if any, are quickly

dissipated into the comparatively larger reactdunce.
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6.1.3 Discussion of experimental and simulation results

The CFD model and the solver used for simulatioreizeen described in Chapter-5.
The temperature contours are presented in Fig@réo6the cases 1, 2 and 3. The theoretical
flame temperature as mentioned in Table 3.2 of @me® varies from ~2500 to 3550 K.
However, in the simulation, this varies from ~33003600 K. From the figures, it can be
seen that, the reaction flame does not touch thetoewall, and its length is around 120 mm
in all the cases. Experimentally also, high temipees were observed at the locations of T5,
T6 and T7 at ~120 mm from the nozzle, which furtbenfirms the hypothesis. Figures 6.3
() to (c) show the comparison of the simulated #mel experimental temperatures as
recorded at different locations of the reactor. réhis a good match in the temperature
readings between the experimental and the numlgripegdicted data. There is an error to

the extent of 18% between these readings. Thishadyecause of the assumptions made in
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the simulation with respect to the heat generasiource, the mode of heat transfer and the
wall temperature being fixed. During the experinsethe wall temperature oscillates about a
given set point, whereas in the simulation, it mptk constant. A change in the wall

temperature can affect the reactor temperaturel@rof
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The validated numerical model was used to studyéhecity and the concentration
profiles in the reactor. Figure 6.4 shows the Yoe#y (longitudinal) contours for different
cases. From this figure, it is seen that there diffarence in the tip velocities of the two
gases. Velocity with positive sign shows velocity the upward direction and that with
negative sign shows velocity in the downward digectVelocity in the downward direction
is predominant near the fluorine nozzle. A parttleé hydrogen flow has upward motion

suggesting some recirculation in the region neathtfdrogen feed nozzle. The nozzles were
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inspected after the reaction had been carriedBmih the nozzles were found to be intact and
clean as if they have been passivated with a fhating agent. One of the reasons attributed
for the clean nozzles could be the distance reddoethe hydrogen molecules to diffuse and

mix with the fluorine molecules and react, due tach the flame is formed away from the
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Figure 6.5: Vector plots of velocity for (a) cas@1-0.44, H-2 slpm), (b) case 2 £0.5, H-

2 slpm) and (c) case 3£6.48, B-1 slpm)
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fluorine nozzle tip. In other words, lesser numbérthe H molecules mix with the F
molecules near the nozzle tip. This observatidarther confirmed by the simulation results
shown in Figures 6.5 (a) to (c), which show theoe#l vectors near the nozzle outlet for the
three cases. Here, the hydrogen streamlines anebe®eling towards the fluorine streamlines

and intersecting them slightly away from the nozigdeSince the velocity of the hydrogen
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Figure 6.6: Contour plots of hydrogen mole fractiona) case 1 (F0.44, B-2 slpm), (b)

case 2 (0.5, H-2 slpm) and (c) case 3486.48, B-1 slpm)

stream is lower, it is dragged by the relativelgtielocity fluorine stream. Figures 6.6 to
6.9 show the contour plots for the mole fractionddferent species present in the reactor.
Figure 6.6 shows the contour plot for the unreattgttogen in the reactor. Hydrogen, being
the lighter gas, moves upward which can be seeingse figures. Figure 6.7 shows the
contour plot for the fluorine mole fraction, which almost zero everywhere except in the

small region near the,ozzle. This is the region which has insufficieptirogen for Eto
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case 2 (0.5, H-2 slpm) and (c) case 3£B.48, B-1 slpm)

react completely. Figure 6.8 shows the contour pfahe hydrogen fluoride mole fraction.
Hydrogen fluoride is formed according to the stmahetry of the reaction. The
concentration of HF is more near the fluorine nezzhere the reaction takes place. It gets
carried away by other gases like hydrogen and getmoto other parts of the reactor.
Similarly, Figure 6.9 shows the nitrogen concemtraprofile in the reactor. At the farther
end of the reactor (~300 mm away from the nozzlé®),mole fraction values of different
species match with the steady state compositiothe@fgaseous mixture obtained after the

reaction. This mixture contains excess HF and N.

6.1.4 Summary of theresults of the preliminary experimentsto establish the feasibility
of handling Ho-F2reaction
For highly exothermic reactions, turbulence inditke reactor is created due to in-situ

release of enormous heat of reaction and convediorents generated due to the wide
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difference in temperatures within the reactor. aksumption made for the simulation, that is,
the reaction between hydrogen and fluorine is mataeous and the flow field is turbulent
has produced results which match well with the expental observations. Further, as seen
through the experiments, a stable flame is obtaiinge flow rates of the reactants are steady
and the heat is also steadily removed. This is umxghe reactor temperatures closer to the
feed nozzles remained steady during the courdeecdxperimental trials. The presence of the
wall does not affect the flame, as the flame forngedery narrow. The reaction between
hydrogen and fluorine takes place along the axih@ffluorine flow jet because the gaseous
stream exiting from the fluorine nozzle carriesighbr momentum in comparison to the
hydrogen stream issuing from the other nozzle.h&sflame does not form right at the nozzle
tip because of insufficient fuel present locallye hozzle tip is protected from high reaction
temperatures. The present effort, which concemtrate safely carrying out the oHF,
reaction, has provided important data for processigth of a reactor. As the flame
temperature is affected by several parameters ssckhe reactor wall temperature, the
relative feed rates, excess of hydrogen and tratidraof nitrogen present in fluorine, it is
worthwhile to conduct a quantitative investigatiohthe effect of these parameters on the

temperature profile inside the reactor. The resflthese studies are discussed below.

6.2 INFLUENCE OF EXCESS HYDROGEN AND NITROGEN ON BEHAVIOUR

OF Ho-F2 FLAME REACTOR

6.2.1 Introduction
In the preliminary experiments described underigeds.1, it is mentioned that the
reaction between Hand F is almost instantaneous and is mixing controlladnost of the

applications requiring heating of the reactant ometusing the chemical energy, it is
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desirable to have a flat temperature profile in rib&ction zone to maximize the conversion
and the yield. The reactor temperatures are affebte several parameters such as the
reactant feed rates and the feed ratios. Nitrogetways present along with fluorine when it
is produced from the electrolysis of HF. Therefatas necessary to conduct experimental
studies on the effect of theoHo F, ratios and varying nitrogen flow rates on the teac
temperatures. In the set of experiments of intethste base flow rates of fluorine at which
the studies were performed were 0.2, 0.3 and P skspectively. For every base flow rate
of fluorine, the ratio of hydrogen to fluorine welsanged by varying the excess of hydrogen
from ~215% (v/v) to 535% (v/v). Similarly, nitrogen the range between 0.4 and 3.4 slpm
was premixed with the Fstream to observe its effect on the reactor teatpees. The flow
rate of nitrogen chosen was arbitrary only to obsehe change in the reactor behaviour.
While doing so (study in the presence of nitrog@&2p % excess of hydrogen was used for
each flow rate of fluorine mentioned above. Theatef the experimental set up used for
this study are provided in the Chapter-4. Due toe@ractical constraints, only two ‘B’ type
thermocouples, namely, T1 and T4 were functionar riee feed nozzles where the flame
formation took place. Positions of the other thezouples from T5 to T9 were not altered.
The reactor was operated at 1000 mbar (abs) pees@utotal of 27 cases, as detailed in
Table 3.3, were experimentally investigated outvbich 15 were computationally simulated.

The data from these trials were used to validaectmputational model.

6.2.2 Experimental observationsand discussions
The reactor temperatures responded to the changsarameter within seconds.
However, it took around forty minutes for the temgteres to stabilize after the reaction had

started. In these experiments too, the pressunsrtritgter and the pressure switches did not
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record any pressure surge. The thermocouple Tkdeddhe highest temperature in all the

runs. The behaviour of the other experimental patars are discussed below.

6.2.2.1 Effect of percentage excessof H,

H, plays a dual role of being a reactant as well hea carrier. As it was always in
surplus with respect to fluorine, the temperatunethe reaction zone were expected to drop
with increase in percentage excess of hydrogen.effieet of varying flow rates of hydrogen
on the reactor temperatures is shown through FsgbiEO (a) to (c). In all the cases, values of
T1 which is closer to fluorine flow axis, decreasd@th increase in the hydrogen flow rate.
The drop in T1 is in the range of 20-80 K. The dednge in T1 decreases at higher fluorine
flow rates, suggesting that the effect of excesdrdgen reduces when higher amount of
energy is liberated inside the reactor. Figure g&)0s for a fluorine flow rate of 0.2 slpm.
The T4 versus hydrogen flow rate curve here shawapparent maximum and a minimum.
As this behaviour is not noticed at other flow saté fluorine, the local maxima and minima
are considered to be experimental outliers. Thep&atures recorded by T8 are invariably
higher than T7 for all the flow rates of hydrogé.higher base flow rates of fluorine (at 0.3
and 0.4 slpm), the trends exhibited by T4, T7 aBdfie different. In the figures 6.10 (b) and
6.10 (c), T4 decreases with increase in the hyardigev rate while the values recorded by T7
are always higher than T8. This behaviour is exygldiin the following manner.

At low fluorine flow rate, the heat evolved is coanatively less and the high
temperature zone is confined to a small region.tes hydrogen flow increases, more
hydrogen molecules reach near the fluorine nozae Figure 6.15) where the reaction takes
place. Since hydrogen has higher thermal diffugivihe rate of lateral heat dissipation
increases, resulting in the increase in the tentyierdeing recorded by T4 which is situated

slightly away (radially) from the nozzle. As theidkine flow rate increases, more heat is
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liberated leading to higher temperatures near thezlas. The high temperature zone also
expands due to local turbulence. Therefore, wighéi H to F, flow ratio, both T1 and T4

values go down while T7 gains temperature. Thestifice between the values of T4 and T7
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Figure 6.10 (a): Effect of excess of hydrogen anrdactor temperatures for 0.2 slpm of fluorine.
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Figure 6.10 (b): Effect of excess of hydrogen anractor temperatures for 0.3 slpm of

fluorine.
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Figure 6.10 (c): Effect of excess of hydrogen amrémactor temperatures for 0.4 slpm of

fluorine.

goes on decreasing with increase in the hydrogew flate. There is a slight rise in T7
readings and almost no variation in the values ®f&$% the flow of hydrogen increases. This
suggests that the effect of excess hydrogen onetior temperature is limited to a distance
of ~120 mm from the fnozzle tip. Due to practical constraints, the terapure closer to the
reaction flame could not be measured but it is @vidthat the flame temperature would be

affected considerably with increase in the moléioraf hydrogen with respect to fluorine.

6.2.2.2 Effect of nitrogen flow
Though nitrogen is chemically inert in the reastid plays a significant role in the

mixing of species and also dissipating the reacheat. A small quantity of nitrogen is
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purged into the electrolytic cell to protect theoda where fis produced. Additional
nitrogen was added before thedtream enters the reactor. It is seen in FigwEs @&) to (c),
that for all the cases, increase in the flow ofagien has significant effect on both T1 and T4.
The drop in the temperatures as indicated by T1Tahis between 200 and 300 K, when the
nitrogen flow is increased from ~0.4 slpm to 3.pnsl The thermocouples T4 and T7 are
located almost at the same radial distance bus FA00 mm farther from T4. When the flow
of nitrogen is varied for 0.2 slpm of fluorine, tiaily, at lower nitrogen flow rate (0.4 slpm),
the value of T4 is more than T7 [Figure 6.11(a)t,Eas the flow of nitrogen is increased, T7
exceeds T4 by almost 100 K. When the flow rate iobbgen is increased to 3.4 slpm, the
drop in T4 is close to 180 K while the rise in Brniearly 100 K. The difference between T1
and T7 reduces with increasing flow of nitrogeneTiemperatures as indicated by other
thermocouples including T8 were almost unaffectidhilar effects of the nitrogen flow on
the reactor temperatures were observed for the btlweflow rates of E, that is, 0.3 and 0.4
slpm. The results above indicate the significardnge in the temperature profile near the
nozzle region. Dip in T1 and T4 values and simdtars rise in the value of T7 imply
expansion of the high temperature jet. The voluimé@e reaction zone, where comparatively
higher temperatures prevail, increases as the gihibeyated from the reaction is spread by
the expanding jet. More nitrogen flow adds momentanthe fluorine stream leading to
increase in the velocity of the latter. This delélys mixing process between ldnd F. It
also results in the spreading of the species amdligsipation of the reaction heat to a larger
volume away from the nozzles. However, as obsemdtie case of excess hydrogen, this
effect too appears to be limited to a length of G-b@m as the reactor temperatures beyond

this length did not record any notable change.

e —
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Figure 6.11 (a): Effect of nitrogen flow rate o tleactor temperatures for 0.2 slpm of
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Figure 6.11 (c): Effect of nitrogen flow rate oretreactor temperatures for 0.4 slpm of

fluorine with ~325% excess of hydrogen.

6.2.3 Discussion of experimental and simulation results

Out of the total 27 cases, fifteen cases (casechse 18) were simulated. The cases
were so chosen that they covered the effect of thatlparameters planned during this study.
Figure 6.12 shows the temperature contours fositinelated cases. Theoretical calculations
were carried out to predict the adiabatic flame perature for all the cases, which are
presented in Table 3.3. It varies from 1090 to 2B1The maximum temperature predicted
from the simulation for these cases is in the rapig@50-3050 K, and it drops immediately
with increase in the hydrogen or nitrogen flow saf€he change in the hydrogen or nitrogen
flow rate mainly affects the temperature at theaiil T4 positions. The flame does not touch

the reactor wall in any of the simulated casesdBimage was seen on the nozzles after the
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experimental trials. This re-confirms the earliezgction that the reaction takes place a little
away from the feed nozzles. Figure 6.13 (a) tosfmw the comparison of the simulated and
the experimental temperature readings recordedfatant locations of the reactor. There is
a good match between the experimentally observetl the computationally predicted
temperature values. The computed data follows tter@mental trend of increase and
decrease in the temperatures when a particulamedea is changed. In the cases 4 to 12, T1,
T4 reduce and T7 increases. The net change in teegeeratures varies from 20 to 50 K. In
the cases 13 to 18, the T1 and T4 values plungeetextent of ~160 K. For all the cases, the
average of the difference in the observed and tkdigted data varies from 0.002 to 0.1
times the experimental temperature; whereas thedatd deviation about the mean is
between 0.07 and 0.16.

The validated numerical model was used to studyébecity and the concentration
profiles in the reactor. Figure 6.14 shows the eg&ocontours for different cases. The
velocity of the +N; stream is more than that of the btream in all the cases. There is a
surge in the fluid velocity in the reaction zoneedo the rise in the temperature resulting
from the release of heat of reaction between hyetr@and fluorine. For the cases 4, 6, 10 and
12, this velocity decreases with the increase engércentage excess of hydrogen, perhaps
due to enhanced cross mixing at the higher hydrdigenrates. Figures 6.15 to 6.18 show
the contour plots for mole fraction of differentegpes present in the reactor. The mixture
inside the reactor contains excess th-reacted § product HF and inert NIn Figure 6.15,
for the cases 4 to 6, 7 to 9 and 10 to12, the lgghr@woncentration near the fluorine nozzle is
seen to be rising with increase in its flow ratbeThydrogen concentration increase in this
region helps in faster dissipation of reaction h@atseen in Figure 6.16 and also observed in
the Figure 6.7, the fluorine reaction does notrsetver a very short distance near the exit of

the fluorine nozzle where mixing is weaker. It gedspletely exhausted by reacting rapidly
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with the hydrogen in the reactor. Though the lergftthe un-reacted fluorine plume is a little
longer when there is increase in the fluorine flate, it is almost unchanged with rise in the
hydrogen excess. Figure 6.17 shows the contous fdotHF mole fraction in the reactor. The
HF concentration near the fluorine nozzle drops @dmately with increase in either hydrogen
or nitrogen. Figure 6.18 shows the nitrogen come#ion contours in the reactor. As
expected, for the cases 13, 14, 15, 16, 17 anth&8&,+N, stream exiting from the fluorine

nozzle travels longer with increasing nitrogen fticat This is because of the extra
momentum imparted to this stream due to the adddifonitrogen. Higher nitrogen flow rate

thus results in the dilution of the reactants dradrtmixing length.

6.24 Summary of the results of influence of excess H, and N, in the H,-F, flame
reactor

The effect of excess of hydrogen and nitrogen flate on the kiF, reactor
temperature has been studied experimentally. lalssbeen computationally simulated. The
guantity of hydrogen has direct and immediate éfbecthe reactor temperatures, particularly
nearer to the high temperature reaction zone. Withieasing flow of hydrogen, the
temperature near the nozzles drops while the redetoperature away from the nozzles
increases. The difference between them reducestgéal the uniformity of the temperature
distribution, which is a desirable factor in mamppkcations. The effect of excess hydrogen
is limited to ~120 mm length of the reactor.

The effect of the nitrogen flow rate on the reactemperatures has also been
investigated extensively. The increase in the gérocontent premixed with the fluorine
stream delays the reactant access and hence tii®mezone expands outwards. The drop in
the temperatures near the nozzle area is substantfaincreasing nitrogen flow rate. The

computational results also show similar behavidte good match between the experimental
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results and the numerical predictions validatectaputational model. This tool can be used
to assist in the design of a scaled upHzreactor. The simulations shall be carried out with
higher reactant flow rates to study the equipmeaftety aspects at higher reactor

temperatures.

6.3 EFFECT OF PREHEATING OF THE REACTANT GASES AND THE

REACTOR WALL ON THE REACTOR TEMPERATURE DISTRIBUTION

6.3.1 Introduction

The present investigation was planned to study loeshange in the temperature
boundary condition affects the flame reactor terapge profile. Many researchers have
demonstrated the importance of preheating on thi®mpeance of a variety of combustors.
Zhao et al. (2008) carried out investigations aneffect of air preheating on the combustion
characteristics of corn straw and found that theraye burning rate and the propagation
velocity of the ignition front increased with thecreasing preheating temperature of the air.
The effect of preheating on the combustion tempegatthe degree of conversion, and the
product composition of a self-propagating, high{penature synthesis (SHS) of tantalum
nitride (TaN) was studied by Yeh et al. (2004). ifhexperimental results showed that
preheating the sample prior to the ignition contiélal to higher combustion temperatures,
thus leading to an increase in the conversion pe&xge. With preheating temperatures
between 423 and 573 K, the conversion increasedbyt 15% when compared with that
without preheating. During experiments in a medioainerator, Jangsawang et al. (2005)
observed that the preheating of the primary charfribar 773 to 1073 K accelerated the rate
of the volatile gas release causing a negativecefd® the overall performance of the

combustor. Mishra and Kumar (2008) observed thatehgth of the LPG-Hdiffusion flame
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reduced due to the enhanced flame temperature ccénysan increase in the temperature of
the reactants. Stadler et al. (2009) carried odéva investigations by varying the wall
temperature and the burner excess air ratio andeaotheir appreciable impact on the char
gasification reactions. The performance of sevemhbustors were compared under the
conditions of different preheating temperature leé fuel gas by Zhou et al. (2010). They
suggest that proper preheating can increase tltaedemperatures inhibiting the thermal
extinction.

Three base flow rates of fluorine namely, 0.2, &8 0.4 slpm, which were selected
in the earlier study on influence of excess hydnogad additional nitrogen (section 6.2),
were chosen again to perform investigations orctiage in the reactor temperatures when,
(a) reactor wall temperature varies from ambientperature (298 K) to 423 K and, (b) the
feeding line temperature changes from ambient teatpee (298 K) to 423 K. The
experimental set up and the operation methodolaggze similar to the ones discussed in the
previous sections (sections 6.1 and 6.2). A fevesd&om the above set of trials were picked
up for computational simulation to check the rohass of fine-tuned CFD model and the
simulation tool. The experimental observations #re numerical simulations are discussed

below.

6.3.2 Experimental observations

The experimental trials for a total 9 cases (c84e® 39) were carried out as a part of
the study on the effect of preheating. The reattonperature profile when the reactor
preheater was switched off is shown in Figures §a)2o (c). It is also compared with the
data when the reactor wall was kept hot at 423 Kséen in these figures, there is little effect
of the wall temperature on the reactor temperatumeshe reaction zone (reflected by

temperature values of T1 and T4). However, the ntad@ of change in the values of the
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reactor temperatures in the downward directiongsificant. The adiabatic temperature of a
flame does not depend on the wall temperaturereéetor where it is produced. The increase
in the wall temperature causes a decrease in them@erature difference (the driving force
for heat transfer) between the flame and the wallf@ence a decrease in the quantum of heat
transfer in the radial direction. Therefore, moeathis carried forward by the bulk gas in the
direction of its motion and the thermocouples ihstafurther downstream register higher
temperatures. Figures 6.20 (a) to (c) show thetoeaemperature profile demonstrating the
influence of the preheating of the reactant gabksre is a marginal effect of the preheating
of the feed gases on the reactor temperaturesrédation between hydrogen and fluorine
being exothermic, an increase in the temperatuoalldhdrive the reaction in the backward
direction. But, the reaction equilibrium constaetry very high, there is almost no effect of
the temperature on the equilibrium conversion dénekefore, the amount of energy liberated
in the cases with and without preheating shoulédpgal. The sensible enthalpy added to the
system by preheating is merely 0.2% of the heatggnkberated from the reaction. The
guantity of heat energy given to the gases is spmfipared to the dissociation energy of
fluorine (158 kJ/gmol, http://www.transtutors.coamd hydrogen molecules, (436 kJ/gmal,
http://en.wikipedia.org/wiki/Bond-dissociation_egg)y and hence its effect on the reaction
thermodynamics is negligible. This effect neverisslmay be noticeable if gases are heated
to very high temperatures. The adiabatic tempesatfithe flame, however, will be higher
when the initial temperature of the gases is mAteéhigher temperature, there is an increase
in the volumetric flow rate of gases for the samassflow. Consequently, the feeding

velocities increase resulting in a longer flame.

| ———
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Figure 6.19: The reactor temperature profile forcgse 31 (0.2 slpmy); (b) case 32 (0.3
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The change in the reactor temperatures when beathrdglactor as well as the line
preheaters was not in use is shown in Figures @Ptb (c). The resultant temperature profile
is visibly a superposition of the two individualfefts. The variation in the temperatures
away from the flame forming region is much morentirathe ones which are located closer
to the feeding nozzle outlets. The maximum diffeeerin the values showed by K type
thermocouples (located at the axial distance muae 120 mm from the fluorine nozzle) is to
the extent of 200 K in comparison to ~60 K nearribezle. As a consequence of preheating,
there is a reduction in the temperature gradietihénaxial direction, which may be useful in

many applications.

6.3.3 Discussions of experimental and simulation results

Cases 31, 32 and 33, where the reactor preheasenotaperated, were simulated to
see whether it has any impact on the reactor teatyress. The temperature contours for these
cases are presented in Figure 6.22. While compavitigthe cases 5, 8 and 11 in Figure 6.12
(where the preheater was switched on), it is founad the flame temperature is more in the
cases 31, 32 ad 33, although the theoretical atiltafteame temperature is the same (because,
the gaseous flow rates and their temperaturesiamtag. The difference in the maximum
temperature inside the reactor is nearly 380 K. @hethe plausible reasons for the
occurrence of this phenomenon could be the podrtheasfer coefficient due to the reduced
intensity of the convection currents near the salal maintained at a lower temperature.
Relatively flatter temperature profile obtainedie case where the wall is preheated, further
confirms the assumption that, the heat transferadheristics are different in both the
situations. Comparing the two figures mentionedvabat is also observed that the flame
structure remains more or less the same. It impliasthere is no significant change in the

fluid dynamic behaviour with change in the wall bdary conditions. But, this can be
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important when the difference in the wall tempemdus huge; so much so that it affects the
velocity pattern inside the reactor. The comparibetween the predicted and the observed
temperatures is made and shown in Figure 6.23. ginthere is disparity in the temperature
values near the nozzle (T1), the trend of changeerthermal behaviour of the reactor as a

whole is correctly captured. When compared withtémeperature values in the cases 5 and 8
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Figure 6.22: Temperature contours when reactorgated is switched off for (a) case 31

(0.2 slpm §, (b) case 32 (0.3 slpm)-and (c) case 33 (0.4 slpm)F

in the figure 6.13 (a) and case 11 in the figukE8gb) (where the reactor preheater is kept
on), there is an increase in the temperature exgidtby T1 when the wall is not preheated.

Even the temperature gradients predicted in thegmtanvestigation are found to be much
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Figure 6.23: Comparison between the experimenthtlaa predicted temperature values
when the reactor preheater is switched off forcéee 31 (0.2 slpmyf; (b) case 32 (0.3 slpm

F,), and (c) case 33 (0.4 slpm)F
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Figure 6.24: Velocity contours when reactor prebemt switched off for (a) case 31

(0.2 slpm §, (b) case 32 (0.3 slpm)-and (c) case 33 (0.4 slpm)F

more than the cases which were studied with theréattor wall. The velocity and the

concentration contours were extracted from the kitimn results and are presented in
Figures 6.24 to 6.28. Since the difference in tladl temperature is only 125 K, there is no
significant change in the pattern of these contadren they are compared to the figures 6.14
to 6.18, wherein, similar results are displayed floose cases which have higher wall

temperature.
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6.3.4 Summary of theresults of the effect of preheating

Both the experimental and the computational studireshe behavioural change in a
flame reactor have been carried out by varyingahiemperatures of the feed gases and the
reactor wall. Raising the temperature of the regctases by 125 K has almost no influence
on the reactor temperatures as the heat giveretgabes is small as compared to the reaction
enthalpy. On the contrary, there is a noticeabfecefin the distribution of the reactor
temperatures when the wall temperature is variath ®Wrise in the wall temperature, there is
an appreciable change in the flame as well as #astor temperatures. Higher wall
temperature results in a relatively uniform reademperature profile. The change in the
thermal behaviour when both the line and the regateheaters are either switched on or
switched off is simply superposition of the twoiwidual effects. The numerical simulations
conducted for these studies predicted similar trand there was good match with the
experimental data. It would be meaningful to sineia few more cases to see the change in
the system behaviour when the wall and the feedsgase preheated to further higher
temperatures. Nonetheless, the present data bagkdyy the validated simulation tool is

helpful in optimizing the efficient utilization ahemical energy in a flame reactor.

6.4 BEHAVIOUR OF Hx-F2; FLAME REACTOR AT HIGHER FLUORINE FLOW

RATES

6.4.1 Introduction

Since a flame reactor is a cold wall type readtoe, only method by which the heat
input can be increased is through increasing thetaat flow rates. A change in the flow
rates will bring about a change in mutual mixingl dherefore a change in the distribution

pattern of the temperature, the velocity and thecigs distribution. Since the same nozzle
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configuration is retained (refer the VCR in Chaptgran increase in the individual gas flow
rate results in increase in the issuing velocity.léng as the flow ratio between the fuel and
the oxidizer streams is maintained, the adiabdimé temperature does not change because
it is a function of their equivalence ratio. Howevé&eng et al. (2010), through their
simulation results showed that the inlet velocias la significant influence on the reaction
zone. The reaction zone expands as the flame 8bifts downstream with increase in
velocity. In the present examination, the fluorftwav rate is increased from 0.4 to 0.8 slpm
while maintaining a fixed molar ratio between hygao and fluorine. Before conducting the
experiments, the computational simulations haven lpeformed with the envisaged higher
flow rates to ensure safety. The experimental petamprising of the VCR as described in
the Chapter-4 is used to conduct these experimemtsl Based on the experimental data,
energy balance has been carried out for each aasguantify the heat loss to the
surroundings. Reflection of increase in the amadimeéactants on the reactor temperature and

its distribution pattern has been evaluated, ptesesind discussed.

6.4.2 Discussion of simulation results

The cases 40, 41 and 42 dealing with the incredBiogne flow rates were simulated
basically to see the influence of higher flow ratesthe flame structure and to ensure the
equipment safety. The converged temperature contasirpredicted by the computational
simulations are presented in Figures 6.29 (a) Jo As seen in these figures, the flame
structure appears to be stable and the reactoretatupes adjoining the wall boundary are
also seemingly low (near ambient temperature). fldree gets longer with the increase in
the gas flow rate, albeit its diameter remains camaiple. Although the calculated adiabatic
flame temperature in all the three cases is idahtibere is an increase in the simulated flame

temperature as the fluorine flow rate is incread®Hile the flame temperature is affected by
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the fluid dynamic conditions prevailing in the reac the increase in the flame length in the
longitudinal direction is due to the momentum gdirtey the reacting fluids because of
increased volumetric flow rates. Having establisttexisafety through the CFD simulations,

the experiments were carried out to study othdonfa@s discussed below.

(@) (b) (c)

Figure 6.29: Contours of reactor temperature wiginér fluorine flow rates for (a) case 40

(0.4 slpm ), (b) case 41 (0.5 slpmyFand, (c) case 42 (0.8 slpm)F

6.4.3 Experimental observations

The effect of increasing fluorine flow rates reagtwith hydrogen in a fixed molar
ratio is displayed in Figure 6.30. During the exmpents, it was observed that, there is an
appreciable rise in the cooling fluid flow requiremts to maintain a constant wall

temperature, when the fluorine flow rate is incesaom 0.4 to 0.8 slpm. While the use of
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air as the cooling medium in all the three reactmmes (Reactor zones are discussed in the
Chapter-4, see Figure 4.1) was adequate up tooarfeuflow rate of 0.5 slpm, it had to be
replaced by water in the ‘Zone-1’ when fluorine wed @ 0.8 slpm into the reactor. In the
other two zones however, the air was used as tbkngofluid. With respect to Figure 6.30
(a), though there is a continuous rise in the Td @& (near nozzle thermocouples) values
with increase in the fluorine quantity or heat ihghe rate of the temperature increase with
respect to fluorine flow declines gradually. Thasen for occurrence of this phenomenon is
explained through figures provided in Table 6.1.tAs heat input to the reactor increases,
there is a non-linear rise in the portion of energyried away by the cooling fluid in order to
maintain the reactor wall at the prescribed tentpesa The higher flow rates cause
enhancement in the heat transfer and hence thédssatin other words, with increasing heat
content per unit of reactor volume, the energyiaatiion efficiency of reactor of this type
(cold wall reactor) decreases drastically. The aftef the fluorine flow rate on the radial
temperature profile at ~120 mm distance from therihe nozzle exit is shown in Figure

6.30 (b). It suggests that, while the bulk fluidnfgerature (T7) rises consistently, the
variation in the reactor temperature along theuadg), increases continuously with the

guantity of the reacting species. Further down rirector length, Figure 6.30 (c) shows a
monotonous rise in the recorded reactor tempema(tineugh low) as the quantity of fluorine

is increased. Since the radial and the angulatiposiof the thermocouples T8 and T9 are
the same in the cylindrical reactor (VCR), the widg gap between T8 and T9 in this figure
proposes that, it will take a longer distance taiata fully developed thermal boundary layer

when the content of heat introduced into the reastmcreased.

e —
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Table 6.1

Energy balance with increasing fluorine flow rate

Case no Fluorine flow rate  Energy utilization efficiency (fraction of heat
(slpm) absorbed by product gases as sensible heat), (%)
40 0.4 92.8
41 0.5 92.3
42 0.8 54

(Note: The uncertainty in the measurement of tbe flate is +-1% of the reading)
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900 B experimental data
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Figure 6.31 (a): Comparison between the recordddlasimulated reactor temperatures

with higher fluorine flow rates for case 40 (0.gralF)
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Figure 6.31 (b): Comparison between the recordédlam simulated reactor temperatures

with higher fluorine flow rates for case 41 (0.pralF)
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Figure 6.31 (c): Comparison between the recordedlam simulated reactor temperatures

with higher fluorine flow rates for case 42 (0.BralF)

6.4.4 Comparison between the ssmulation and the experimental results

The predicted temperatures at various locationkefeactor are again compared with
the recorded data and the results are plottedgarés 6.31 (a) to (c). Satisfactory match
between them reinforced the reliability of the CBDBnulation tool to be used in future

endeavours.

6.4.5 Summary of reactor behaviour at higher fluorineflow rates

Increase in the quantity of the reacting speciesultge in rise in the reactor
temperatures together with heat loss to the sudiogs due to enhanced heat transfer at
higher flow rates. The resultant flame is longee da added momentum. Also, it takes a
longer distance to achieve thermally uniform caoditbecause of higher average fluid
velocity. Proportional increase in the quantitytbé reactants should not be adopted for
acquiring higher reactor temperatures, as it letmlanore heat losses and a sharper
temperature gradient along the radius. Higher poslensity (reaction enthalpy per unit
reactor volume) in the reactor leads to a dropéndnergy utilization efficiency and may not

be desirable in those cases where a flatter tertyperprofile is the requirement. Further, as a
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consequence of higher velocity, the residence tinéghe fluids in the reactor decreases,
which may affect the product quality in those flaneactors where nucleation, growth and

agglomeration of a solid product take place.

6.5 STUDY OF EFFECTS OF TYPE AND QUANTITY OF DILUENTS ON Hj,-F;

REACTION IN A BATCH REACTOR

6.5.1 Introduction

This section addresses the change in theHlame reactor behaviour when different
types of diluents are premixed with hydrogen inyirag proportions. In every experiment,
the hydrogen used is nearly 100% above its stanckioc requirement for fluorine, thus
making the mixture rich in fuel. Further detailstbe type and the quantity of gases are given
in Table 3.6 and Table 3.7 of Chapter-3. In mangpliagtions (pertaining to the flame
reactors) dealing with the mixtures rich or leathwiuel, the reaction temperatures are not
very high and hence the chances of molecular destsogs are less. Under such conditions,
even though the ratio of the reactants may rentersame, the initial pressure prevailing in
the reactor can turn out to be a significant faclictating the reactor behaviour. Therefore,
besides the type of diluent, the effect of presssiralso studied at two levels, namely, 800
and 100 mbar. 800 and 100 denote the chamber peessataining pure hydrogen before a
diluent is added. Although the experiments werei@adrout at two pressure levels, the ratio
of hydrogen to fluorine was the same in all thedibons. The thermal response of the
reactor at the two pressure levels is found to iferdnt. They are further discussed in the

following sections.

6.5.2 Experimental observations and discussions
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The controlled reaction between fluorine and hydrogremixed with the diluents
was carried out in a batch mode. The HCR, whoseaildedre explained in Chapter 4, was
employed as the experimental system for this platthe investigations. The diluents chosen
for the study in increasing order of molecular virtigre helium, nitrogen and argon, which
are easily available commercially. The reactor beha in terms of the temperature and the
pressure change during the-F reaction is assessed in the presence of variques tgf
diluents. The thermal conductivity, the dynamicceisity, mass and thermal diffusivities of
the gases are calculated using Lennard-Jones parangéven in Table 6.2. The correlations
used to calculate these properties are adaptedRasner (1986). The specific heat of gases
is taken from Perry's {7 edition, 1999) hand book. The maximum temperaama pressure
recorded during the experiments were 1243 K andi 30bar respectively. Therefore, to
calculate the thermophysical properties, the teatpeg range chosen is from 301 to 1273 K,
and the pressure range between 100 and 3200 mbar. specific heat, the thermal
conductivity and the dynamic viscosity are assuneede function of the temperature only,

while the mass diffusivity changes both with theperature and the pressure. The properties

Table 6.2

Lennard-Jones (L-J) Potential parameters for gases

Gas L-J size parametes, ;in m L-J energy parameteg/Ky) .;in K
H, 2.827*10% 59.7

He 2.551*10" 10.22

N2 3.798*10" 71.4

Ar 3.54*10"° 93.3

= 3.357*10% 112.6

HF 3.148*10™ 330
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of the gases thus evaluated are tabulated in BaBltor reference.

Table 6.3

Thermal and transport properties of gases

Gas Thermal Dynamic | Specific Heat, €in | Mass diffusivity of the Thermal
conductivity, k | viscosity m |  J/kg-K, Tin K gas in hydrogen in ffs | diffusivity, m?/s
in w/m-K in 10°Pa-s (multiply the value by (multiply the
Temperature | Temperature 10%). Temperature value by 10)
range: 301- | range: 301- range: 301-1273 K Temperature
1273 K 1273 K 100 mbar| 3200 mbar range: 301-1273
K.
H, 0.17-0.48 8.7-22.5 13835.8+1.7*T 12.8-70.80.4-4.41 1.46-15.68
He | 0.157-0.406 20-51.9 5193.65 14.2-78  0.44-4{86 87-20.41
N2 | 0.0244-0.0698 17.5-45.4 970.36+0.15*T| 6.8-37.2 0.21-2.32 0.2142.2
Ar | 0.0181-0.0468 23.1-59.8 519.365 7-38.8 0.22-2.43 0.21-2.35
F, | 0.025-0.0713| 24.3-62.9 715+0.11*T 7.4-41.2 0.23B2 0.22-2.29
HF | 0.033-0.104 16.9-43.7/  1311.02+0.418*T 7.4-41.6 .242.6 0.28-2.95

Several sets of HF, reaction were carried out in the horizontal cytiodl reactor.

The thermocouples responded to rise in the temypesathe moment fluorine was admitted

into the batch reactor. The thermocouple T21 remtmaximum temperature in all the runs.

Therefore, the reactor temperature referred hereedftthe temperature as indicated by T21.

The various observations noticed during the expenishare as follows.

6.5.2.1 Reactor behaviour with diluentsat higher initial pressure (800 mbar)
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The ten cases, which were investigated for varammpositions of the diluent gases,
are given in Table 3.6 of Chapter-3. In all thalsj hydrogen was filled in the beginning up
to 800 mbar and then the diluent was added. Theosition of the diluents was varied with
a fixed quantity of fluorine and hydrogen, so astsure that the equal amount of heat is
released in every experiment. The base reactitimei®ne where no diluent was added. The
composition of the diluents varied from 0 to ~43%.each case, the pulsed jet of fluorine
was injected into the reactor at a steady ratalbmut 250 ms time. The temperature and the

pressure change observed during the experimentisamessed as below.

(@) Temperature change in the reactor with diluents

The temporal change in the reactor temperatured/s in Figures 6.32 (a) to (c). In
all the cases, the time lapsed to reach the peakaeture value is between 12 and 30
seconds. The rate of rise in the temperature epstethan its fall, which is also evident from
the fact that, even after 70 seconds, the temperatading is more than 430 K. The process
of fall in temperature after reaching the maximsnslow because, a) the reactor is thermally
insulated and b) the heat deposited on the therthesveissipated into an environment that
has already attained a relatively higher tempeeatiure to the energy release. Incidentally,
the time taken to reach the peak temperature ideths (even less than the base case) at
11.11% concentration for all the three diluentshi&gher concentrations, this time is slightly
more than the time taken by the base reactiormdfpeak temperature is directly related to
the extent of reaction and the speed of reachimgtieated as an indication of the reaction
rate then one can observe that the temperature vadly decrease or increase depending on
the nature of the inert, but the rate of reactisnaugmented at lower diluent fractions.
Enhanced collision in the presence of a third becaly be a reason for this. When the diluent

content is more, the mixture becomes lean withrihg the frequency of collision between
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Figure 6.32: Temporal changes in the reactor teatpey (T21)
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the hydrogen and the fluorine molecules is redwetihence the reaction rate is lower. But,
the fact that the ultimate reactor temperature fava cases is more than the base reaction,
hints at possible participation of the diluent nooles in the chemical kinetics besides heat
and momentum transfer. The recorded peak reactopdamature with diluent addition is

shown in Figure 6.33.

1300

—&— He as diluent

1200 1 —e— N2 as diluent

—_— i
1100 | Ar as diluent

1000 A

900

800 A

700

Maximum Reactor Temperature (K)
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500 T T T
0 11 22 33 44
Diluent % mixed with Hydrogen

Figure 6.33: Maximum temperature recorded durigd-Freaction experiment in the HCR at

higher pressure (Note: The uncertainty in the meastemperature is +- 2.2 K)

The experimental results obtained for the cased@and 51 were selected for further
investigations to see the effect of the type ofi@ht on mixing in the reactor. The dilution
level in these cases was 33.33%. The behaviour rstigwthe three thermocouples, namely,
T17, T20 and T21 are presented in Figures 6.340(4Y). The pattern of variation in the
temperature with time as recorded by the threartbeouples, did not alter with the type of
diluent albeit, the values did change. The tempegateadings of T17 and T20 are lower than

that of T21 because of their distant location fritv& nozzle tip. The peak temperature of T20
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(Note: The uncertainty in the measured temperasure 2.2 K)
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and T21, which are located in the upstream diracticere recorded after ~29 seconds while
T17, which is behind the fluorine nozzle reachadniiaximum at ~36 seconds. It is thermal
diffusion from the hot zone formed in front of thezzle to the back side of the nozzle, which
causes the delay. Since the time at which the paagerature occurs does not differ with the
type of diluent, one can conclude that the mixiagndependent of the diluent. However,
change in the species concentration, rate of ctméaction and eventually temperature

distribution in the region where flame is suppogddtmed is strongly affected by them.

(b) Pressure change with diluents

There was a monotonous increase in the reactosymesvith inert composition. As
seen in Figure 6.35, for a typical case involvirgum, the pressure rise is recorded earlier
than the corresponding temperature rise (Figur@ €a3), because the response time of a
pressure transmitter is faster than that of a tbeouple. For various concentration levels of
helium, the time consumed to reach the maximumspresis between 10 and 14 seconds
against 12 to 30 seconds taken to register the peadperature. The pressure starts
decreasing slowly after reaching the ultimate val8emilar behaviour was noted with
nitrogen and argon. The trend of the steeper mak dower fall in the reactor pressure
matches with the change in the reactor temperatitie time. Though the stable pressure
readings were comparable with the final reactosfuee calculated assuming an isothermal,
non-reactive system; anomalous behaviour was obdenv the recorded peak pressures
which are shown in Figure 6.36. There is variatiorthe quantum of the pressure rise with
respect to the type of diluent. It is the highestdrgon followed by nitrogen and helium. The
effects observed through pressure surge in thetare@o not exactly corroborate to the
thermal behaviour. For example, at 11.11% dilutitheg maximum temperatures recorded

with helium, nitrogen and argon are 589.4, 553.81 &8 K respectively, while the
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corresponding peak pressures for them are 2508) 26@ 2611 mbar. The rise in the

pressure can take place not only because of egolofiheat in the given volume, but also by
the extra species generated from collision betweert molecules and the reactants. Since
there is no direct relation between the thermalngkaand the pressure escalation, the

possibility of the chain avalanche is reinforced.
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Figure 6.35: Temporal change in the reactor pressith change in helium concentration
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Figure 6.36: Maximum pressure recorded during-reaction

(Note: The uncertainty in the measurement of presisuwithin +-0.1% of the value)
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(©) Thermal analysis of the reactor system

The reaction between hydrogen and fluorine beinyg fest, the longer time taken to
register the peak temperature suggests the pracéssgoverned by heat transfer through the
barriers right from the flame surface to the terapee sensor. The following analytical cum
empirical approach has been adopted to explaimliservations in the selected cases 45, 48
and 51. In all the three cases, initially, the gassde the chamber was in thermal equilibrium
with the wall. Three hundred seconds after theti@adad started, all the thermocouples
showed almost the same reading attaining equihbrith the wall again. The net difference
in the gas temperature was ~10 K in each casee $ecreaction time between hydrogen and
fluorine is almost negligible and, fluorine intraxion to the reactor is for a very small period
(~250 ms), initially, the entire heat released frdm chemical reaction is assumed to be
deposited in the gases inside the reactor. Substguéhe reactor temperature reduces
continuously due to transfer of heat to the surdm through radiation and convection.
When energy balance was carried out, it was founad hearly 92% of the total energy
liberated as heat of reaction was deposited orwtde while the rise in enthalpy of gases
accounted for ~0.2%. This indicates that the hetepl by the gases is quickly dissipated to
the wall. Since the reactor wall was insulated,rlye@% energy loss to the atmosphere
appears to be on the higher side. The error irtigegy balance may be due to the estimation
of the thermal capacity of the reactor wall. Durthg course of heat transfer, the variation in
the wall temperature was very small as compardtem@as temperature because of the large
difference in their heat capacity values. The ddtkeat transfer is rapid in the beginning due
to large thermal gradient between the source @ettion plume) and the sink (wall and the
bulk gas). The thermowells did not receive sigaificradiated energy because of very low
view factor (~0.02) and got heated by convectiomenis only. Hablani and Simmons (1967)

reported the adiabatic flame temperature for tbeclsiometric H-F, flame to be ~ 4220 K
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through infrared spectroscopic study. At this terapge, the hot gaseous molecules emit
thermal radiation in the far infra red region. Basm the information from Vinti (1932),
Safary (1951) and Yoshino (1970), none of the gdsm® HF, He, N and Ar absorb
radiation in this region. Hydrogen too does not ehany absorption spectrum in this
wavelength (http://csep10.phys.utk.edu/astr162ligt/absorption.html). Therefore, the
gaseous mixture does not gain energy from the tradieat transfer and gets heated up by
convection alone. Subsequently, the hot gasesfératise excess heat to comparatively
cooler thermowell and the reactor wall. Since thsra finite heat source for a short time, a
peak in the gas temperature is observed. Aftehieg@ maximum, the hot gas starts cooling
by losing its heat to the wall. Using simple eqoiasi and empirical correlations, the
following steps are adopted to predict the wall #mal gas temperature. Initially, the heat of
reaction available to be dissipated,@ the reactor is given by

Q=& (6.1)
The flame temperature {Tis calculated through iterations on energy batamssuming
adiabatic conditions. Agueda et al. (2010) sugtjfestdependence of the emissivity of the
flame, & on the flame diameter; ds,

g=1—e 072 df

The radiative heat transfer from the flame surtacthe chamber wall is obtained by

Qr = 08fAf(Tf4 - Tw4) - mmmmmmmmmmmes (63)
To start with, initial values of;cand } which are required to calculatg are taken from the
simulation results obtained in the previous sectioh. Having obtained (Qthe radiative heat

transfer coefficient his calculated as

- X
by = Aw(Tf=Tw) (6.4

Due to the large temperature gradients existiniglenghe reactor, the heat transfer in the bulk

fluid occurs by virtue of free convection. The remgressure comes down because of the
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thermal change in the batch reactor. It can benasduthat the initially set up velocity
circulations persist longer than required for giation of heat in the bulk. Under such
condition, the heat transfer film coefficients aratained with respect to the reactor wall.
However, the relative order of change in this dogfht with type of diluent is maintained so
that, the nature of the experimental trends carexygained. For Rayleigh no. (based on
spacing between the two parallel surfaces) mae 000, the correlation for the coefficient
of heat transfer by free convection in a limitedwwoe, as mentioned in the book by

Isachenko (1977) is given by,

}:—8 = 0.18 (Gr Pr)%25 | (ILLS = Nusselt No.). - -- (6.5)
g g

'h 86’ is also called the effective thermal conductivit\sing properties of the gases as given
in Table 6.3 and applying the mixture rule for idgases, the range of Rayleigh no calculated
for the given geometry and fluid conditions is beg¢w 2400 (considering the bottom reactor
wall) and 1878000 (considering the top reactor )wallherefore, the above correlation
(equation 6.5) is used to calculate the heat teansbefficient. Since the convective heat
transfer coefficient ‘i changes with the physical and the thermal progemf the mixture,
during modeling, the following ratio of heat tramsfcoefficients has been considered to
account for the change in the diluent; he/té) = 0.8175 and hc (Ar/He) = 0.7769. Having
obtained h and h from the above equations, for a time step, thastemt change in the

reactor wall temperature is modeled by the follayvaguation

dTw
Inwcpw % = (hr + hc )Aw(Tf - Tw)- """"""""""""" (66)

Similarly, variation in the chamber gas temperatarebtained by

dTg
Pg 40

m,C = h Ay (T;— Ty) . - (6.7)

During the experiments, the perfect contact betwienmocouple’s hot junction and the

thermowell wall was ensured. Therefore, it would be erroneous if the temperature at the
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tip of the thermowell, {, is assumed to represent the recorded gas temperataving
obtained T, and Tyby equations 6.6 and 6.7, and, the radiative compionot being a part of
the heat transfer,J is calculated using the extended heat surface hagleation [Bird,

Stewart & Lightfoot (1994)] as,

Ttw_Tg _ 1
Tw—Tg

------ (6.8)

The appropriate changes are made in the lumpednpseee;A¢ (as used in the equation 6.3)
and the steps 6.3 to 6.8 are repeated till comgigtbetween the calculated and the observed
temperatures of the gas and the wall is achieved.vRlue of the lumped parameter is found
to be different for different diluents. After itéi@an, the remaining energy available for
further dissipation is

Q'a= Q- MyCpgATg- My Cow ATy = (6.9)
Qq in equation 6.1 is replaced by {@nd equations 6.1 to 6.9 are solved again to gewa
values of T, Ty, Tq and Tw. These calculations continue till the remainingrely Quis close
to zero orsteady state (no apparent change dJraffd T, with time) is achieved. The results
obtained by solving equations 6.6, 6.7 and 6.8vastous diluents are presented in Figures
6.37 (a) to (c). There is a fall in the flame temspere with time, while the wall gains
temperature. The trend of first increase, reachiregpeak value and then decrease {ni§

well captured and compares well with the experiraletdta.

(d) Discussion of the experimental and modeling results

The gases being transparent to the thermal radiationoderate temperatures (<5000
K), the heat energy picked up by the gases inmadleeactor is less if the mixture of the fuel
and the oxidizer is close to their stoichiometratio (the calculated adiabatic flame

temperature is maximum at the stoichiometric contipog. Therefore, it is recommended to
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Figure 6.37: Comparison between modeling and exygeial reactor temperature for (a)

helium (b) nitrogen and (c) argon as diluent
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operate such reactors at higher/lower equivaleatesrwhere the flame temperatures would
be lesser. Although lower flame temperatures caadieeved with mixtures either lean or

rich with fuel, particularly for BF, system, it is safer to have more hydrogen thaorithe

for the reason that the latter gas is more toxit difficult to handle. From Table 6.4, the

peak reactor temperature increased with the coratemt of argon whereas, it showed a

decreasing and increasing trend with helium anogén. The effectiveness of the diluents in

Table 6.4

Maximum temperature and pressure during reactidmgaer pressure (800 mbar)

Case no Maximum | Maximum chamber pressure Calculated final pressure of the
chamber recorded during HF; chamber due to addition of gases,

temperature reaction without considering reaction.
recorded in K mbar(abs) mbar (abs)

43 827.7 2347 1440

44 589.4 2508 1540

45 1014.9 2591 1840

46 1083 2937 2040

47 553.3 2600 1540

48 741.6 2680 1840

49 1028.7 3006 2040

50 988 2611 1540

51 1192.6 2867 1840

52 1243.1 3054 2040

(The uncertainty in the measurement of temperasure2.2 K while the uncertainty in the

measurement of pressure is within +-0.1% of theejal
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reducing the reactor temperature is found to béhé order of N>He>Ar. The adiabatic
flame temperature with nitrogen is lower than argad helium in the mixture. Therefore it is
found to be most effective among all. The obseryasl temperature is more when helium is
present in the mixture in place of nitrogen becaapart from having a lower specific heat,
the former gas is also a better heat carrier tlinenlatter. It was interesting to see the
contrasting behaviour shown by helium and argoough both of them belong to the family
of the noble gases and the mixtures have idenaci#hbatic flame temperatures. The
observed temperatures with helium are lower thgorafn the mixture. The density of the
gaseous mixture containing argon is more thandhabntaining helium. Consequently, the
jet spread is more in the presence of argon imthure, which leads to an increase in the
heat transfer. Furthermore, from reaction HF-PMHF+M and H*+M - H,+M, helium is
relatively more effective in de-energizing the éedi HF and H molecules, preventing

further generation of the active species partianggin the chemical reaction.

6.5.2.2 Reactor behaviour with diluents at lower initial pressure (100 mbar)

Having investigated the role of the diluents onFd reaction in a flame at a relatively
higher operating pressure, a few more studies weamed out to see the effect of the initial
pressure on the reactor behaviour. A total of sixteases including the base case (diluent
fraction is zero) were examined with an initial otzer pressure of 100 mbar instead of 800
mbar maintained earlier. The details of the ruesprovided in Table 3.7 of Chapter-3. Since
the operating pressure regime was on the lower giderange of composition of the diluents
admixture with the hydrogen was widened and it acarfrom O to ~ 83%. The peak
temperature and pressure observed during theseimgmes are given in Table 6.5. They are
also graphically presented in Figures 6.38 (a) (@hdFrom Figure 6.38 (a), it is seen that the

response of the reactor temperature with diffelerdls of dilution is different from the one
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Table 6.5

Maximum temperature and pressure during reactidowadr pressure (100 mbar)

Case Maximum Maximum chamber pressuré Calculated final pressure of the

no chamber recorded during HF; chamber due to addition of gase
temperature reaction without considering reaction.
recorded in K mbar(abs) mbar (abs)

53 923 275 196

54 675 307 208.5

55 643 426 246

56 533 508 296

57 478 587 396

58 473 891 696

59 557 268 208.5

60 630 380 246

61 410 431 296

62 338 536 396

63 327 1066 696

64 556 257 208.5

65 406 323 246

66 340 380 296

67 324 529 396

68 323 1005 696

(The uncertainty in the measurement of temperasure2.2 K while the uncertainty in the

measurement of pressure is within +-0.1% of theejal
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Figure 6.38: (a) Maximum temperature and (b) paaksure recorded during4H, reaction

experiment at initial pressure of 100 mbar

observed at higher pressure (800 mbar). Irrespediithe type of the inert, the temperature

continuously decreases with increase in the quanfitthe inerts. The temperature, when

33.33% nitrogen is added into the system, can é&ted as an experimental outlier. The
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effectiveness of the diluents in reducing the @atgmperature is found to be in the order of
Ar>Ny>He. Argon and nitrogen have comparable therm&lsiifities which is less than that

of helium. The reactant gas molecules are lessumber when the pressure is low and the
heat released per unit volume is low. The expertaleeadings in this case suggest that the
process is dominated by the heat transport chaistate of the gases rather than their
possible role in the reaction kinetics. Figure @a38shows the peak pressures recorded
during the experiments. The peak pressure valueslarays higher than what is expected
from the change in the reactor temperature. Thesrspetition of what was observed earlier

at 800 mbar pressure.

6.5.3 Summary of the effects of type and quantity of diluents on Hx-F; reaction in a

flame

The transient behaviour of a batch typgHd flame reactor under various conditions
has been experimentally investigated. The influesfciie diluents such as helium, nitrogen
and argon on the temperature and the pressurerpaftthe H-F, flame reactor is studied at
higher and lower initial pressure. Since gases HkeHe, HF, N and Ar are transparent to
thermal radiation at the reported-H, flame temperatures, substantial part of the reacti
heat is deposited on the reactor wall. At higheerapng pressure, while the reactor
temperature first decreased and then increasedingtbasing nitrogen and helium fractions,
the addition of argon led to rise in the reactamperatures at all compositions. This
observation is different from the reported influenof diluents on HF chemical laser
performance, KBr, and H-O, reactions. The order of effectiveness of theseemudés on
the reactor temperature is found to bg>lNe>Ar instead of h>Ar>He for other systems.
The reason for the higher reactor temperature arigion than helium is attributed to its effect

on the flame geometry and the reaction kinetics.loMter operating pressure, there was
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monotonous decrease in the reactor temperaturerigitig levels of diluent concentration.
The order of effectiveness in causing the decreasiee reactor temperatures as Ag>Ne,
suggests that the thermophysical properties oflthuents dominate over their possible role
in the kinetics at lower pressures. In either cadlse,pressure surges observed during the
reaction does not follow the pattern expected erbidsis of thermal or diffusion effect alone.
This behaviour can be ascribed to the kinetic &feaused by the diluents leading to the
phenomenon of the chain avalanche. Sophisticatatyss of the product gases such as by
spectroscopy, may give more clues to the reactioetiks. Suitable modeling incorporating
the appropriate molecular theories can contribatedmprehensive understanding of such
complex systems. Nonetheless, the results andcteetsic data extracted from these studies
will be useful in enhancing the scope of invesimat in the field of combustion science and

technology.

6.6 STUDY OF THE TEMPERATURE RESPONSE WITH VARIATION IN

THE FLUORINE COMPOSITION FROM LEAN TO RICH

6.6.1 Introduction

The nature of the composition versus flame tempegaturve of a fuel-oxidizer
system depends upon the reaction equilibrium rate the specific heat of the individual
gases present in the product mixture. Though thecepgage of hydrogen in the
stoichiometric mixture with air is 29.6, Jones le{(#931) found that the flame temperature is
maximum in the region slightly rich with hydroge®1(6% of H fraction). The maximum
flame temperature of #0, mixture (~3080 K) was recorded to be more tharAl mixture
(~2400 K) for obvious reason that, air also corgtaither gases such as nitrogen, which act as

an inert. In order to produce the similar inforroation the HF, system, several sets of
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designed, unsteady state experiments as listecheT3.8 of Chapter-3 were conducted in
the same reactor used for the dilution study dsedisn the previous section, 6.5. The main
objectives of these experiments were to study #teawiour of the hydrogen-fluorine flame
reactor with respect to the change in temperatudepaessure, when the fluorine composition
in the mixture varies from lean (16%) to rich (90%he preliminary calculations and

discussions on the experimental results are aswell

6.6.2 Preiminary calculations, experimental observations and discussions

The equilibrium conversions at temperatures randgimg 298 K to 5000 K were
obtained using the thermochemical data ef H and HF and are presented in the Figure
6.39. There is negligible dissociation of HF evemew the temperature is as high as 5000 K.

Therefore, the adiabatic flame temperatures showhable 6.6 were calculated assuming a

0.9999995 -

0.999999

0.9999985 H

0.999998

Equilibrium conversion

0.9999975 A

0.999997 A

0.9999965

298 798 1298 1798 2298 2798 3298 3798 4298 4798 5298

Temperature (K)

Figure 6.39: Equilibrium conversion obH-< 2HF reaction with temperature
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complete conversion of the limiting reagent. Durthg experiments, thermocouples reflected
rise in the temperatures almost immediately whewrihe was introduced into the batch
reactor. Once again, the thermocouple T21 recotbdedmaximum temperature in all the
trials and thereby, its values were considere@poesent the reactor temperature. As soon as
a short pulse of fluorine was fed into the chambentaining hydrogen, the reactor
temperature started increasing, passed throughxanua at ~47 % f and then began to
decline. For further understanding, the resultiatadn terms of the peak temperature and the
pressure is tabulated in Table 6.6. It is graphigalesented in Figure 6.40. As seen in this
figure, the peak temperature is observed in thdomegich with hydrogen, though
theoretically, it should appear at 50% compositibime possible reason for the occurrence of
this phenomenon could be as follows. The hydrogelecules have got better mobility and
hence increased probability of collision, whicmw the case with fluorine. Moreover, since
the rate of reaction is proportional to the reatctabmcentration near the stoichiometric ratio,
a further increase in the hydrogen quantity enhsutice rate of reaction before it reaches a
limit when, the excess hydrogen starts acting lasat sink. A polynomial equation as given
below is obtained with an’Ralue of 0.9725 when the above data was regressed,

Tr= 4216.4 R — 8924 ¥ + 5492.3 x— 96.307 (6.10)
Here, Tk is the reactor temperature in Kelvin andsxthe fluorine mole fraction. The value of
Tr as calculated from this correlation atequal to 0.5 is 945.88 K, which is less than the
peak temperature of 953 K. There was pressure surgihe reactor as the reaction
progressed. As seen from Figure 6.41, the highestspre surge ratio (the ratio of the peak
pressure to the stabilized pressure observed darsiggle experiment) of 1.57 occurs when
the fluorine mole fraction is 0.375. This ratio tite fluorine fraction where reactor
temperature is the highest is 1.5. There is nothmafca difference in the peak temperature

values at these two compositions (the values atea®8 953 K respectively). Therefore, it
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would not be erroneous to assume that the rideeiteimperature of gases causes the pressure

rise.

Table 6.6

Mole fractions of i and corresponding peak temperature in th€tbatch reactor (HCR)

Case no Mole fraction of | Recorded peak reactor Adiabatic flame

fluorine temperature in K temperature in K
69 0.166667 585 2489
70 0.333333 914 3820
71 0.375 931 4083
72 0.473684 953 4626
73 0.545455 946 4548
74 0.565217 923 4476
75 0.583333 885 4415
76 0.6 869 4365
77 0.62963 863 4284
78 0.6875 843 4155
79 0.791667 794 3986
80 0.846154 707 3917
81 0.891304 681 3868

(The uncertainty in the measurement of temperasure2.2 K)
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6.6.3 Summary of the temperatureresponse with variation in the fluorine composition

from lean torich

The equilibrium conversion of exothermic-H, reaction is close to one even when
the temperature is as high as 5000 K. Thereforeant be safely assumed that the entire
qguantity of the limiting reagent is fully exhaustddring the course of the reaction and the
reaction mixture, at any point of time, containgydiF, the excess reactant and the inert. The
composition-temperature curve for hydrogen-fluorireaction has been experimentally
generated which by and large emulates the pattérmanation in the adiabatic flame
temperature. Similar behaviour has also been regdir other systems such as-Adr.
Incidentally, the oxidizer in both the,HF, and the H-Air systems contains nitrogen as the
only impurity. As expected, the observed reactongerature is found to be lower in the
regions lean and rich with fluorine. But, countiour intuition, the maximum temperature is
not seen at the stoichiometric ratio. Similar te Hp-Air system, the maximum temperature
in Hx-F, reaction is also recorded in the region slighilshrwith hydrogen. While the
reported value of the hydrogen concentration inadimvhich the reaction temperature is
maximum is 31.6%, the corresponding value in thd-Hsystem, as found experimentally is
close to 53%. It is a matter of coincidence tha feak temperature is registered when
hydrogen in the mixture is ~6% above the respeciteéchiometric composition, namely
29.6% for H-Air and 50% H-F, system. Thus, the hydrogen concentration at thamusn
temperature for HAIir system is 29.6*1.06=31.6%, whereas, it is 506E53% for H-F;

system.

6.7 DILUTION EFFECT IN A FLOWING TYPE H>-F; FLAME REACTOR

6.7.1 Introduction
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The present part of the report focuses upon thawelr of the H-F, flame reactor in

the presence of the intended quantities of inegegasuch as, helium, nitrogen and argon in a
continuous mode of operation. Fluorine and hydragehe ratio of 1:4 () 0.5 slpm and H

2 slpm) are fed from separate nozzles into the V& Rumber of experiments, whose details
are provided in Table 3.9 of Chapter-3, were cdrroait and the observations and the
interpretations are discussed in the following isest Selective cases are simulated and the
predictions are compared with the experimental .date velocity and the concentration
profiles obtained from the validated simulationdph& understanding the physics more
comprehensively. A good match between the prediateti the observed data supports the
diverse applicability of the simulation tool andeewally provides a handy method to
optimize the temperature distribution pattern iasadflame reactor, by premixing the diluents

with one of the reactants.

6.7.2 Experimental observations and discussions

In the present arrangement, since the feed noartesriented almost parallel to each
other, the mixing is relatively poor as comparedhe batch reactor (HCR) studied earlier
(section 6.5). The thermocouple, T1, located clésdhe region where the reaction flame is
supposedly formed, responded quickly to the onktteoreaction. Once the steady state was
achieved with a given set of parameters, subsedinamge in the reactor temperatures with
change in the diluent flow rate was observed withiiew seconds. From the energy balance
based on the observed gas temperatures, the fr@guérswitching on/off of the reactor
preheater and the cooling fluid flow rates, itosifid that most of the heat is absorbed by the
flowing gases in the form of sensible heat. Ongnall fraction of heat is transferred to the
reactor wall. This analysis is different from theyous study where the major portion of the

heat energy was transferred to the reactor walk &ffect of the inerts on the reactor
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temperatures is shown in Figures 6.42 (a) to (dhynRhese figures, it is observed that, all the
diluents cause decline in the near nozzle tempexraild (Figure 6.42 (a)) and increase in the
temperature recorded by T7 (Figure 6.42(b)). Thiereno significant change in the
temperatures recorded by the thermocouples lodatdter, namely, T8 (Figure 6.42 (c)) and
T9 (Figure 6.42(d)). The diluents not only act dseat sink but also delay the mutual access
of the reacting species, namely, hydrogen and iffteor-urthermore, since the quantity of
fluorine is fixed in every experiment, addition afdiluent leads to an increase in the jet
momentum and hence the convective heat transfer.ifdrt species pick up heat near the
feed nozzles and transport it a little away froranth resulting in a drop in T1 temperature
and gain in T7 temperature. The effect of the ditseon the reactor temperatures further
downstream is not appreciable because of the bal&etween the heat absorbed and
transferred by the diluents. As is seen in Figu&2@), the observed reactor behavioural
pattern at diluent fraction below ~54% is differém@m when it is more than 54%. At lower
concentrations, the dilution effect of bringing dothe temperature (T1) is the maximum for
helium, followed by argon and nitrogen. Thus thaeorof effectiveness in bringing down the
reactor temperature is He>ArzNThis observation is different from the ones notedhe
batch reactor, which may be attributed to the diéffiee in the mixing effects. Helium, with
excellent thermophysical properties rapidly redubesreactor temperatures by diffusive heat
transfer. In case of argon and nitrogen, lessauatemh in the reactor temperature, perhaps,
owes to their poor mixing and relatively poor higahsfer properties. At higher concentration
levels however, mixing is comparatively aggresgbhecause of higher velocity ratios as seen
in Table 3.9) and, the order of effectiveness ckangp N>Ar>He. Nitrogen and argon
present in sizeable amount have greater impadte@neactor temperatures. Between nitrogen
and argon, the effect is slightly more in the ca$enitrogen because of its higher heat

capacity value. The temperatures recorded withhidjeer concentrations of helium however
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Figure 6.42: Effect of diluent content in fluorine reactor temperatures in flowing
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are asymptotically constant, because of its highemal diffusivity. The pattern of change
in the reactor temperature as shown by T7 in Figu4@ (b) correlates well with the change
in T1. The trends observed in the figures 6.42af@ (b) suggest that there will be much
more effect on the reactor temperatures, when e¢haetion mixtures have higher levels of
diluents. The nominal change in the values recolye@8 and T9 in the figures 6.42 (c) and
6.42 (d), indicates that the dilution effect ire hresent system is limited to nearly 450 mm
from the fluorine nozzle. This length is more ththe reported length of 120 mm in the
earlier studies with the excess of hydrogen andgen (section 6.2 ), where, the flow rate of
fluorine to the reactor was limited to 0.4 slpm.isTlis probably due to the higher jet

momentum resulting from the increased gas flowsrate

6.7.3 Resultsfrom simulations, comparison with experiments and discussions

The same models and the software package as dabanibhe Chapter-5 and used in
the previous studies with the VCR, were used taukate the four cases (case numbers 82,
85, 90 and 95). The diluent concentration in eaadeaexcept the case 82 was 66.66% with
respect to its mixture with fluorine.

The temperature contours obtained from the simdileéses are shown in Figure 6.43
where slight increase in the jet length with additof diluent is apparent. The reduction in
the central core temperature of the flame, as set#nis figure is in accordance to the specific
heat value of the diluent. The predicted tempeestware compared with the experimental
data in Figure 6.44. The T2, T3 and T4 temperataoesd not be recorded as they became
dysfunctional during the experiments. Except for, THere is a good match between the
predicted and the observed reactor temperatureg [alhge difference between the
experimental and the simulated value of T1 is owwnthe error involved in the experimental

measurement, where high temperature gradient efastexample, near the feed nozzles.
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Figure 6.44: Comparison between the experimentaltiag simulated data

The simulations not only capture the trend of daseen T1 and increase in T7 with dilution,
but also the order of effectiveness of the inestthe same in both the experimental and the
computational investigations (Table 6.7). The pfotsradial variation in the temperature, the
velocity and the concentration of the product HFemebtained from the validated model at
distances of 3, 5, 10, 20, 50,120, 200 and 450 rom the tip of the fluorine nozzle. Figures
6.45 (a)-(d) show the temperature plots for the foases. As seen from these figures, the

radial peak temperature at any of the axial digtamng the lowest for nitrogen (case 90). The
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Table 6.7
The experimental and the predicted temperaturesgadti T7 when 66.66% diluent is added

with the fluorine stream

Type of diluent T7 temperature values
Experimentally observed Predicted
temperature in K temperature in K
No diluent 513 537
(case 1)
Helium 577 586
(case 4)
Nitrogen 573 543
(case 9)
Argon 659 650
(case 14)
Ar>He>N, Ar>He>N,
Order of effect (Effectiveness of diluents in increasing the
temperature shown by T7)

next higher peak is observed for helium (case &®ety followed by argon (case 95). For an
example, the predicted peak temperatures at 10 mtande from the fluorine nozzle for

nitrogen, helium and argon as the diluent, are radd2293, 2507 and 2554 K respectively.
The location of the peak temperature in all theesas observed asymmetrically below the
fluorine nozzle. However, it gets shifted towarde tentral axis of the reactor downstream.

This is because the temperature distribution fddldlae flow pattern which is tilted towards
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the central axis due to the inclined nozzles. Igadée mixing between the reactants in the
proximity of the fluorine feed nozzle results itoaver temperature. Therefore, in none of the
cases, the maximum temperature is observed atethe@st distance of 3 mm. In the case of
reaction with no diluent (Figure 6.45 (a)), the pé@amperature at 5 mm is more than at 3
mm. Beyond 5 mm, it decreases with distance andrbes almost asymptotically constant at
200 mm. As seen in Figure 6.45 (b), magnitude efrdactor temperatures came down when
helium was added to fluorine. Moreover, the temjpeeaat 10 mm distance is marginally
higher than at 5 mm and 3 mm. The closeness ofeting@erature values between 5 and 10
mm distance may be attributed to the enhanced theasfer characteristics due to the
presence of helium in the gaseous mixture. On madf nitrogen (Figure 6.45 (c)) and
argon (Figure 6.45 (d)) to the fluorine stream, diféerence between the temperatures at 5
mm and 10 mm distance increases. Unlike the tremderved in the figures 6.45(a) and
6.45(b), the radial temperature distributioomputed at 10 mm and 20 mm distance have
higher peak than at 3 mm distance. Poor movemeritydfogen and fluorine molecules
through the diluent nitrogen or argon delays thenulcal reaction between them, and
consequently, the reaction volume increases causangase in the temperatures away from
the feed nozzle.

As seen from Figures 6.46 (a)-(d), the concentnatioHF is more at the locations of
the higher temperatures, following the temperattged discussed above. Taking all the four
cases into consideration, there is no apprecidmage in the values of HF mole fraction
beyond 120 mm distance. Therefore, it can be assuha 120 mm of the reactor length is
required to achieve thorough mixing of the reactpucies. Further, the distribution of the
product HF is seen to be asymmetric around theiflaonozzle axis. The concentration of
HF radially away from the fluorine nozzle (towattie reactor wall opposite to the hydrogen

nozzle) is lean due to poor mixing in this regiomat is further illustrated by the vector
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Figure 6.45: Radial temperature distribution ingerece of diluents as predicted at various

longitudinal distances. ‘r’ is any radial distarwekereas ‘R’ is the reactor radius
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Figure 6.46: Radial distribution of HF mole fractim presence of diluents as predicted at
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plots shown in Figures 6.47 (a)-(d). They show mme@rculation patterns present between
the feed nozzles and towards the left of the hyelnogozzle (towards the reactor wall
opposite to the fluorine nozzle) due to buoyandgat$. On the other side of the fluorine

nozzle, where the concentration of HF is loweriroedatory flows are almost absent. The

H, F, + diluent

L ’rr”’!P:r,(’lff"’ﬁ'(',\.l'llf i 1 f’lj",‘
o e #1. NG
(c) Case 90 (66.6% MNvith ) (d) Case 95 (66.6% Ar withyJ

Figure 6.47: Velocity vectors near the nozzlesl#aioed from simulations
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velocity plots for the above mentioned cases aailodd from the simulations are shown in
Figures 6.48 (a)-(d). The nature of the velocitptplis similar to the temperature plots

described earlier, in the sense that the reduatitime near nozzle temperature also leads to a
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Figure 6.48: Radial variation in the velocity irepence of the diluents as predicted at various

longitudinal distances. ‘r’ is any radial distarwtkereas ‘R’ is the reactor radius
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drop in the velocities resulting from the releas¢he reaction heat. Once again, the velocity
data after 120 mm length is ignored as it is alnagsiug flow beyond this point. The average
velocity of the fluorine stream without a diluest5.78 m/s and, it increases to 13.3 m/s with
66.66 mole % diluent addition. While the velocigieases by a factor of two (from 5.78 m/s
to ~12 m/s) during the #F, reaction in absence of a diluent, the presen@ediuent brings
this factor down to around 1.5 (from 13.3 to ~20mi$e region near the feed nozzles has
higher velocity than the average nozzle exit véjocincrease in the velocity due to the
higher temperature generated from the chemicaltiomadcs so high that it leads to local
turbulence. This further justifies the assumptidrtlmoosing a turbulence model to simulate

such problems.

6.7.4 Summary of the dilution effect in aflowing type H,-F, flame reactor
The effect of the diluents on the behaviour of @wfhg type, tubular BF, flame

reactor has been experimentally studied and nuaiBrimvestigated. Higher jet momentum
resulting from addition of the diluents increasks teaction zone in a flow type flame
reactor. The diluents cause considerable decr@ae itemperatures near the fluorine feed
nozzle and in the thermally induced fluid veloatidhe effect of helium as diluent is more
visible than others at lower concentrations whendlffusive heat transport dominates over
the mixing effects. At higher concentrations ofudihts, argon and nitrogen are more
effective in dispersing the reaction sites and ghamn the pattern of the temperature
distribution in the reactor. In some of the applmas, the latter property of the diluents may
be desirable. The simulation results are able fguca the dilution effect on the reactor
temperatures. A good match between the computedtfadbserved data validates the
model, which can now be used to optimize the teatpeg distribution pattern inside a flame

reactor, where the reactants are premixed withdiheents. Modification in the reaction
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model with properly conceived kinetic schemes mphesence of the diluents may contribute
to more comprehensive understanding of such in&isgstems. The choice and the quantity
of diluents however, would depend upon the kindpafcess requirements for a given
application. The data from these trials will be fukein safety analysis and design

optimization of the industrial scale flame reactors
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CHAPTER Y

STUDY OF SCALE-UP OF H,-F, FLAME

REACTOR

The present chapter discusses the scale-up issues of a flame reactor. The criteria for scale-up
are split into two parts; one for the feeding nozzes and the other for the reactor. While the
only basis of similar reactor power density (the energy liberated in reactor per unit time, per
unit volume) is adopted for calculating the reactor dimensions, several scale-up models for
the design of the feeding nozzes are proposed. Different cases are simulated with the

validated CFD tool and the results are discussed.
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7.1  Introduction

Flame reactors have been successfully used in tipddisr several decades to
manufacture more than 90% in volume and value obseale commodities, for example,
carbon black, silica, alumina, and titania. Unfodtely, the flame reactors have been
developed through evolutionary research to makecally a single product, such as a
ceramic powder with tight specifications [Pratsi(i®98)]. As a result, there is not much
information regarding the process design for neadpcts and the scale-up. Sadakata et al.
(1996) reported that the reactor temperature anesspre, the initial reactant gas
concentration and the ratio of nozzle diameterarzie outlet velocity must be kept constant
during the scale-up of a coaxial jet flow aeros@ator producing SiC. Smart (1998) derived
the correlations for constant velocity and constasidence time scaling of turbulent jet
flames, but pointed out that it was impossible tales a burner to achieve the basic
thermochemical structural features using eithetegdn. Jang (1999) observed that the
product particle size decreases in a flame aenesaitor when the burner tube diameter
increases at a constant reactant flow rate. Fasa reaction kinetics, Chen and Driscoll
(1990) and Villermaux and Rehab (2000) suggested tihe correlations describing the
reactant mixing in diffusion flame aerosol reactoright facilitate scale-up. The mixing of
the reactant gases plays a key role in controltimg particle size since it affects the
temperature profile, the residence time, the lemtthe flame, the volume of the reaction
zone and the initial particle concentration in fleme. The mixing in turn is affected by
several parameters such as flow rates, relativecitg] reactant concentration, reactor
geometry, etc. However, linking process parameatexasurably to the product characteristics
requires a good understanding of the physico-chamindamentals of the synthesis process.
Wegner and Pratsinis (2003) investigated the desnghscale-up of co-flow diffusion flame

reactors producing silica nanoparticles from hexamldisiloxane. They showed that the
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velocity difference across the shear layer betwtsen precursor/fuel jet and the annular
oxidant jet is a key parameter determining thetsedanixing and the flame quenching. For a
given fuel flow rate, the size of the product paetidecreased with increase in the flow rate
of the oxidizer gas and it (the particle size) vaémost the same in three different types of
reactor configurations. Also, for each relativeoagtly between the fuel and the oxidizer, they
suggested that increase in the particle diametiraw increase in the production rate follows
a power law. Later, they [Wegner and Pratsinis §3P@lso showed that the operation of a
flame reactor with different fuel compositions, bwith the same combustion enthalpy
content, still results in the same size nano desic

A brief review of the various approaches used anftame reactor design scale-up is
given below. The simulations are carried out on ghgposed schemes and the results are
discussed in this chapter. The effort has beervébve a combination of the nozzle and the
reactor design for a prescribed scale up ratiockvloiffers a favourable reactor temperature

profile and simultaneously assures the equipmdatysa

7.2 Scale-up Criteria

For acquiring design information for an envisageale-up, one of the cases, namely,
case 82 (details in Chapter-3) is taken up as llemchmark case’ for carrying out the
simulation studies. While scaling up, selectiorthed design parameters such as nozzle size,
individual stream velocity, velocity ratio and theactor dimensions should be such that the
resultant temperature profile and the residence fimthe reactor are similar to the smaller
reactor, the VCR, where the benchmark case wagestutihe earlier simulation results have
shown that the HF, flame has a definite boundary. Dissipation of heathe flame takes
place in a manner such that there is a low temperaégion near the reactor wall. The flame

does not touch the solid wall on any occasion damal radial variation in the reactor
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temperature gradually reduces as the gases apptioackall. Further, there is no effect of
the reactor wall on the flame structure. Therefdhe, flames resulting from the nozzle
assemblies would not interfere with each otheraisecthe scale-up is based on the concept of
multiple nozzle modules. Based on this approacé, simplest scale-up design can be to
multiply the existing module in a single large readaving length equal to the VCR and
place as many nozzle assemblies as required. Htehséf the scale-up of reactor by a factor
of five is shown in Figure 7.1. A total of five rde assemblies are placed in a large reactor
made of a 200 NB pipe. Each assembly consists ofrtezzles, one for hydrogen and the
other for fluorine. The clear distance betweentih@ nozzle assemblies is kept equal to the
internal diameter of the VCR. Though good resuls expected from this concept, the
disadvantages associated with this approach areleerhcapital cost and an increased
maintenance due to presence of multiple nozzlesumience, other contingent scale-up
methodologies are also conceived and evaluatedréBwtion between +and F; is driven by
mixing in the reactor. The size and the orientatbrthe feeding nozzles affect the mixing
between the reactant gases and therefore theyng@tant for the scale-up. Distribution of
the temperature inside the reactor would also ddpgon the reactor volume in which the
gases are fed. With this objective in mind, theigtespproach has been divided into two
parts; the first part being the selection of thexdfeozzles. In the benchmark case as discussed
earlier (Chapter-4), fluorine is issued from a &ngliffuser type nozzle while hydrogen is
fed through a perforated disc. While keeping thertation of the feed nozzles the same as
in the benchmark case, the following criteria ateed to choose the nozzle sizes.

1. Calculate the Reynolds no. at the exit of eachifepdozzle of the benchmark

case, and size the nozzles to maintain the samadRksyno. in the scaled up

version.
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2. Calculate the nozzle diameters for the scale-ugtoeasuch that, the exit
velocities and thereby, the ratio between the veéscof the reacting gases is
similar to that of the selected case.

After finalization of the nozzle sizes, the secqadt of the design is the sizing of the reactor.
For a reactor of cylindrical shape, its dimensi@ns decided based on i) energy density
(reaction enthalpy per unit reactor volume in waify as in the benchmark case, ii)
commercial availability of the pipe required foretlhreactor and, iii) the feasibility to
accommodate the feed nozzles in the reactor. Tise driterion of equal energy density,
incidentally, also ensures that the residence timieoth the reactors (the scale-up and the
benchmark reactor) will be the same. Thus, thessiteglved in the reactor sizing, after the
feed nozzles have been chosen, are as follows:

1. Calculate i) the enthalpy per unit volume for thenthmark case and, ii) the
guantum of heat liberated consequent to chemieatian in the scale-up reactor.
Divide (ii) by (i) to obtain the volume of the sealip reactor.

2. Having obtained the volume, select an L/D ratioalhnot only can accommodate
the feed nozzles but also is convenient to prodateicate and install.

The designs of the reactor and the nozzles thuse@re shown in Figures 7.2 (a) and (b)
respectively. Though a 100 NB, Sch-40 pipe is chdse the reactor in both the cases, the
feeding nozzles are different in them. The linespag through the centre of the hydrogen
feed nozzle has been considered as the referenedl tbe radial distances in later sections.
The axial distances however are taken from theftipe fluorine nozzle in the discussions to
follow. The simulations described below for theetnikinds of scale-up reactors have been

carried out using the CFD model and the softwackgge used earlier (Chapter-5).
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7.3 Simulation results and discussion

The methodologies of simulation are the same asslé®d in the Chapter-5. A fixed
reactor wall temperature, inlet mass flow ratestfier fluorine and the hydrogen streams, and
‘outflow’ as the exit condition have been assigrasdthe boundary conditions during the
simulations. Figure 7.3 shows the temperature eoatas predicted for the scale-up reactor
based on the ‘multiple module’ concept. While thg plane shown in Figure 7.3 (a) bisects
the feeding nozzles, the y-z plane in Figure 7)3@sses through the space between the two
nozzles (hydrogen and fluorine). That is why, thedpcted temperatures shown in Figure 7.3
(a) appear higher than that in Figure 7.3 (b). kamntas follows from these figures, there is a
difference in the shapes of the reaction flamesnatag from different nozzle assemblies,
indicating mutual interference between the neighinguflames. In absence of a solid body
like the wall, the fluid particles do not get dewated and the fluid carries over its
momentum to interact with the adjoining layers. Ssmuently, the flames tend to bend
towards the reactor wall. It is further confirmeg the vector plot shown in Figure 7.4 (a)
where the streamlines are seen bending towardsvélie Figure 7.4 (b) also suggests the
presence of the recirculation in the plenum spddee (reactor space above the feeding
nozzles). The temperature and the velocity plotsabus axial distances in both the x-y and
the y-z planes are displayed in Figure 7.5 andéspectively. As observed earlier (sections
6.3, 6.4 and 6.7 in the Chapter-6), in this case tioe temperature near the fluorine nozzle
exit is low. The temperature profile gets flatteraddalmost 140 mm distance from thg F
nozzle tip. The velocity profile is similar to tlime discussed under the sub-section 6.7.3 of
Chapter-6. As seen from these results, the tempergradient near the wall is relatively
higher, which is not desirable. Further, the reacflame bending towards the reactor wall
may pose safety concerns and therefore this mduelld not be adopted for the planned

scale-up.
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Figure 7.6: (a) Temperature and (b) velocity pfotshe multiple nozzle scale-up reactor
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The other scale-up of the flame reactor is basedrequal Reynolds number at the
feeding nozzle exit. The corresponding simulatibase produced results as displayed in
Figures 7.7 and 7.8. While maintaining the samenRlels number with the higher gas flow
rates in the scale up design, the fluorine streatocity decreases by ~ 20% whereas the
hydrogen velocity is reduced to ~90% of the origwaocity in the VCR. The difference
between the velocities of the two streams is aéstuced. As a consequence, the observed
flame is wider and small. The flame length is saete nearly 100 mm in comparison to
~150 mm seen in the benchmark case. The predil@et ftemperature as shown in Figure
7.7 () is as high as 6170 K. This is far too mibr@n the temperatures predicted in the
multiple nozzle scale-up reactor (The maximum tenajpee predicted in the multiple nozzle
reactor is ~4090 K). Figure 7.7 (b) suggests aifstgimt fall in the reactor temperatures in
the axial direction. The observed peak temperatateslongitudinal distance of 30, 55 and
95 mm are 6040 K, 3160 K and 820 K respectivelyer&hs almost a flat temperature profile
at ~170 mm where the average reactor temperatutess to 550 K. Besides this, the figure
also shows a higher temperature gradient near d#aetar wall. This feature of the
temperature distribution pattern is also not ac@ptas it poses equipment safety concerns.
The reduction in the peak velocity with axial dista can be seen from the velocity contour
and the velocity plots in Figures 7.8 (a) and @gpectively. The wavy nature of the velocity
distribution pattern near the nozzle exit indicates unstable region arising from inadequate
mixing. The velocity pattern is not stabilized eugm to a distance of 210 mm due to poor
mixing at a lower velocity difference. The pattdyvayond 210 mm could not be obtained

because of the limitation on the computing machine.
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The next set of scale-up model considered for shmulations is based on
maintaining similar velocities of the reactant gaaethe nozzle exits. For the same reactant
gas flow rates, the individual velocities as wallthe difference between the velocities of the
two streams in this case is higher as comparedhd¢oone based on the equal Reynolds
number. Therefore, the temperature distributiorigpatinside the reactor is expected to be
different. The simulation results as obtained fos tase are shown in Figures 7.9 and 7.10.
While the maximum predicted reactor temperaturelose to 6000 K (Figure 7.9 (a)), the
temperature distribution pattern shown in Figur@ (h) is different from the one shown
earlier in the Figure 7.7 (b). The correspondingkpemperatures at a distance of 30, 55 and
95 mm in this case are 5935, 4300 and 1600 K r&ésplc The length of the flame increases
due to the higher momentum carried by the gases thadheat is dissipated further
downstream. That is why even at a distance of 180fram the fluorine nozzle the average
reactor temperature is as high as 625 K. The loger the narrower flame leads to a
temperature distribution where the variation in tlperature near the wall is less sharp in
comparison to the Figure 7.7 (b). The temperatlots pthe velocity contour shown in Figure
7.10 (a) and the velocity plots shown in FigureD7/i) also suggest a stretched out flame. As
it follows from these figures, the range of thedluelocities inside the reactor is higher than
the previous case (Figure 7.8 (a) and (b)).

Furthermore, to meet the objective of dissipatidrthe reaction heat in a larger
reactor volume so that a larger portion of the #amactor has a higher temperature, nitrogen
is added as a diluent in the fluorine stream. Ng#rois effective in bringing down the higher
reactor temperatures closer to the feed nozzlesemMwemation of the flame takes place
(section 6.7 of Chapter-6). The temperature prigist when the fluorine stream is diluted
with nitrogen to the extent of 50 % by volume, seen in Figures 7.11 (a) and 7.11 (b). As

expected, there is further increase in the lenfitheflame without any significant change in
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Figure 7.11: (a) Temperature contour and (b) Teatpeeg plots for the scale-up reactor based

on fluorine mixed with nitrogen as the diluent
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its shape. While the reactor peak temperature dseseto ~ 5200 K from ~ 6000 K in the

earlier case, a reactor temperature as high as K1€#h be seen even at 210 mm from the
feed nozzle (Figure 7.11 (b)). The temperatures tieareactor wall are also seen having
values lower than the earlier cases. The unchasigage of the flame and the increase in its
length is further confirmed by the velocity cont@hown in Figure 7.12 (a). The increase in
the velocity as observed in Figure 7.12 (b) is entdoecause of an increase in the flow rate
of the fluorine stream due to addition of nitrogdfigure 7.13 shows the different

recirculation patterns observed in the last thrmeulation cases, because of the lower

velocities.

7.4 Conclusions

Three scale-up designs of the-lF flame reactor have been simulated and the results
are reported. While different criteria may be addpfor the feed nozzle design, similar
enthalpy per unit reactor volume is the only basssidered for the reactor sizing. The
length to diameter ratio of the reactor howeverdasided based on the availability of the
standard pipe size and the feasibility of the plaeet of the nozzle assemblies in the reactor.
In the ‘multiple nozzle assembly’ model, overlagpiof the flame boundaries and tilting of
the flame towards the reactor wall can lead tofatgdnazard. The reactor design based on
the equal Reynolds no. at the nozzle exit leadeddormation of a wider and shorter flame,
as a result of which there is a quick fall in tle&actor temperatures along the length. The
scale-up based on the similar velocities at theifeenozzle exits yielded better results but
needed some improvisation in order to extend thg@dri temperature regime in the reactor.
This to some extent is achieved by addition ofogién in the fluorine stream.

During simulations, the length of the reactor baen limited to 210 mm due to the

constraints on the computational machine. In pplecicomputational investigations with a
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larger reactor length and different nozzle orieata{change in angle between the nozzles)
can be carried out to see their effect on the oedmthaviour. During the simulation of the
scale-up cases, the reactor wall temperature wasl fand therefore, the effect of ratio of
inner surface area to volume of the reactor onwtllkk temperature is not seen. However, to
maintain a constant wall temperature in flame @acof different sizes, the amount of heat
to be added or to be removed would depend on #rmeflgeometry, the quantum of heat
transferred from the flame to the wall and the t@asize. Validation of the simulation
predictions with the experimental data in futurell vgenerate more confidence in the

computational tool to verify new designs.

kkkkkkkkkkkkkkkkkkkhkkhkkkkkkkkkkkkkhkkhkkhkkkkkkkkkkhkkkk kkkkkkkkkkkkkkkkkkkkkhkkkx
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CHAPTER 8

SUMMARY AND CONCLUSIONS

A summary of the work carried out highlighting the major conclusions and the achievements
is presented in this part of the thesis. The future studies as an extension to this work are also

proposed in the end.
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In the present thesis, an attempt has been madestss the behaviour of a-H
flame reactor by conducting experiments under warioonditions. A CFD model of the
flame reactor has been validated by the experinigrganerated data. The CFD model is
subsequently deployed to study the performancehefpianned scale-up designs. A brief
summary of the work followed by important conclusoand achievements is presented

below.

8.1 Flamereactor: H,-F, and H,-O, systems

A flame reactor is a chemical reactor which progitieat energy in-situ to drive the
chemical processes which require high temperati@esie of the well known examples of
chemical reactions which are used in a flame reantdude H-O, and H-F.. In this work,
the H-F, system has been chosen as the source of flameudgedp the reaction is
instantaneous and can take place even at ambiaditioms, ii) it has higher enthalpy of
reaction and iii) there is no oxide contaminatidrttee final product. Besides H,, a few
other examples of exothermic reactions which camugexl as source of heat in a chemical
reactor are KO,, Hp-Br,, Ho-Cl,, methane-air, propane-air, etc. One similaritychihexists
between all of these systems is that the reactiaif chain type and the free radicals and/or
active atoms produced by the initiation proces®trecthe chain carriers. The-#, reaction
in particular resembles the i, more, in the sense that both are highly exotheangt can
lead to an explosion if not handled in a controlealy. The literature information on the
reaction mechanism, the flammability limits, thetashation limits, the burning velocity,
effect of excess oxygen, effect of dilution etcs leeen summarized for the-B, system.
The reaction mechanisms of the-F reaction are proposed only by a few researchanseS

not much information is available on the-FR reaction, a comparison between the two

Chapter-8 Summary and Conclusions Page 202



systems has been useful to understand and plaregbarch work. Some distinct differences
between the two systems are as follows.

(1) The H-O, reaction requires ignition to start at ambient diban, whereas
hydrogen reacts readily with fluorine.

(2) Water vapour, the product of combustion of hydrogeonxygen acts as a flame
guencher as it absorbs a significant amount of leeatgy liberated from the
reaction flame. On the other hand, the product Hinfthe H-F, reaction,
promotes the chain propagation by releasing endtging the process of de-
excitation. This energy has also been used in mioduasing action in the HF
chemical laser.

(3) The thermodynamic equilibrium constant fo-F reaction as computed is many
orders higher than that of,HD, reaction. For example, the equilibrium constants
for H,-O, and H-F, reactions at 4500 K are 2.63 and 1.96 * ti&pectively.

(4) The influence of oxygen as a diluent has been tegdo be different in both the
reaction schemes. While an increase in the oxygateat speeds up the rate of
H,-O; reaction, the rate of formation of HF reduces @gliton of Q. This is due
to the formation of stable radicals such as,ld@IFO, which terminate the chain
propagating steps.

Furthermore, the effect of different types of didtls has been studied on various
systems such as methane-air, acetylene-oxygenyairdden-bromine. It is reported that the
diluents not only affect the reaction system bywarof their thermophysical properties but
they may also cause production of more and moreeaspecies by participating in the
breakdown of the reactant molecules into respedctigens. The diluents may also lead to the

termination of the chain process by relaxationemombination. In view of the contrasting
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characteristics shown by the diluents, the dilueffiect on the BF, system was included as

a part of study. The important conclusions are kd$ed later in this chapter.

8.2 Plan for safe conduct of experiments and range of experimental studies

The reaction between hydrogen and fluorine has la¢tmpted at this scale (flow
rate of fluorine up to 0.8 slpm) with almost noarrhation in the literature, except that it is a
chain reaction and could be dangerous if the exhesas is not removed from the reactor
system. Theoretically, in a fuel-oxidizer systehe flame temperature is the maximum at the
stoichiometric ratio. Since fluorine is more toxnd difficult to handle than hydrogen, the
gas mixture was kept lean in fluorine in all thgpesments. Initially, the experiments were
carried out with a very high excess of hydrogeths mixture to gain confidence in safe and
smooth handling of toxic chemicals and conductingtlled experiments. Subsequently,
the designed experiments for the parametric ingastin of H-F, reaction were taken up.
The experimental trials were carried out in twodsrof reactor, one being a flowing type
vertical tubular reactor while the other one a pamial cylindrical batch reactor. While the
effects of excess flow of hydrogen, the flow rafefloorine, the feed gas temperature, the
reactor wall temperature and the dilution were iswidn the flowing type reactor, the
transient studies were carried out to see theanfte of hydrogen to fluorine ratio and the
type of diluent on the behaviour oL, reaction in a batch reactor. The diluents chosen f
the study of effect of dilution were helium, nitesg and argon. In the batch reactor, the
studies with these inerts were carried out at tikferént initial pressures while maintaining a
similar molar ratio of the gases. Table 8.1 shtvessummary of the range of parameters for

which the experimental investigations were condiiatehe two types of reactors.
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Table 8.1

Summary of experimental investigations

Type of | Type of study Range of parameter

reactor

Effect of excess of Flow rate of i: 0.2 to 0.4 slpm

hydrogen Flow rate of H: 0.63 to 2.54 slpm

Effect of addition of| Flow rate of i: 0.2 to 0.4 slpm
nitrogen Flow rate of H: 0.85t0 1.7 slpm

Flow rate of N: 0.4 to 3.4 slpm

Effect of preheating| Flow rate 0$:F0.2 to 0.4 slpm

Flow rate of H: 0.85 to 1.7 slpm
Flowing type
Feed gas temperature: from 298 K to 423 K
reactor, VCR*
Reactor wall temperature: from 298 K to 423 |K

Effect of flow rate| Flow rate of i: 0.4 to 0.8 slpm

of fluorine Flow rate of H: 1.6 to 3.2 slpm

Effect of addition of| Flow rate of i 0.5 slpm
a diluent (He, M| Flow rate of H: 2 slpm
and Ar) in a flowing| Flow rate of diluents (He, NAr): 0 to 3 slpm

type reactor

Generation of Fluorine composition in the mixture of

temperature curve | hydrogen and fluorine: 16.7% to 89.1% (v/v)

Batch reactor,| Effect of type and Higher initial pressure
HCR** quantity of diluents Diluent % (mole basis): 0 to 42.86
(He, N and Ar) on| Lower initial pressure

H.-F, reaction in 4 Diluent % (mole basis): 0 to 83.33
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flame in a batch

reactor

*VCR: Vertical Cylindrical Reactor (flow reactor)

*HCR: Horizontal Cylindrical Reactor (batch reacto

Adequate safety precautions had been taken atetsigrdstage and during operation.
The integrity of the set up components such asngjpvalves and instruments had been
checked thoroughly during the installation. Thekl&#ghtness and the control adequacy had
been ensured each time before taking up an expetaitrial. Further, engineered safety
features such as adequate ventilation, installabbnthe gas detectors and periodic
surveillance have been adopted to ensure the pebkeafety during operation. The process
instruments such as thermosensors, pressure titaasnpressure switches and flowmeters
used in the facility are of superior quality anc aralibrated at periodic intervals. The
selection of the thermosensors and the pressursniitters has been such that they are quick
to response and are compatible with the fluorideegaThe thermocouples have been placed
inside the reactor in different directions such,tharoad picture of the reaction flame can be
inferred during the experiments. The flow ratesgafes and the reactor wall temperature
were controlled by tuned PID controllers. Suffidigmocess interlocks and the safety trips
had been implemented to provide inherent safetyhénsystem. Since the reaction between
the two gases is potentially explosive, the manpolaas been adequately trained and a
thoroughly planned sequence of operation has batwkd. The manual operation/control
using indicators and manual controllers has beeidad and instead a programmable logic
based control has been incorporated in the sysidém.experiments have been conducted
from a remote location (control room) using the MAmimic and the data has been stored
in the operating console. The experimental resahd the important conclusions are

discussed in the later section.
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8.3 CFD modeling of the flame reactor

In order to comprehensively model the behaviouhefH-F, flame reactor under the
influence of several parameters discussed abos [ tool has been adapted. Instead of
developing a numerical model ab initio from the gowng equations of mass, momentum,
energy and species balance, it has been decidatbptoy the commercially available
‘FLUENT’ as the CFD tool. The segregated solverrapph had been used to solve the
discretized conservation equatioride selection of the grid size and the computationa
models has been based on the physics of the prolbleiable resources of the computing
machines and the time required to run the simuiatio

The CFD simulations have been carried out on getyaof parameters to study the
effect of flow ratio, preheating of gases, inclusiaf diluents etc., to check the diversity of
the application of the software tool. The in-siélease of large amount of heat energy and a
huge difference in the temperatures within the tagaduring hydrogen-fluorine reaction
creates turbulence inside the reactor. Thereftna)gh individual stream flow before the
start of the reaction was in laminar regime, thulence model had been considered in the
reactor domain during simulations. As the kinet€she hydrogen-fluorine reaction is fast,
the eddy dissipation model instead of the finiteckic model had been chosen for the species
distribution. The enthalpy of the reaction had bemfuded as the source term in the energy
balance equation. The grid independence test lsadb@&en carried out to rule out any effect
of the grid size on the simulation results.

The temperature data from the experiments haven hesd to validate the
computational model and fine-tune the commercialgilable CFD tool to emulate the
practical observations. The assumption made fositiellation, that is, the reaction between

hydrogen and fluorine is instantaneous and the field is turbulent has produced results
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which match well with the experimental observatiolmhe major parameters of the CFD

modeling adopted in the report work are as givehahble 8.2.

Table 8.2

Details of CFD modeling

Title

Details

Type of mesh

e Unstructured meshing using GAMBIT
2.2.30.
* Near the feed nozzles: tetrahedral
meshes (1 mm size)
* Away from the feed nozzles: hexahedral

meshes (1.5 mm size)

No. of cells

~2.3*1b

Type of solver

3D, Segregated, Implicit, Steady t&Sta

(FLUENT 6.3)

Type of flows

Incompressible and Turbulent

Type of turbulent model

k-(standard) model

Viscous heating

Not considered

Buoyancy effects

Considered

Heat transfer

Convective diffusion

Species transport

Eddy dissipation model

Fluid properties

Standard database

Inlet boundary condition

Mass flow inlet at bothetfeed nozzles,

temperature of the feed gases

Chapter-8 Summary and Conclusions

Page 208



Wall boundary condition

Constant temperature, mp-sbndition at

the wall

Exit boundary condition

Outflow

Operating conditions

Pressure 101325 Pa

Acceleration due to gravit

¥9.81 m/$é

Solution controls

Under relaxation factors

Pressure 0.3

Momentum

0.7

Turbulent kinetic energy,

k0.8

Turbulent dissipation rate,

0.8

Density, Body forces 1

Discretization

Pressure

Standard

Pressure-velocity couplin

GSIMPLE

Momentum, kg

First order upwind

The salient conclusions from the computational &tmns are summarized later in this

chapter.

8.4 Performance analysis of scale-up desig

In an attempt to evolve a combi

ns

nation of the nozahel the reactor design for a

prescribed scale up ratio which offers a favoural@actor temperature profile and

simultaneously assures the equipment

safety, strontahave been carried out on three
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different design approaches and the results haga bealyzed. One of the cases, case 82
(details as given in the Table 3.9 of Chapter B)estigated earlier has been chosen as the
benchmark case for scaling up to a factor of fiMee simulations have been carried out by
the validated CFD model of earlier studies. Ovaaiag of the flame boundaries and bending
of the flame towards the reactor wall has been gedéme ‘multiple nozzle assembly’ model
where the scale up is achieved by having as mairfg nozzle assemblies as required for
the desired scale-up. The flame reaching the reagtdl may result in damage of the
equipment and pose safety hazards. The reactaggrdbased on similar Reynolds no. at the
nozzle exit leads to the formation of a wider ahdrger flame, as a consequence of which
there is a rapid fall in the reactor temperatureshe longitudinal direction. The scale-up
based on the equal feeding velocities has givetebetsults. The higher temperature region

inside the reactor has been further extended byiadaf nitrogen in the fluorine stream.

8.5 Important conclusions

8.5.1 Experimental investigations
The important conclusions drawn from the experimeocdbmponent of this work are
as follows:
(1) The reaction between hydrogen and fluorine takasepkven at room temperature
forming a reaction flame.
(2) The flame is formed in front of the nozzle feedihgrine but a little away from its
tip. There is a relatively lower temperature zohéha nozzle exit due to insufficient
concentration of hydrogen present there. The faat the feeding nozzles have been

clean and intact even after a number of trialheirconfirms this observation.
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(3) For a given flow rate of fluorine, an increase he fuantity of hydrogen reduces the
near nozzle reactor temperatures by virtue obitekent heat transfer characteristics.
Simultaneously, there is a rise in the reactor &napres little away from the feed
nozzles due to improved heat dissipation. Thiscét@wever is not visible at higher
ratios (> 400% stoichiometric excess of hydrogehgmvhydrogen acts more as a heat
sink than a heat dissipater.

(4) For a given ratio of fluorine to hydrogen, the teactemperatures increase with
increase in the fluorine flow rate. However, a &rdraction of the reaction heat is
lost through the reactor walls at higher flow ratédsthe fluorine stream. This is
because of the enhanced convective heat transfeglar flow rates of the reacting
species.

(5) The preheating of the reactant gases, namely, ggdrand fluorine has a marginal
effect on the HF, reaction because i) the activation energy requoedhe reaction
is low and ii) the heat given to the gases is samltompared to the reaction enthalpy.
Conversely, a change in the wall temperature hgsromounced effect on the
distribution of the reactor temperatures. A higivall temperature reduces the radial
heat transfer by reducing the driving force betwemensource of heat (reaction flame)
and the heat sink (reactor wall) resulting in atigely uniform reactor temperature
profile.

(6) The reaction between hydrogen and fluorine, for mthctical reasons, can be
considered as an irreversible reaction becauseghiibrium conversion at 5000 K is
nearly one.

(7) The composition-temperature curve for hydrogensh® reaction has been
experimentally generated, and as expected, ituaddo be lower in the regions of

lean and rich concentrations of fluorine in the taig. The maximum temperature
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however has been seen at 53% hydrogen in the raigig not at the stoichiometric
ratio. This observation is similar to the behavishown by the RHAir system where
the maximum temperature is reported at 31.6% hysrag the mixture instead of
29.6%, the stoichiometric composition.

(8) In a batch reactor, at higher operating pressteeptder of effectiveness of diluents
in reducing the reactor temperature has been fdonbde N>He>Ar instead of
N>>Ar>He for other systems. The reason for the higkactor temperature observed
with argon than helium is attributed to its effewt the flame geometry and the
reaction kinetics.

(9) At lower operating pressure however, the order #ecéveness changes to
Ar>N,>He, which suggests that the thermophysical praserof the diluents
dominate over their possible role in the kinetick®aer pressures.

(10)In the case of a flowing type reactor, the diluezdase a significant decrease in the
temperatures near the fluorine feed nozzle consglyueeducing the thermally
induced fluid velocities. At lower concentratiomglium has been more effective as a
diluent when the diffusive heat transport dominatesr the mixing effects. At higher
concentrations however, argon and nitrogen have beare effective in dispersing
the reaction sites and changing the pattern oftéimeperature distribution in the

reactor.

8.5.2 Computational investigations
Some of the important features of the developeatllsition tool and the important
conclusions from the computational investigatioresas given below.
(1) The ke model for turbulence and eddy dissipation modelsfmecies transport work

well to simulate those chemical reactions whichfas¢ and highly exothermic.
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(2) In the given reactor geometry, a grid size of 1 mear the feed nozzles and 1.5 mm
away from them has given satisfactory results gaeomputation time significantly.

(3) The effect of radiation on the energy balance modehas not been found to be
crucial and can be safely ignored to reduce theeesg® on simulations. A narrow
flame having low emissivity value contributes pgotbwards the radiative heat
transfer in the system.

(4) The simulated flame is seen to be narrow and reddrin front of the fluorine nozzle.
The region near the feed nozzles has velocity higihan the average nozzle exit
velocity due to higher temperatures.

(5) For the flow rates of Fand the reactor geometry selected in this worky arsmall
proportion of the flame heat reaches the reactdt. Wais is largely due to poor
radiative heat transfer from the reaction flaméreactor boundary.

(6) The computational results have been able to caphargattern of effect of various
parameters on the reactor temperatures. The utifithe CFD tool and the chosen
CFD models has been proven by validating the siamaesults with the practical

data under varying scenarios.

8.6 Major contributions
The major achievements of the present work aredias follows:

(1) The H-F, experiments in a relatively large scale have bsened out in a safe and
controlled manner. The flow rate of the fluorineeain has been varied from 0.2 slpm
to 0.8 slpm in a tubular reactor of 52.5 mm intédhameter.

(2) The reactor temperatures as high as 1800 K have measured inside the reactor.
The temperatures mapped inside the reactor aretasealidate a CFD tool and the

computational models chosen in it.
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(3) The effect of parameters such as the excess obggdr the fluorine flow rates, the
reactant preheating and the temperature of théaieaall on the behaviour of the;H
F, flame reactor are experimentally studied and cdatmnally predicted with a
good match between the two.

(4) That the maximum temperature would occur when theture of hydrogen and
fluorine is slightly rich with hydrogen (with resgteto the stoichiometric ratio) has
been found experimentally.

(5) It is established that the behaviour of & flame reactor under the influence of
diluents is affected by the level of operating ptgs. It has been found that the
probability of diluents affecting the reaction kiiee is more at higher pressure and
the concentration of a diluent is also one of thgpartant factors which affects the
temperature distribution inside a flame reactor.

(6) A CFD tool is fine-tuned and the simulations areried out which predict
temperatures that are very close to the experirhgataes. The tool thus developed
can be used for any future endeavour.

(7) Three different scale-up reactor designs have s@enlated giving out important

clues for a future action.

8.7 Future work
Although many unattended areas hitherto have beasiigated, the followings may
be suggested as an extension to the reported work.
(1) With safety concerns in mind, the reactor wall gating has been limited to 423 K
during the experiments. As wall heating has showigaificant effect on the reactor
temperature distribution, it will be meaningfulgonulate a few more cases to assess

the reactor behaviour when the wall is heatedilichggher temperatures.
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(2) Due to severe corrosion problems in the presencgasés such as fluorine and
hydrogen fluoride and a very high temperature regicthin the reaction zone, it has
not been possible to portray a complete picturéhefH-F, reaction flame. A few
advanced techniques may be explored to map theetratope profile of the flame
under the hostile atmosphere in the reactor.

(3) In combustion, the effect of pressure at higher lamgr equivalence ratios is more,
as there is less dissociation at these ratios. ngagarried out the investigations
related to the effect of diluents at two pressekels, namely, 800 and 100 mbar, and
getting different results in both of them, it is mbawhile to conduct a few more
studies covering a wider range of operating pressur

(4) The diluents affect the thermal behavior offH flame reactor not only because of
their thermophysical properties but also take pathe reaction kinetics through the
process of collision, relaxation and recombinati@@mprehensive analysis of the
product gases such as by spectroscopy may prosgiekelthints on the participating
reaction steps and their kinetics in the hydrodearine reaction scheme.

(5) Computational simulation of the batch reactor hashbeen attempted in this work.
The CFD modeling of a fuel-oxidizer reaction intatis system can contribute to an
all inclusive understanding of such complex systems

(6) The CFD simulation on a few more scale-up case$ wlitferent feed nozzle
orientation may be carried out to see its effectlenreactor behaviour. It would be
better if the results from these simulations anefieel by the experimental data from
the large scale set-up.

The results and the data extracted from thesetefial be useful in enhancing the scope

of scientific developments in the field of combaostscience and technology.
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