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Abstract

Canada is the largest Hy consumer per capita in the world, giving a strong market
demand for H,. H, is commercially produced using steam C'H,4 reforming, which is
energy and C'O, intensive. Solar molten metal C'H, cracking is an alternative zero
emissions technology. Solar radiation is focused with large curved mirrors onto the
molten metal. The molten media provides improved heat transfer, a thermal storage
medium against transient solar flux, and a unique method of separating Hy and C.
Blank and molten metal alumina tube reactors are studied from 1023 K to 1323 K.
Plug flow, perfectly mixed, and combined perfectly mixed with a bypass (CPMR)
reactor models were numerically implemented to simulate the blank reactor and de-
termine the kinetic parameters. The CPMR model incorporated a third parameter
that dictates how much flow travels through the bypass. Results for the CPMR model
showed kg = 5.43 x 10'° 1/s, E, = 420.7 kJ/mol and 3 = 0.426. The CPMR model
was shown to have 8.3% +6.8% average error against data found in literature. Sn was
selected as the bath material for the molten metal reactor (MMR), and the reaction
gas was bubbled through the bath using an injector. 18.9% conversion was obtained
at 1273 K, and near zero conversion for lower temperatures. A numerical model of
the MMR was implemented using a spherical bubble model coupled with the CPMR
model for the blank space above the molten metal. The MMR model showed that the
majority of C'H4 conversion occurred in the blank space above the bath. Decreasing
bubble size and increasing bath height improved bubble conversion.

Keywords: methane cracking; hydrogen production; direct contact pyrolysis; methane

decomposition; liquid metals
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Chapter 1

Introduction

1.1 Motivation

Global demand for energy increased from 216.8 EJ to 492.9 EJ, or by 227% from 1970
to 2006 [10]. Various researchers have forcasted that it could rise to as high as 1000
EJ by 2050, or an additional 200% from the 2006 value, though it is likely that large
reductions in energy usage via technology and lifestyle changes will limit the figure
to a more manageable level [10]. Hs production is forecasted to rise to approximately
1.3 -4.6 EJ in 2030 and 14.7 - 43.8 EJ by 2050 [10]. Steam methane reforming is the
conventional technology used to produce nearly all Hy [11]. However, steam methane
reforming is C'O, intensive, producing about 11.9 kg of COs per kg of Hy [11, 12].
Therefore other methods to produce H, that are more greenhouse gas-friendly need

to be developed.

Alberta Innovates - Technology Futures (AITF) performed an analysis on leading
options for Hy production. Alberta is a large consumer of Hy due to the heavy oil
refining/oil sands bitumen upgrading and nitrogen fertilizer production industries.
Solar H, production was identified as a significant opportunity. A comprehensive
study of technical and market risks deemed that molten metal methane cracking was
a leading option [13]. Molten metal methane cracking was previously studied by one

research group at the Argonne National Laboratory, USA by Serban et al. [2].

Molten metal methane cracking has several advantages to other H, production
processes. If powered by concentrated solar thermal energy, molten metal methane
cracking is C O, free, and does not require burning of the feedstock to provide the
required energy (such as steam methane reforming) [14]. Furthermore, bubbling C'H,

through molten metal provides a higher surface to gas contact ratio which improves



heat transfer. Concentrated solar thermal cracking reactors that are indirectly heated
exhibit large re-radiation losses due to the high temperatures that are required [1],
whereas the molten metal methane cracking reactor may be able to operate at lower
temperatures and reduce these losses. Also, the high heat capacitance of the molten
metal will reduce thermal shock damage to the reactor exhibited by other concen-
trated solar thermal cracking reactors [15]. Finally, the carbon is expected to rise to
the molten metal surface. It is believed that conventional methods to remove slag
from molten metals can be utilized to harvest the carbon [12]. The carbon can then
be either sold as a marketable product for use in tires, inks or pigments, or it can be

easily stored in the ground [12].

Experimental analysis of a molten metal methane cracking reactor can be very
expensive. Serban et al. [2] studied 0.5 pm Mott spargers as the injector that bubbled
C'H, through the molten metal. A cost estimate has shown that each 0.5 pm Mott
sparger is $2500 [16]. Each molten metal experiment also requires the one time use
of the Alumina tube reactor vessel, which is $250 each [16]. The pure molten media
(Sn) is also expensive. Thus it was found beneficial to reduce costs by developing a
numerical model that could predict C'H, conversion and assist in understanding the

key parameters of the molten metal methane cracking reactor concept.

1.2 Literature Review

In this section, the chemistry of C'H, cracking is first reviewed, including an analysis
of multi-reaction mechanisms. Catalytic cracking is then discussed. Following this
the experimental and modeling work for non-catalytic cracking or carbon-catalyst

cracking is reviewed.

1.2.1 Chemistry of methane cracking

The overall dissociation of C'Hy is given as [17]
CH4(9) — 2H2(g) + O(s), jc =-74.85 kJ/kmol (1.1)

where £} is the enthalpy of formation of C'Hy. Other byproducts such as CyHg(g),
CyHyg) and CoHyyy) as well as polycyclic aromatic hydrocarbons also are recorded

byproducts [1, 18-20]. The kinetics are generally defined by the Arrhenius equation

E
k = koexp <_R_;) (1.2)

as

2



where ky is the frequency factor or pre-exponential factor in [1/s], E, is the activation
energy in [kJ/mol|, R is the universal gas constant of 8.314 kJ/(mol K), and T is the

reaction temperature. The rate of reaction is calculated by
—rem, = kChy, (1.3)

where Ccp, is C'H, concentration, and A is the reaction order.

1.2.1.1 Reaction mechanisms

Khan and Crynes [21] provided a review of the non-catalytic C' Hy pyrolysis literature
prior to 1970. Shock-tube and nonshock-tube analysis were used to determine reac-
tion mechanisms for various temperature ranges and operating pressures. The author
reported overall activation energies in the range of 151 to 422 kJ/mol for nonshock-
tube studies and 390-418 kJ/mol for shock-tube studies. It was concluded that the
nonshock-tube studies obtained a much larger range of activation energies, but also
that they were generally lower than those reported by the shock-tube studies. The
author suggested that heterogeneous reactions have less impact in shock-tube stud-
ies than in the nonshock studies. It was estimated that the shock-tube studies give
much higher gas-to-gas than gas-to-wall collisions than the nonshock-tube studies.
However, Eisenberg and Bliss [22] performed some special runs in which two different
levels of wall/surface ratio were used. Wall effects were shown to have a minor im-
pact on overall conversion. The special tests were run in a 7 mm OD tubular quartz
reactor at an effective temperature of 1458 K with 15% CH, in N, balance. Other
studies have suggested that the lower activation energy for nonshock-tube studies
may be because the gas temperature in the nonshock flow tubes are lower than the
tube walls at higher feedrates [23]. Since the gas temperature is unknown, the tube
wall temperature is used in the kinetics calculations. This problem of measuring the
tube wall temperature and not the gas temperature would affect the calculations and

result in a lower activation energy.

Only two mechanisms reported by Khan and Crynes [21] gave overall activa-
tion energies with pre-exponential factors. These were ky = 1.32 x 10 1/s for
E, = 390kJ/mol, and ko = 1.3 x 10" 1/s for E, = 422.6 kJ/mol. The prior system
was for a temperature range of 1656 - 1965 K and the latter was for 1423 - 1573 K. The
majority of the papers reviewed accepted that the overall reaction for C'Hy cracking
is first-order. Billaud et al. [24] reviewed studies of C'Hy thermal decomposition from
1960 to 1989. Several mechanisms were presented. Chen et al. [25] proposed overall
reaction kinetics of ky = 2.8 x 10'® 1/s and E, = 450.2 kJ/mol for a temperature

3



range of 995 - 1103 K. Otherwise, reported kinetic parameters fell within the range
of those reported by the review of Khan and Crynes [21]. Also, most papers in Khan

and Crynes review assumed first order kinetics.

Methane dissociation in the overall reaction has been described as stepwise dehy-

drogenation at high temperatures [5, 23].

20 Hy(g) — CaHe(g) + Ha(g) = CaHa(g) + 2Hz(g)

(1.4)
= Callyg) + 3Hs(g) — 2C(s) + 4Ha)

Other more complicated mechanisms have been developed. In 1992, Billaud et al.
[20] produced a model comprising 119 elementary reactions that was able to predict
gaseous concentrations of various products of C'Hy pyrolysis at 1263 K. The model
did not include C' formation as it was intended to study the conversion of C'H, into
higher hydrocarbons. Later in 1997, Gueret et al. [3] performed a thermodynamic
study on C'Hy pyrolysis with the goal to produce primarily acetylene. An equilibrium
curve by the author is given in Figure 1.1. The author used the Gibbs energy mini-
mization method where the species present and number of moles is conserved. Solid
carbon is not included in this equilibrium curve, however it does show that Hs is the
primary product of C'H, dissociation. Temperature is shown to have a large impact
on conversion. The study was not conclusive on the question if higher pressure had

a significant impact on producing higher order H/C ratio by-products.

In 1995, Olsvik et al. [18] developed a 36 reaction mechanism for methane decom-
position for a temperature range of 1473 - 1773 K. The CHEMKIN software package
was used to simulate the reaction mechanism in an ideal plug flow reactor (PFR).
Only the gas phase was considered. In 2009, Younessi-Sinaki et al. [26] developed a
combined 242 reaction with 75 species mechanism to predict methane cracking. The
reaction mechanism was developed using various mechanisms for methane pyrolysis
and combustion from literature. The reactions containing oxygen were removed. The
author assumed a perfectly mixed reactor (PMR). The model was shown to predict
well for hydrogen production for temperature ranges of 873-1873 K by comparing to

data in literature.

Ozalp et al. [11] studied methane cracking using a 37 gas-phase reaction mecha-
nism to simulate non-catalytic cracking. An eight reaction mechanism from literature
was used for catalytic cracking. The gas-phase or homogeneous reaction mechanism

included the 36 reaction mechanism and kinetics proposed by Olsvik et al. [18] plus

4
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Figure 1.1 — Equilibrium for C'H4 pyrolysis using Gibbs energy minimization method.
Data from [3]

another reaction from literature to simulate the formation of C. Thermogravimetric
analysis tests were performed to test the activity of solid carbon for C'H, cracking ver-
sus non-catalytic cracking. The author also developed a theoretical model assuming
a PFR and using CHEMKIN Pro software with homogeneous and non-homogeneous
reaction mechanisms. It was concluded that the non-catalytic mechanism did not

predict carbon formation well.

1.2.1.2 Catalytic methane cracking

In 2010 and 2011, Abbas and Daud [27] and Amin et al. [28] performed comprehensive
reviews of catalytic C'H, decomposition, respectively. It was shown that non-catalytic
CH, cracking at temperatures below 1273 K is very slow, while on the other hand
catalytic cracking can occur as low as 773 K [28]. Abbas and Daud [27] presented
the catalytic transition metals for C'H, decomposition in the following order: Clo,
Ru, Niv, Rh >Pt, Re, Ir >Pd, Cu, W, Fe, Mo. However it was suggested by some
researchers that the addition of alumina as a support can increase the activities of Ni
or Fe to the highest [27]. Carbon black and activated carbon have also been studied
as catalysts. Sn has not been identified as a catalyst for C'H, cracking in either
review or a current review of literature. The catalyzed C'H,4 cracking reaction is gen-

erally considered heterogeneous because the hydrocarbons undergo dehydrogenation



at the surface of the catalyst. However, C' H, that is far away from the catalyst will
undergo homogenous reactions. In comparison, homogeneous reactions do not occur
on the surface of a material, but heterogeneous reactions do. The surface provides a
different pathway for the reaction to occur. Depending on the material of the surface,

the pathway could require less energy and thus increase C'H, conversion.

The primary purpose for using catalysts for methane cracking is to reduce the reac-
tion temperatures to facilitate the growth of amorphous filamentous carbon, which is
more desirable to reduce deactivation of the catalyst. Reducing the temperature also
improves thermal efficiency. It was concluded by both reviews that deactivation of
metal catalysts due to carbon buildup on the catalyst surface is a common issue with
catalytic cracking [27, 28]. The primary method to regenerate the metal catalysts is
to burn off the C' deposition using either C'Os, HyO or O,. However, these processes
are C'Oy intensive and on the same scale as the commercially accepted steam methane
reforming process. Activated carbon catalysts consists of carbon where the porosity
depends on the manufacturing process and raw material that was used [27]. The
porosity of the activated carbon diminishes quickly over time as the C'H, cracking
reaction proceeds, reducing the effectiveness of the catalyst. Carbon black does not
experience the same deactivation due to loss of surface area with pores being filled
[27], though over time it will eventually be covered by carbon crystallites. Activated
carbon catalysts and carbon black are also expensive [27]. Therefore it is desirable
to find a non-catalytic C'"H4 cracking solution that is more efficient than the current

technologies.

1.2.2 Experimental and modeling methods

Various reactor concepts have been used to study C'H, dissociation, including shock
tube, non-shock or flow tube, and flow reactors with various geometries proposed
for solar reactors. Khan and Crynes [21] provides an extensive review of shock and
non-shock tube studies prior to 1970. Billaud et al. [24] reviewed experimental and
modeling work done between 1960 and 1989, and attempted to find a consensus in
the major stages and reaction mechanisms for methane cracking. The author found
that the mechanisms were significantly lacking in predicting liquid hydrocarbon and
coke products. Abbas and Daud [27] provided a review of more recent non-catalytic

and catalytic C Hy decomposition work done between 2000 and 2009.



Table 1.1 contains a review of experimental and kinetic work performed for C'Hy
cracking. Non-catalytic cracking was the focus of this review, even though most
researchers have used catalysts. The second focus was made on carbon black or ac-
tivated carbon catalytic C'H4 cracking. The cracking process produces carbon as a
byproduct in either case, which may be autocatalyzing. Steinberg [29] found that
fine submicron carbon particles formed by C'H, cracking can autocatalyze the reac-
tion. The autocatalyzing effect may increase C'H, conversion by providing a carbon
surface for heterogeneous reactions, similar to the carbon black catalyst discussed
earlier. However, Muradov et al. [30] found that carbon produced by C'Hy cracking

is not sufficiently catalytically active to autocatalyze the reaction.

1.2.2.1 Experimental work

Different energy sources have been used to heat the reactors. These are plasma heat-
ing including microwave plasma, solar radiation, and electric furnaces [27, 31, 32].

Several studies reviewed by Abbas and Daud [27] and some studies given in Table 1.1
used an electric furnace or coil to heat the reactor [18, 20, 22, 29]. A large amount of
studies use solar radiation furnaces to provide heat to the reactor [1, 15, 33-38]. For
proof of concept, however, it is more economical to use an electric furnace. Also, an

electric furnace allows more uniform control over the reaction temperature.

Two different heating methods may be used to provide the thermal energy neces-
sary to crack C'Hy, namely indirect heating or direct (solar) heating [35]. The indirect
method heats the reactor walls via different energy sources, such as electrical energy,
plasma or concentrated solar irradiation. The reaction gas is heated by the reactor
walls through convection. The directly heated method utilizes direct solar energy and
heats the reaction gas directly. Both methods have drawbacks. The directly heated
method poses a difficulty of heating the reactant gas since CH, is a poor absorber
of solar energy in the visible spectrum [35]. The directly heated method also poses
a difficult problem of transparent window and breakage due to carbon particle depo-
sition and overheating [1]. On the other hand, the indirect method requires higher
temperatures in the walls because of the convective heat transfer limitations of the

wall to gas [35]. This can lead to significant re-radiation losses and material selection

difficulties [1].



“WSTURYDOW UOIPORII G T

‘pomnsse sem

oInjeIodwo) [RULIOYJOS] "SPUL [[I0( JB 9ORILINJ JO JNO POPUIIXD 9N} 9SNRIA( 1090 ue A[oy1 Surgoid ammjerodura],
‘pownsse YINJ SSo[UOISuOWI(]

"9ORILIN OLIJIS[® UR A( Pojeal "o(nj RUIUN[R (J[ WW ;] e
edy 10T .
- - e/u UOU (0] 2 19 PNeirt
/ o £07] mog 2661 [0Z] Te 10 pueg

"SOIJOULY IOPIO ISIY pawnsse pomarasl soded 1sojy e
"SWSTURYDIUWL UOT10RAI Posodord JO ST MOIADI 9SNRII(| UDALS SI030R] [RIjueu0dXe-01d [[RISAO MO e
"MOTAQI Ul UQAIS s1djourered D1)oUly JO oSURY e
gTy-141 p10T X 0€'T e/u ouou SNOLIEA mod 0461 [12] souds) pue weys]

dunjeroduwo) Suryerodo oY) UIYIIM IOPIO ISIY JOU SeM UOIJORII [[RISAO 9} e} $150383ns Apnig e
“ISUD[ 1030BDI O} IOAO UOIIRNDO SNIULYLIY o) JO

UOI)RISOIUI UR FUISN pownsse arnjeiodura) oA1109fe [euLLy10s] d[dnosourioy) suisn painseswt o[gord amieroduwo], e
WISTURYDOW UOTJOCII AL @
‘powInsse YN J SSO[UOISUSWI(] e
S[I0D 9OURISISOI DIV AQ PoYed ‘oqny zjrenb posny wur ), e
e T0T
- - 18I1] 90 ouou 10 SST ue SIoquosI
g JoN A 6IpT-6LT mod 2961  [eg] ssud p quosty
(rowt/ ) (s/1) SUOIIPUOD od4y
oy 0y X 1shTere) SuryeasdQ Apnyg  TERA Ioymy

9INYeID)I] UI PUNOJ SOTPNIS OIJOULY pue [ejuswWIIddX — T°T 9[qeL



‘POIOUST 9I0oM SWSTURYDDIUW UOI}ORII SNOdUISOINOH ®
‘powmnsse ppowt YAJ (T @
[RULISYJOST 9 03 pawnsse st arnjeioduwo) [[RA\ A[[RIXe AIeA 0) pawmnsse samjeioduwo) UOQIeRd PUR SBr) e
‘[0¥7] Aq peuSisep 1030val [[em piny aqny o1ydelsd snolod (J[ WU 9°/ JO JO Pose( 103080y e
. B4 10T .
X uoqIed opo ® 19 [UR
0T H0T X9 7 q A PpTg-eecT PPOIN 200 [6¢] Te %0 e

‘powunsse YINJ @
‘powunsse arnjeroduro) [eULIAY)OS] e

.mm@wﬁ@ﬂ Oﬁhpowﬁw
[[PYsWe> Aq pojyed]] "ou0z SULO0D WL 16°() YHM ‘U F}°g ST [HSU0] oqny pojyedy] [e30], "doquy LT9 [ouoou] ( Wo $G'g e
ey FL9G-LEST

X ¥ Quou 0 Sroquro
(3 0T X ¥°G T N EIT1-606 mog 8661 [62] S1oquiolg

"pajeIno(ed o1om siojoureIed O1JOULY [[RISAO ISAOMOY] ‘PIsSn WSIURIDIW UOIJORII 9 e
ISUL] 10308SI 9} ISAO UOIYenbo SNIUSYIIY S1) JO
UOI)RISOIUT UR SUISTL PotnNsse aInjerodure) 9A1109J0 [RULISYJOS] “o[dnodouLIay) suisn painseowr o[jold aanjeroduw], e
"POWINSSE SI030RII POXTWOINTW ()¢ JOo pasudwod Yid (1T @
aqn) rUTWNR (] WW G 10 | @

©
99¢ ¢t0T X 00T I ouou 9 mwwm.mi mog G661 [8T] Te 30 1AS[O
(Tour/ ) (s/1) SUOIIPUOD od Ay
vy 0y Y 1sA1ere) Suryersd(y Apnag Jea X Ioymny




‘pouyep jou aIom suoryenbo SUIUISA0Y) ‘seinjeioduia) [[em SUIAIRA SUIMO[[R ‘PIWUNSSe SeMm XN
Je9Y IR[OS JURISUOD | "PIIRIID SeM SUOIJORII [ROTWLRYD pur ‘y1odsuer) AS1eus pue ssewr ‘(1,40 SUIPN[OUL [opOW (¢ e
"SjuemRINSeaw A130woIAd [ejuawLodxo SUIST pawnsse sem oinjeroduro) [[em UreW y UOIRIpRI
pue uononpuod yim o[gord £oofea orjoqered Ieurtre] SUTWINSS® PAIROID SBM I0)0RII PO[[J-SeS 110Ul UR JO [9pOW ([ e
‘SjuowRINSeaW A13omoIAd [RjuowIodxo SUIST pownsse sem aanjerodus)
[[eM TWeSW { "I030RdI Papods o[oIlIed I0J oIom PIWINSSE SOIJOULY N ‘PIIOUSI SUOIORAI SIOIUSSOIN)O Popn[dul
o1oM suorjenbo UOISIBAU0D V7)) pue amnjeiodwWo], "PojeaId sem I0J0eal PI[[J-Ses Uo1joeal Jo [ppow YiJ (1 @
‘[pe] ‘Te 10 WO, WO} POWINSSe SOIOUTY] ®
‘ssurpuy [pe] ‘Te 9o Iowwol], Iod se [our/ [y Ly 03 10S P e
aqny oY) jo uorprod doy oy e ore seunjerodunoy
IQUSIY SN} ‘90RUINJ IR[OS UMOP-WRS( ® M Pajeal -oqny 9jryders Suof wur 19 Aq ([() WU /] POIRIUSLIO A[[RII)IDA e

ed 10T €]
X ouou 10
ok e ! M €T8T-€9ST Do 9008 yeurer 1 puee soputedy
‘SIsATeUR UL posn 1030} uoisuedxo ownop e
‘powunsse sppow YN J Sso[uorsuawiip pue Yad (I @
omnjeroduwo) [RULIDYIOST S[SUIS © SUIUNSSE PUNOJ SOIJOUTY] @
"ASIOUD IR[OS POIRIJUOIUOD JIDIIP A POIROH "1030RII MO XOLIOA POJRIUSLIO A[[ROIJION e
HINd 9T  HINd 40T X ¥4°L TOaTeH B4 10T o T8 10 IOTIWIOT
MAd LFT MAd 0T X 20'T ! k S og0T-006  a TO0e el 1o L

"$300j0 AdURAON( 0} SNP PIJOU dIoM URS[D MOpUIm zirenb o) Surdeoy ur soynOPI(] e
"ASI9UD IR[OS POIRIJUSIUOD JIOIIP AQ POJRIH “I1030RII MO X0)IOA AO[[R-[991S ([ WD ()] POIRIUSLIO A[[ROILIOA e

®dH 10T
- - - uoqIed dx oJure ue oSt
q \T 0CCT-006 d P00z [eg] proyuls pue ypsiry
(tour/ ry) (s/1) SUOI}IPUO0d ad Ay
oy 0y ¢ 1s4Tere) SuryeaadQ spmyg  TPA Ioyny

10



ddd
ar @H@H@Q@m I PI[opOW SeM 9UOZ [oB 9U0Z wQ:OOU ur 3y ¢1¢ 03 .\ﬁ.ﬁmwgﬂ [0090 Ua} pue ‘ouoz UOo13o'al [eWIaYJOSI

ue urejurew ‘ouoz Juryeay ur aanjeroduwe) Jurperodo 03 3 ()¢ WOIJ OSLOIOUL A[IROUI] 0) powinsse oInjerodwo], e
"1090®al [RjUOWILIOdX0 WOIJ vyep 0} pareduiod oIemijos oxows(] YHm [popow YiJ (T ®
"9IBM)JOS ONOWS(] WOIJ BYep M [opPoW Y J [eWIaY)0sT (JT Sur[dnod Aq pouruLIofop SOIjoury [[IoA() e
‘soroads opdiynu Yim WSTURYIOUW UOIORAI JIJATR)RI-UOU [9POUL 0} PISTL dIBMIJOS NOWS(]
"POYRIUDLIO AT[RIILIOA ST puR ‘ASIOUd IR[OS A( Pojeoy SI 103009y e
9Ny IO ([ W Q] PUR 9N} IOUUI (J] WW § :soqny 931deId dLIju0om0d 0Mm) JO pasoduwod ST 10300y e
0LE ¢r0T X099 ! suou i O od 6006 [1] e 30 yepoy
3 00€¢-005T

"9INYRIYI[ UI PUNOJ san[es YSI pue pawl ‘Mof 03 77 SUI})as AQ PoUTLIaep da1om siojourered OIjouly] e

"I030BAI UT JSIX0 SUOIJeLIeA 9InjeIoduro) [eIXe pue [eIpel JuedHIuSIS JeY) POMOYS [9POJN ®

“Ieuruwe] 9q 0} pajdIpald sem MO} ser) e
‘pounsse

SeM XN[J IB[OS JURISUOD | "POPNOUT sem AdUeAon( JI Iea[doun sI J1 910joIoy) ‘pajussald jou oIe suoryenbo SUIIIOAOL) e
‘pouunsse seg a7qIsse1duodur Teap]

“UOT}0BAI [RITWAYD PUR I9JSURI) SSBUIL ‘I9JSURI) I ‘MO PINY I0] ' JUON]] SUISN PIjesId [9POU [edLIPUIAD (g e

‘[gg] yueure[] pue sopeuRqy Se OUIRS 1010€0Y e

0€ ¢101 X §°C— G ) [o¢]
0S¢ 0i0T X8 —¢ 1 oo 0002-005T nod 2002 Juewe] | puR SopruRqy
v 0T X GF = 6T

(Towr/ ) (s/1) SUOIIPUOD od4y
o7 0y X 1sA1eyre) Suryeaed Apmig JeaX Joymy

11



sem XTJ J897] Ie[0S JURISUOD Y "3 (0E Y& 9 0} paumnsse aI1om soqng Jjo uorjrod pajooo-1ayem o1} pue ses Jo[ur o],
oy, ‘suorjenbo UOIRAISSUOD SSRU PUR SOYO}G-IoIARN ‘TRULIOY) M po[dnod sem [[§] ‘[e 10 [qe(] Aq [opou oy,
0} posn oIom symsol oy ], "Apnjs snotaoxd ® Ul [T] ‘[e 10 [e( AQ POAJOS Sem [9poll ([ ) PUR IoJsuel) 1oy (7

"IoJsueI) ABIOUS puUR SUOIJORII IO POWINSSE [OPOW ]
"90RWINY IR[0S AQ pojeol -I1030eal [[em pmp ojydels remany (] WU g PojeIUSLIO A[[RIILIDA

8€CI
+ 9641

1e97] IR[OS JURISUOD Y "3 ()0E & 9 0} POUWINSSE oI Iojem M PIJ00d a1k e[} soqny jo uoryrod o) pue sed jo[ul oy J,

JO dpeu ST UOTJUOW OU N ‘pajussald jou ore suolyenbsy 'z 9 juon[ suisn pouriofrod sem UOIJR[NUIIS [RULIDYY) (€
‘popnpoul 10300} uotsurdxy
‘powmnsse popowr Mo Snyd (71

‘mop Snpd oq 03 pownsse sem o[goId A}DO[A JO[UI O], "PoWNSse

‘uoryenbo soy0)G-Id1ARN] O] Ul PIPN[OUL JOU SeM H AJIARIS [JIM ULID) AdueAonq

"9qN} 9} JO 19[IN0 dYY} 1B M (OE O} PO[00d UsY} pue ainjerodmwa) Surjerodo 0} paseaIdul ‘}o[ul oY) 38 3
00¢ woxj paguel somyeroduwo) oy ], “[GT] Te 10 SSAA\ Aq [opowt Y IJ 93 10} seanjeroduo) [[em I010€SI 91} 9JRUII)SO

60T X LT
+ g0T X 8¢

"SOU0Z FUI[00D 9} UL SUI[00D DATIIONO YIM ‘[RULIDYIOSI 9(| 0} PUNOJ sem AJTARD 91} OPISUI 9UOZ I0JORII Y T,

69+ ¢l

ouou

d umousun
GETC - 00LT

30¢]

L00¢

[GT] ‘Te 10 ssAp

‘pouanisse St X1

"(s100pe AdurAON( JO UOISN[OUL OU 90ULY pUR) SISATRUR ([0 [IM suolyenbes [euriey) o) Surjdnoo

9N} 1Mo (] W T PUR 9qN) IdUUL (J] WW § :soqn} 931 deis d1Ijueou0d oM} Jo pasoduiod ST 1030eaY e

G0z 0T X L¥'1 1 ouou OVLT-0L9T mog 6008 [2€] Te 10 yepoy
(row/ ) (s/1) SUOIIPUOD od4y
oy 0y X 1shTere) SuryeasdQ Apnyg  TERA Ioymy

12



"POYLIOA PUR POWINSSE SeM MO[ IRUTWRT "3 ()RY 18 9( 0] POUWINSSe Sem SeS Jo[ul o], e
"9QISI[SoU o pnom s1afe Aouriong Sny [, -oqny 103o0eal o) Jo doj o) e ainjeroduroy
IQUSIY ® SUIALS PUL 9} 0} [9AS[-PIWL WIOIJ SSLAIDIUL O} IO ‘JURISUOD 9 O} POUINSSk olom aInjeroduro) [[eA\ e
a(ny o) ul spremdn pajooIlp sem MOJJ ser) ‘Uoryenbs soxy01G-IalARN 9} Ul PIPN[OUL ST ULIQ) AdueAOn( oY ], "9IeM)JOS
Juen[f Suisn suoryenbs UOIORSI PUR UOIJRAIISUOD ASIOUS UOIYRAISSTOD SSRUI ‘SO¥0)G-I9IARN SUIPN[OUL [9POW (7
103091 Ien(n) Suoy w g Aq (J] W ()g] pojenuilg e
ed¥ 101

X ouou opo ‘TR 19 IRJIUOARTIO
0S¢ 101 X9 T PHOT-088 PPOIN  800Z  [¢¥] ‘T8 30 Iep H

"109080I IR[NNY POPodS UOCIRD 10] WSIURYDOUW UOIIORIL | @
"JuUaIqUUIR 9( O} Pownsse St arnjeraduia) jour 1030eay] "Ajiaed 91ydels o) Ul pownsse st XNfj 1oy JUe)suo))
"I0J POJUNOIIR JOU 9IR SID0JJo AOURAONY "MO[ SSRW PUR IoJSURI}) ABIOUO ‘SUOI}ORII 10 PoWINSse [opow Y J (1 @
“Ay1aed 9g1yders © Ul pojeIjuoduod ASI0US IR[OS SUISTL POjedY
A[091IpUI ST 103089} "SoqN) I9JNO0 PUR ISUUI U8aMId( ST[NUUR JUIIXS SBS [YIM 9N] JO[Ul JoUUl YIM I010eaI IR[NqN], e
BAH LLVC

- - e/u uoqgreo (0] ‘e 19 W®®
/ q ¢J0z - 0101 mog  0T0¢ [8¢] T8 9 N

SUOI}IPUOD adA)y
Surnjyerad Apnis

(Tour/ ) (s/1)

oy 0y X 1shTere)

Teax Joyny

13



“MOJ Juo[NqIng
oY) pewmsse [apoul oy} ysnoyy ‘[Gf| yexerifuey] pue diez() Aq Apnjs oY) Ul POUOIIULW JOU dIom S}oefje Aoueiong e
"IOAOMOT]
‘PoJeSIISOAUL JOU ST 101081 9]} JO SUIXIW oY) U0 Adurdonq jo joeduar oy ], "jrodsuer) ASIoue pue ssew 3m paydnoo
‘suoryenbe soy0lG-TotaRN Juo[nqIny Suisn [F§| vuystjeder pue drez() £q Apnjs o) Ul POPN[OUL oIom §1000 Aduriong e
"S1090®01

[G7| mop opeu1o) pue [Ff| MO Xo110A 10] SUIYoRID DIIATRIRD 10] ([ SUISN Paje[NUIlS MOJJ PINJ PUR IojSUeI) B3 (¢ ®
“posn sem SUINORID DIJATRIRD 10 WSTURYDSOUL UOIJORII § @
"Posn sem SUINORID DIATRIRI-UOU 10 WSIURYDOW UOIJORAI LE @
‘SuneId D1JARIRI-UOU I0] POWINSSe [¢f] Ul punoj 10joeal Moy Snjd (1
uoqIed ®
- - e/u (nogeo) d1 101 pog €108 [11] T8 % drezo

GOTS0 &g 3 €C8T-004T

ow /Y 00F = "4 Suryes Aq oImnjeIoj] Wolj pajorIjxo sem 0y e
9(NY 103081 O JO ISUS] O} IOAO Y €& 03 umop Apresur] durer uoy) pue ‘emjerodud) Suryerodo [RULISIOST
ue e urewal ‘emmjersdus) suryersdo oy dn Apresur] durer ‘3 00¢ e 9 0} pouwnsse sem ainjeradura) [[em Jo[ul oy T, e
‘powumnsse epowr Y (T oseyd-omJ, e
‘[1] Te 10 yepoy Aq ueAld
DNy I9No (] WUl QT PUR 9N} IoUUl (] WW § :saqny 931deIs o11yueouod om) Jo pasoduwiod ST 1030rI poje[nuIlg e

00% 10T X 00'T I uoqIes 0FLT-0L9T PPOIN 1107 [6T] Te 30 soxeueryeg
(Tour/ ) (s/1) SUOI}IPUOD od Ay
vy 0y X 1sA1ere) Suryeaad Apmig Bi:E) § Joymy




In the above review, reactor materials vary between 304 SS, Inconel 617, graphite,
quartz, alumina and heat resistant steel alloy. The majority of the studies use tubular
reactors [1, 11, 15, 18-20, 22, 29, 35-38, 42]. Hirsch and Steinfeld [33] and Trommer
et al. [34] study a vortex flow reactor, which is vertically orientated and allows the
carbon seeded gas to flow from the top of the reactor cavity along a helical path until
it exits at the bottom. Krishna and Ozalp [46] analyzed particle deposition inside of
an aero-shield cyclone reactor. In the cyclone reactor a tornado flow is used to im-
prove gas residence time and thus C'H4 conversion in the directly irradiated reactor.
The cyclone flow also creates a pressure gradient that prevents the carbon particles

from depositing on the quartz window.

The above studies were performed in either non-catalytic or catalytic gas flow re-
actors. Carbon seeding has been used to both catalyze the reaction as well as provide
better heat transfer to the gas [33, 34, 38]. Marshall et al. [47] in 2000 investigated
the concept of using molten metals to improve direct heat transfer to C'Hy gas. The
author showed that flowing C'H, over a Pb — Bi eutectic molten metal produced 2%
conversion to Hy at 773 K, and 65% at 1173 K. However, the study does not include
an analysis of C'H, cracking of the same reactor void of any molten metal. This
experiment would have determined if the conversion amount was due to the molten

metal or due to a long residence time.

In 2001, the same research group studied bubbling through Pb between 873-1173
K [48]. The effect of bath height, flow rate and temperature were studied. The author
found that bath height did not impact conversion, though the flow rate did. Temper-
ature had a significant impact on conversion. Carbon was found to be segregated in
the top of the metal. Thus it was verified that carbon would rise to the surface due
to density differences. The authors found that the activation energy was 213 kJ/mol

using the partial pressure of Hj in the product gas stream [48].

In 2003, Serban et al. [2] continued the group’s work and created a new experi-
mental apparatus. The reactor vessel was a 1 inch by 14 inch 304 SS vertical tube
with one end closed. A 0.5 inch cup which contained the molten metal was inserted in
the reactor vessel. The molten media was varied between a 4 inch and 8 inch height.
The reactor was heated by a four-zone Thermcraft furnace. The flow rate varied from
2 to 15 cem, and the temperature from 873 to 1173 K. Four different gas injectors
were studied. These were 1/16 inch and 1/4 inch open bore tubes, and 0.5 pum and
2 pm Mott spargers. It was hoped that the spargers would produce smaller bubbles

15



_09 |
208 - ——Equilibrium
g 0-7- A Sn+SiC
c 0.6 7
8 05 - ’ + Sn+Mott
204 ® Pb
£03 - A B Sn+SiC+Mott
202 .
= 01 | " r 8Sn

0 T T T T 1 T T 17T |\A\ T T \’I T T [ T T T T [ T T T T T 11T

650 750 850 950 1050 1150 1250
Temperature (K)

Figure 1.2 — Methane conversion results from Serban et al. [2]’s experimental study.

and hence improve conversion. Both Pb, Sn and Sn-SiC' mixture bath materials
were studied. The product gases were analyzed using a mass spectrometer and gas
chromatograph. A summary of some of the results of work done by Serban et al. [2]
is shown in Figure 1.2. The authors found that the Mott spargers had a significant
impact on C'H4 conversion. There was no difference in conversion noticed between the
use of Pb or Sn as the molten media. The mechanical mixture of Sn-SiC' increased
the residence time of the gas in the bath and hence conversion. X-ray diffraction
(XRD) analysis of carbon formation suggested that the 304 SS reactor wall reacted
with the CHy, C' and H, environment and formed FeC', thus showing that the reactor

material impacted conversion.

In 2012, the Karlsruhe Institute of Technology began studying molten metal C' H,
cracking in conjunction with the Institute for Advanced Sustainability Studies in
Potsdam, Germany [49]. The investigations are to be performed at temperatures as

high as 1273 K in a quartz tubular reactor.

1.2.2.2 Modeling work

Based on the literature review provided in Section 1.2.1, several multi-step reaction
mechanisms have been produced to simulate C'H, cracking [11, 18, 20-22, 38]. How-
ever, the results given in Table 1.1 show that many researchers assume the overall
reaction mechanism for C'Hy cracking given in Equation (1.1) [1, 15, 19, 29, 33-37, 42].
Further, implementing these reaction mechanisms is computationally expensive and
complicated. In this thesis, the overall reaction was chosen to simplify the problem,

and because the primary products of the cracking mechanism are Hy and C. There-
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fore, the studies assuming overall kinetics are reviewed in this section.

Steinberg [29] used an Inconel 617 tubular reactor to study C'Hy conversion. The
experiments were performed at high pressures of 2837-5674 kPa, or between 28 to
54 atm, and at temperatures of 973-1173 K. The author found ky = 5.4 x 103 1/s,
E, = 131 kJ/mol, which is much lower than what is found in literature. Thus it was
found that the higher pressures increased the reaction rate. The author suggested
that the carbon formed catalyzed the reaction and lowered the activation energy, and
that the reactor material increased the rate of methane decomposition. Iron oxide,
alumina, graphite, and quartz are materials that increase the rate of reaction, listed

in decreasing order of impact.

Dabhl et al. [39] studied a carbon seeded tubular aerosol flow reactor. The reactor
consisted of a porous graphite wall through which an inert gas diffuses to prevent car-
bon deposition on the walls of the reactor. The author developed a one dimensional
PFR model to determine the kinetic parameters and order of reaction. An energy bal-
ance equation that included both solid and gas phase was derived for the model. Heat
absorption by radiation to carbon particles was also included. Experimental data for
the reactor between 1533-1977 K and at a single flow rate was obtained by the au-
thor. The data was used to fit the model and found that ky, = 6 x 10! + 8 x 10!
1/s, E, = 208 + 65 kJ/mol, and A\ = 4.4 + 0.52. The author suggested that the
large range of confidence interval in kg is due to the random error in the data and
recommended more experiment replications. F, was lower than what was found in
literature because of the heterogeneous reactions that occur on the carbon particle

surfaces, agreeing with Steinberg [29]

Trommer et al. [34] studied the carbon seeded, vertically orientated and directly
heated vortex flow reactor. The reactor was modeled as both a 1D plug flow reactor
and a perfectly mixed reactor, stating that these two models would be the limiting
cases. The author assumed a two step reaction. The first being adsorption of CHy
onto the surface of the carbon particles, and the second being decomposition of ad-
sorbed C'H, into Hy and C[34]. The author found that, for temperatures greater than
1050 K, C'Hy conversion is higher using the PFR than the PMR. The kinetics for the
PFR were reported to be kg = 1.07 x 10° 1/s, E, = 147 kJ/mol, and for the PMR
ko = 7.54 x 10° 1/s, E, = 162 kJ/mol.

In 2006, Abanades and Flamant [35] developed a vertically orientated, indirectly
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heated tubular reactor to study methane cracking at high temperatures. A 1D model
was created, based off the Dahl et al. [39] PFR model, and an energy balance in-
cluding radiative heat transfer to the carbon particles and convective gas transport.
ko = 2 x 10® 1/s was found by setting E, to 147 kJ/mol, which was reported by Dahl
et al. [39], and fitting the experimental results to the PFR model. The study found
that the majority of the reactions occurred near the walls where the temperatures are
highest.

Abanades and Flamant [36] presented further work on the reactor in Abanades
and Flamant [35]. A 2D model was created using Fluent 6.2 software. Fluid flow,
heat transfer and chemical reactions were included in the model. Laminar flow was
assumed. This assumption was made by calculating the Re number given the average
inlet flow velocity based on flow rate. Buoyancy effects were not considered, though
very significant temperature profiles existed in the reactor. E, was set to 147 kJ /mol,
250 kJ/mol and 350 kJ/mol, and the corresponding ko were iteratively found to be
2.5-4.5%107 1/s, 4-8x101° 1/s and 4.5-5.5x10' 1/s, respectively. The study found
again that the reaction occurred mainly on the reactor walls where the temperature

was highest, showing that the reaction is heterogeneous.

Rodat et al. [1] analyzed an indirectly heated tubular reactor composed of four
sets of two concentric tubes. The gas was injected through the inner tube, and exited
the system through the annulus between the two tubes. The author used the Dsmoke
software which includes a chemical reaction scheme containing over 240 species and
14000 reactions to predict alkane transformation, and polycyclic aromatic hydrocar-
bon and soot particle formation. A PFR was fitted to the results from the Dsmoke
software to find the overall kinetics, giving ky = 6.6 x 10'® 1/s and E, = 370 kJ/-
mol. Finally, a series of three PFR combined with the Dsmoke software were used to
model the experimental reactor and compare it against results. It was found that the
model was within 12% mean discrepancy with experimental C'H, conversion, though
usually the model under predicted C'H4 conversion. The authors suggested that it is
because Dsmoke software is for homogeneous reactions, and so does not not include

the heterogeneous reactions that would occur at the particle or reactor wall surfaces.

Rodat et al. [37] then studied different inner tube configurations to determine
which would provide better residence time and reduce carbon deposition. The author
assumed a PFR as in [1], and found the kinetic parameters to be ko = 1.47 x 108 1/s

and E, = 205 kJ/mol. These values are substantially different from their previous
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study [1]. Tt is likely because they are based off of the current experimental data,
and not off of the homogeneous reaction Dsmoke software. A 3D analysis was done
on the temperature profile inside the reactor using Fluent 6.2 software. It was found
that the gas temperature inside the tubes in the heated zone were homogeneous and
at the same temperature as the tube walls. This may explain how the PFR model
coupled with the Dsmoke homogeneous software was able to predict within 12% of
experimental C'Hy conversion results in the previous study [1]. The homogeneous re-
actions may have been more significant than the heterogeneous reactions because the
gas temperatures were the same as the wall. Rodat et al. also found that the gas tem-
perature in the insulated zones after the gas outlet were at higher temperatures than
the walls, which led to thermophoretic deposition of carbon on the tubes. Further-

more, the analysis showed that 60% of energy is re-radiated out of the quartz window.

Wyss et al. [15] created a 2D temperature and fluid flow model of a vertically ori-
entated fluid wall reactor using COMSOL. The simulation was performed with inert
gases only. The reactor wall temperatures in these simulations were used as inputs
into a 1D PFR model. The PFR model incorporated kinetics, radiation absorption
of the carbon particles, and convective heat transfers. The model was best fit to the
experimental data using the Gauss-Newton method, where the sum of squares of the
differences between the experimental and predicted data is minimized. The kinetic
parameters were found to be kg = 5.8 x 1054+1.7x10° 1/s, E, = 155.64+125.8 kJ /mol,
and A = 7.2+ 6.9. The reaction order is much higher than any found in literature.
The next highest was calculated by Dahl et al. [39] to be 4.4. Most other literature

assume the overall reaction is first order.

Homayonifar et al. [42] studied a tubular reactor to identify operating conditions
and methods to reduce carbon deposition inside the reactor. The 2D model included
Navier-Stokes, mass conservation, energy conservation and reaction rates. Carbon
particle formation and growth is included in the model. The author assumed kinetic
parameters within the ranges given in the literature. The values of kg = 6 x 10!
1/s, E, = 250 kJ/mol were used. These values were not previously determined by
any other researcher, and as such they may not be a good match for the reaction
rate. Homayonifar et al.’s kg is one order of magnitude less than what was reported
by Abanades and Flamant [36] for E, = 250. In either case, these values would
still allow for an analysis on the trends occurring in the reactor. In this study, it
was found that thermophoretic and drag forces cause the carbon particles to distance

themselves from the wall of the reactor. The thermophoretic forces disappear when
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the gas temperature equals the wall temperature. However, the van der Waals and
Brownian forces pull the carbon particles to the wall in the slower flowing regions
near the wall. The study found that more carbon deposition on the walls occurs
when the reactor walls are at a higher temperature than the gas. The study suggests
that having a sweeping gas to prevent the reaction gas from touching the reactor wall

would decrease deposition.

Patrianakos et al. [19] studied carbon particle formation and growth in the con-
centric tubular reactor presented by Rodat et al. [1]. The intent of the study was to
predict size distribution of carbon formation for the optimization of carbon seeding.
The reactor was simplified to a 1D PFR model. Heterogeneous and homogeneous
kinetics were included, as well as radiative and convective heat transfer. The author
used experimental data from literature to extract the pre-exponential factors for the
homogenous and heterogeneous reactions. F, was assumed to be 400 kJ/mol and 150
kJ/mol for the homogeneous and heterogeneous paths, respectively. The reactions
were assumed to be first order. ky was then best-fit using the PFR model to the
experimental data. The homogeneous and heterogeneous values for ky were found to
be 1 x 10 1/s and 2500 m/s respectively.

To this date, no models for molten metal C'H, cracking have been published. As
such, this thesis will seek to develop a model that furthers the understanding of the

physical phenomena that occurs in the reactor.

1.2.3 Thermal buoyancy effects

Many of the researchers in Section 1.2.2.2 assumed a PFR model to characterize
the reactor and determine the kinetic parameters. In the PFR models, authors
have assumed an effective isothermal temperature [18], isothermal wall temperature
[11, 34, 35, 42], variable wall temperatures such as a lower inlet temperature (eg. am-
bient), ramping up to an isothermal operating temperature, and then ramping down
to a cooled outlet temperature [1, 19, 42], or a constant heat flux into the reactor
cavity [38]. In the PMR models, authors have assumed an effective isothermal temper-
ature [22] or an isothermal wall temperature [20, 29, 34]. In the 2D models, authors
have assumed isothermal wall temperature [35] or a constant solar flux [36]. And
finally, for 3D models, authors have assumed a constant solar flux [35, 37, 44, 45, 50].
Those studies that did not include heat transfer equations assumed that the reaction

gas was at the same temperature as the wall. In reality, large gas temperature differ-
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ences have been found to exist in many of the studies in the above literature review
in Section 1.2.2.2. In this thesis it is shown that buoyancy effects can be significant
in reactors with large temperature differentials. However, the majority of the studies

do not include buoyancy.

Costandy et al. [51] did include buoyancy in a 3D model that studied the effect
of reactor geometry on the temperature profile inside the reactor. Turbulent CFD
analysis was performed using FLUENT 12.1. Both cylindrical and spherical reactor

were studied. It was shown that large temperature differences existed in both reactors.

In 2004, Hirsch and Steinfeld [50] studied the tornado flow reactor using a 3D
radiative model that included heat transfer and kinetics. The model did not include
CFD, however. In the same year, the authors in Hirsch and Steinfeld [33] report
the experimental results of the reactor, and suggested that carbon deposition became
a problem during runs where the reactor was mounted vertically due to buoyancy
effects. Later in 2013, Ozalp et al. [11] created a 3D heat transfer and turbulent fluid
flow simulations of both vortex [44] and tornado flow [45] reactors using computa-
tional fluid dynamics (CFD) software. Buoyancy effects were included in the vortex
flow reactor, however it is unclear whether buoyancy effects were included in the cy-
clone reactor. No mention was made of the impact that the buoyancy effects had
upon fluid mixing or kinetics in the vortex reactor. The analysis showed temperature
differences as large as approximately 800 K in the non-seeded tornado reactor, and

approximately 700 K in the vortex flow reactor with 0.2 g/min carbon seeding [45].

Buoyancy effects have been heavily studied in the subject of natural ventilation.
Linden [52] gave a comprehensive summary in the study of fluid flow in natural
ventilation. Stack driven ventilation is where the temperature differences induce
fluid flow inside a building by density differences. Laboratory simulations of this
phenomena have been performed at smaller scales using salinity differences in water.
Linden suggested that buoyancy forces may be described in terms of reduced gravity,

and gave the following definition of reduced gravity

Ap AT
'=g—— =g— 1.5
=9 =97 (1.5)
where % is the fractional change in the fluid where T is in units of K, and ¢ is the

acceleration of gravity. The author then gave the equation for the scaling of velocity

due to buoyancy effects as
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U=+gL (1.6)

where L is the vertical length scale overwhich the temperature difference is expe-
rienced. The typical experiments using this scaling correspond to a difference of 5
K [52]. However, the method still applies to higher temperature differences such as
those caused by building fires. The author discussed ventilation of fires in buildings,
and reports that a relatively small fire can reach as high as 1273 K. The density of
hot gas at 1273 K is approximately 25% of the density of air at room temperature,
yielding non-Boussinesq flows. These buoyant flows are sufficiently large to carry
smoke particles, though the process is poorly understood [52]. The methane cracking
reactors discussed in the above literature review experience very large temperature
differences as well. As an example, a 0.5 m tubular reactor operating at 1500 K with
a temperature difference of 500 K would have a scaled velocity of 1.57 m/s. For a

temperature difference of 1000 K, the scaled velocity is 3.13 m/s.

Drazin and Reid presented a chapter on thermal instability in fluid flow caused
by heating a fluid from a bottom plate [53]. The authors summarized the derivation
of Rayleigh’s theory. Rayleigh’s theory shows that instabilities occur in the Bénard
cell when a critical value of what became the Rayleigh number (Ra) is exceeded. Ra
for an ideal gas is defined as
_ gep*LP AT
B Yopo T
where g = 9.81 m/s is the acceleration of gravity, ¢, is the specific heat capacity

Ra (1.7)

of the gas, p is gas density, v, is gas thermal conductivity, p is dynamic viscosity of
the gas, L is the length dimension, and T is temperature. This finding was based on
the Boussinesq approximation, which works well for temperatures with a few degrees
difference [53]. This essentially means that all other fluid thermodynamic properties
such as heat capacity or viscosity can be assumed constant, and density terms in the
fluid equations can be ignored except when it is multiplied by g [53]. Thus, for the

Boussinesq approximation, the following condition must be met

(p—=po)/po=w(lo—T) <1 (1.8)

where w is the thermal expansion coefficient, which reduces to 1/7 for an ideal gas
[54]. Drazin and Reid report that Raeyiticar = 1708 for a fluid that is heated from the
bottom, with rigid (or no-slip) boundary conditions at the top and bottom surfaces.
For free - rigid boundary conditions at the top and bottom surfaces, Ra¢iticas = 1101.

Instabilities begin to occur above these numbers in the first mode at least [53], and
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natural convection currents begin to flow [55]. The convective Bénard cells become

turbulent when the Rayleigh number exceeds 3 x 10° [55].

The reactor studied in this thesis exhibited large temperature gradients ranging
from 650 < AT < 1000 K. A study is performed in 3.1.2 in this thesis that shows
that the Ra number calculated for the experimental reactor is above the critical value
of Ra. = 3 x 10°. Recognizing this, as well as the high scaled velocities of 1.7 m/s
to 1.8 m/s in the 0.508 m long reactor, it was assumed that the reactor in this thesis

was perfectly mixed.

1.3 Contributions

The novel aspects of this thesis are:

e the development of a method to mathematically model a tubular reactor with
a large temperature gradient, recognizing that buoyancy effects due to the high

temperature gradient cause enhanced mixing in the reactor

e identification of overall C'"H, cracking reaction kinetics using the above said

model coupled with experimental testing of a tubular reactor

e development of the understanding of the physical phenomena of methane crack-
ing in a molten metal reactor and determination of the feasibility of the tech-

nology.

1.4 Thesis Outline

The work of this thesis describes the experimental and modeling work done to deter-
mine the kinetics of C'"H, cracking, as well as experimental and numerical modeling
work of a molten metal reactor. An introduction to C'H, cracking is given in Chapter
1, highlighting the chemistry of C'H, cracking, reaction mechanisms, catalytic crack-
ing, experimental and modeling work. Chapter 2 contains the experimental setup,
procedure, and discussion of results. Three mathematical reactor models used to de-
termine the kinetics based on the experimental results are given in Chapter 3 for the
blank reactor. The following models are derived: a PFR, a PMR, and a combined
PMR with a bypass (CPMR). The kinetics from the PMR with a bypass are then
used in Chapter 4 where a molten metal reactor is derived and discussed. Chapter 5

contains the conclusions of this work and outlines recommended future work.
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Chapter 2

Experimental work

In this chapter the experimental setup, data recording and procedure are described
and discussed in Sections 2.1 and 2.2. The reactor temperature profile is character-
ized in Section 2.3. The experimental design, procedure and post-data processing is

presented in Section 2.4. The results are given and discussed in Section 2.6.

2.1 Apparatus description

The experimental apparatus was created to test C'Hy conversion at various tempera-
tures. The reaction gas was composed of Ny and C'H4. The reaction gas was injected
into either a blank reactor to determine the kinetic parameters, or into a molten metal
bath to test for the effects of molten metal on the reaction. The product gas com-
position was read using a micro Gas Chromatograph (GC). Figure 2.1 contains the
piping and instrumentation diagram and an overall picture of the apparatus is shown
in Figure 2.2. Figure 2.3 shows the tubular reactor installed in the furnace with the
furnace door open. The reactor was heated by a three zone cylindrical furnace using
a programmable controller (Lindberg/Blue M, Fisher Scientific). The furnace has a

5 inch inner diameter and has a maximum operating temperature of 1373 K.

2.1.1 Reactor assembly

The reactor is composed of (a) the reactor cap, (b) the reactor vessel and (c) an in-
jector. Figure 2.4 shows the reactor-cap assembly. The SS cap was built in-house at
AITF. The cap incorporated a centering flange to avoid problems with centering the
cap on the reactor tube, and a small surface area Viton o-ring to minimize exposure
to the gases in the reactor. The bottom of the cap is shown in Figure 2.5. A wing-nut

and bolt assembly with the tube clamp was used to seal the cap over the tube open-
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Figure 2.1 — Pressure and Instrumentation Diagram

ing. Swagelok tubing and fittings (Edmonton Valve & Fitting Inc.) were used for
all the gas tubing. The 1/16 inch K-type thermocouple (OMEGA Engineering Inc.)
was inserted into the reactor through a Swagelok union fitting. The fitting was was
bored out by the machine shop to provide a large enough hole for the injector. The
seal around the thermocouple was created using Teflon ferrals. The injector passes
through a 1/2 inch T-fitting that was large enough to provide an annulus for product
gases (annotated in Figure 2.5). A reducer was used at the top of the T-fitting to
convert from 1/2 inch tubing to match the size of the injector tube. The reducer was
bored through to allow the injector to still pass through, and a Teflon ferral and cap

was used to seal the injector tube and the cap assembly from the outside air.

The injectors, used to insert the C'Hy/ N,y gas mix into the reactor, are shown in
Figure 2.6. The injector may be easily raised or lowered in the reactor while it is at
operating temperature by unsealing and resealing the Swagelok nut on the reactor
cap. The two types of injectors were a 4-10 pm fused quartz sparger (Technical Glass
Products Inc.), and a 6 mm Al,O3 tube (McDanel Advanced Ceramic Technologies

Inc.).

The reactor vessel was a 50.8 cm long by 5.08 cm OD Al,O3 tube with one closed
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Figure 2.2 — Overall image of experimental apparatus.

end (McDanel Advanced Ceramic Technologies Inc.). The reactor was positioned
higher up in the furnace than was originally intended using cinder blocks (Figure 2.3)
to reduce the amount of heated gas above the molten metal bath. It was expected
that minimizing the heated blank reaxctor volume would distinguish the effect of
having a molten bath versus a blank reactor on C'H4 conversion. The reactor bottom
was located 21.6 cm below the top insulating cap to accommodate the 20.3 cm bath
height. The heating elements extend to approximately 0.6 cm below the bottom of
the top insulating cap (Figure 2.7). The hole in the top insulating cap exhibited
some wear due to repeated reactor vessel installation and removal. Heat loss from
the gap of space between the reactor and the cap was minimized by clamping silicone
insulation at the top of the reactor just above the cap. Figure 2.8 shows a side view
of the reactor in the furnace. The reactor is supported by a clamp arm off to the
side. A fan is set to blow over part of the reactor outside of the furnace and cool it
down to protect the Viton O-ring seal in the cap. Viton has a maximum temperature
rating of 300°C[56].

2.1.2 Gas supply

The types of reaction gases were 4.0 grade C'H, (Praxair Canada Inc) and Ultra High
Purity (UHP) N, (Air Liquide). The GC carrier gases were 4.5 grade He (Praxair
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Figure 2.3 — Image showing furnace door open with reactor installed.
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Figure 2.5 — Injector extending from bottom side of cap. O-ring seal is visible around
the flange.
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Figure 2.6 — Injectors used during the experiments, (a) 6 mm OD Al,O3 tube and (b)
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Figure 2.7 — Upper section of the sealed reactor vessel with the furnace door open.
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Figure 2.8 — Product and inlet gas tubing and filtration system above the closed
furnace.

Canada Inc.) and UHP Ar (Air Liquide). All C'Hy cracking experiments were per-
formed flowing equal flow set points for C'H, and N,. Total flow rates ranged between
15.3 scem to 200 scem. A flashback arrestor (Air Liquide Canada Inc.) was installed
downstream of the cylinder outlet but upstream of the MFCs on the C'H, line. The
pressure regulators (Air Liquide Canada Inc.) were sized according to required pres-
sures. The gases were controlled using mass flow controllers (MFC) (Alicat Scientific
Inc). Four different MFCs were installed to allow for high and low flow rate set points
for the reactant gas mixture, as shown in the piping and instrumentation diagram
in Figure 2.1. The Ny MFCs had 10 sccm and 200 sccm ranges and the C'Hy MFCs
had 50 sccm and 1000 scem ranges. The MFC with the smallest range possible was
selected for each experiment. A fifth MFC with a 1000 sccm range was installed to
run compressed building air for pressure testing. The MFCs were controlled using

Labview 2012 (National Instruments).

2.1.3 Gas outlet

The product gases exited the reactor through an annulus (see Figure 2.5) and followed
the outlet pathway through the stem of the 1/2 inch T-fitting, as shown in Figure
2.9. The product line was reduced to 1/4 inch tubing just prior to entering the first of
the three stage filtering system shown in the piping and instrumentation diagram in

Figure 2.1. The first stage was a coalescing filter (Model 137, Headline filters supplied
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Product
gas outlet

Figure 2.9 — Product gas outlet from T-fitting.

by ESG Filtration Ltd) rated for 95% 10um particulate removal from the gas stream,
located approximately 25 cm downstream from the reactor (shown in Figure 2.8).
The gas line was reduced to 1/8 inch OD for the second stage filter, which was a 0.5
wm in-line filter (Swagelok). The final stage was a Genie filter (Model 101, Westech
Industrial LTD) which removed the remainder of the particulates and provided clean
gas to the GC. The filtered portion of the gas exited the Genie through 1/16 inch
tubing, while the rest was vented to the fumehood. The product gas was analyzed in
a Varian CP-4900 micro Gas Chromatograph with 10 m 55A and PPU columns.

2.2 Data acquisition and recording

2.2.1 Thermocouples and pressure transducers

The first pressure transducer (OMEGA Engineering Inc.), PT1, in the apparatus has
a range of + 5 psi and is shown in Figure 2.8. This pressure transducer measured
the operating pressure in the reactor. PT1 was vertically mounted to help prevent
damage due to particulates in the gas flow. The second pressure transducer (OMEGA
Engineering Inc.), PT2, was rated for +2.5 psi. PT2 was located after the first two
stages of the filtering system and was used to detect plugging in the filters by watch-
ing the pressure differential between PT1 and PT2.

Two Type K thermocouples (OMEGA Engineering Inc.) were incorporated into
the data collection system. The first, TC1, was 27 inches long and extended through
the cap into the reactor itself (see Figure 2.8). The second thermocouple was located
farther downstream and verified that the downstream product gas was at room tem-
perature. A 15 psig analog pressure gauge (Wika Instruments Ltd.) was installed at

the inlet of the reactor to warn of injector plugging.
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2.2.2 Mass flow controllers and Labview

LabView 2012 (v12.0f3, National Instruments) was used for data acquisition and
recording. The LabView program was developed by AITF technician Juan Segura,
and communicated to the MFCs using a CDAQ-9174 card (National Instruments).
The following data was recorded into Excel 2003 .csv files: MFC outlet gas pressure,
temperature, volumetric flow rate at standard temperature and pressure (STP), ac-
tual volumetric flow rate at 298 K and local atmospheric pressure, and the set point
volume flow rate. The MFCs were calibrated by the manufacturer, Alicat Scientific
Inc. The user input set point is for volumetric flow rate at STP. Figure 2.10 shows
a photo of three of the mass flow controllers and the LabView page. A sixth MFC
(OMEGA Engineering Inc.) was also installed to control the calibration gas flow rates

for checking GC calibration prior to each test.

2.2.3 Micro Gas Chromatograph

The GC was calibrated for CHy, Hy, Ny, CoHs, CoHy, C3Hg, and C'O, using gas
standards obtained from Air Liquide Canada Inc. Calibration for Oy was completed
using two data points. One, as a rough estimate, used compressed building air and
assumed that the air Oy concentration was 20.9%. The second point was more reliable
at 0.494% because it was in a gas standard. The purpose of calibration for Oy was
to assist in detecting any abnormalities of Os in the system for safety considerations,
and so precise calibration was not necessary. Calibration checks or curve shifting for
CHy, Hy, Ny, and CyHg were performed prior to each experiment. Due to limited
calibration gas availability, checks for CoHy and CsH, were not performed. If any
abnormalities were noticed, such as discrepancies over 1% or a shift in the retention
times, then the GC was reconditioned using a burn-out method. EZChrom software
(v3.2.1, Varian Inc.) was used to control the GC, collect data, integrate the curves,
and record the data to .csv files. The GC method was programmed with a run time
of 60 seconds, and a sampling frequency of 50 seconds. A screen shot of the software

GUI and a photo of the GC with carrier gas column filters are given in Figure 2.11.
The H, calibration curve was slightly non-linear below 30% concentration. There-

fore, two different calibration ranges were used. The first was for 0-24.8% using a

quadratic best fit line. The second was for the 24.8-99.999% range using a linear
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Figure 2.10 — Gas control and data collection, including (a) Mass flow controllers and
(b) Labview screen shot
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Table 2.1 — Setpoints used during and actual measured operating temperatures

Temperature level Test 1 (K) Test 2 (K)

Low 1034 1029
Mid 1184 1182
High 1337 1334

best fit. The proper range was selected depending on the amount of percent concen-
tration of Hy expected in the product gas stream. If the expected Hy amount was
unknown, the larger range was used. The data was post-processed with the low range
calibration if H, concentration was below 24.8%. Nitrogen calibration extended from
0-99.997% concentration and was best fit with a quadratic line. C'H, was calibrated
with a cubic fit from 0-99.997%. The other by-product gases of CoHy, CoHy, CoHg
were calibrated with ranges of 0-2.03%, 0-1.98%, and 0-9.99%, respectively. Each
calibration was set to pass through zero. The calibration curves are given in Figures
2.12 and 2.13, where the x-axis represents the area under the GC detection curve.
The GC detection curve, measured in [mV], contains the resulting peaks detected by

the GC over time as various gases elute from the column.

2.3 Experimentally measured temperature profile

It was necessary to obtain the temperature profile of the reactor because of the known
sensitivity of C'H, cracking on temperature [27]. Two tests were performed on the
cracking reactor to verify the reactor temperature profile. The two tests had approx-
imately 6 months in between. A diagram showing the experimental setup is given in
Figure 2.14. The thermocouple was raised and lowered inside the reactor with tem-
perature measurements being made approximately every 1-2 cm. Enough time was
provided at each step to ensure that the temperature in the thermocouple had stabi-
lized. The thermocouple was linked to a multimeter device (Model HHM16, OMEGA
Engineering Inc.). The furnace setpoints used at the low, mid and high temperature

ranges are given in Table 2.1.

The setpoints varied a small amount between Test 1 and Test 2 due to misplacing
the notes containing the setpoints for the first profile testing, and then finding them
after the second experiment was finished. However, the differences were considered

negligible in the final results. The reactor in the first test was placed so that the base
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Figure 2.11 — Gas concentration measurement, including (a) Micro Gas Chromato-
graph and (b) GC software EZChrom screen shot
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Figure 2.12 — GC calibration curves for (a) CHy (b) Hp full range (c¢) Ha low range,
(d) N2, and (e) O2. The open symbols represent data points that were
ignored. In (c) the data point with the open symbol was ignored to provide
a low Hj range, and in (d) the data point with the open symbol was ignored
because it was from the atmosphere and not a calibration gas.
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() (d)

Figure 2.13 — GC calibration curves for (a) CoHa (b) CaHy full range (c) C2Hg low
range, and (d) COq

extended approximately 21.6 cm under the bottom of the top insulating cap. In the
second test, the reactor was approximately 24.1 cm under the bottom insulating cap.
This variance in location was due to a change in experimental procedures that oc-
curred during the extensive period of time between profiling tests. The depth change
was integrated into the system by removing a 1 inch cinderblock from the stack. The
first profiling test took place during the commissioning of the reactor, while the lat-
ter test occurred after all the cracking experiments were completed. Thus the depth
change was taken into account by shifting the data for the first test by 1 inch or 2.54
cm. It was assumed that the temperature at the increased depths would be constant
with operating temperatures. The results of the tests are shown in Figure 2.15. The

locations of interest shown in Figure 2.15 are tabulated in Table 2.2.

The resulting profiles were very similar, with little variance. At the bottom of the
top insulating cap, the temperature dropped between approximately 123 K to 134 K
from the operating temperature. The profile appears fairly linear from that point on,
which is consistent with the tube being insulated and above the heating elements.
The temperature drop is caused largely by the cooling fan positioned on the top of

the furnace.
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Figure 2.14 — Graphical representation of the reactor temperature profile tests.

z=0cm

38



Injector

Thermocouple 1400
1300
1200
z=508cm —f---------- 1100
1000
QOut of furnace,
fan cooled 900
& 800
e
z=349cm --- £ 700
©
£
. Non-heated g 600
insulated zone £ T Lowtestl o
z=24.1cm -Y-- = 500 - ~  Mid Test1 ' A o
_— e e —————-—— ]
z7=23.5cm 400 || ¢ HighTestt v O a °
—=— Lowtest2 ' O
1
. 300 1| —+— Mid test2 '
Heated uninsulated ) '
X 200 | —— High Test2 :
section at Tp Heater element top '
(1023t0 1323 K) 100 | - Insulator cap bottom '
- - - - Insulator cap top '
0 T T T T
Reactor 0 10 20 30 40
z=0cm oo tube Distance from bottom of reactor (cm)

(a) (b)
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perature plot showing temperature profile in the reactor.
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Table 2.2 — Tabulated data from temperature profile test at various locations

Distance from High Mid Low
bottom (cm) (K) (K) (K)

34.9 728 640 536
24.1 1217 1094 944
23.5 1234 1111 961
1.0 1350 1218 1078

2.4 Experiment design

The number of levels for each factor considered for the kinetic parameters k, and
E, experiments and subsequent molten metal reactor effectiveness experiments are
shown in Table 2.3. The factors bath material and injector are qualitative, while tem-
perature and flow rate are quantitative. The effects of temperature were expected to
potentially be non-linear due to the non-linearity of the equilibrium curve in Figure
2.16. Therefore the experiments were designed to have at least five levels for tem-
perature. The other factors had one or two levels for the blank and molten metal
reactor experiments, respectively. The blank and molten metal reactor experiments
had 5 and 2 levels for total flow rate, respectively. The molten metal experiments
exhibited low conversions at the usual flow rates used in the blank reactor experi-
ments, therefore lower range flow rates were studied. Tables 2.4 and 2.5 identify the
level magnitudes for experiments that were performed. The results from the blank
reactor tests were used for both determining the kinetics and for analyzing the effects

of factors on reactor performance.

The 4-10 um sparger was made of fused quartz (Technical Glass Products Inc.),
and has an annealing temperature of 1215°C [57]. However, due to safety concerns by
AITF, the maximum permitted temperature was 900°C. The 6.3 mm Al;O3 injector
tube was operated up to 1100°C, or at the recommended maximum temperature for

long periods of time (i.e. a few hours) without damaging the furnace.

Serban et al. [2] tested both Sn and Pb for the molten bath material. They both
exhibit low temperature melting points. The author found that the difference in C'Hy
conversion between the two metals was negligible, and proceeded to complete the rest

of the experiments with Sn because it is less toxic [2]. To allow better comparison
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Table 2.3 — Number of levels in a) experiments used to determine the kinetic param-
eters, and b) experiments analyzing the effectiveness of the molten metal

reactor
Number of levels
Temperature Bath Injector Flow rate
material
Kln.etlc 6 1 1 5
Experiments
Molter.l metal 5 9 9 9
Experiments
1 === -~ Carbon
0.0 - \ = = Methane
08 | \\ -==-Hydrogen
507 |
*g 0.6 |
s 05
204
o
= 0.3 -
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Temperature (K)

Figure 2.16 — Equilibrium curve for methane cracking, data from [4]
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Table 2.4 — Experimental plan for determining kinetic parameters E, and k,. Tests
were performed in a blank reactor with the 6 mm AlsOs tube injector.

Experiment Temperature Bath Injector Flow rate Replicas
no. (K) material® type? (ccm)

1 1073 1 1 33 0
2 1073 1 1 67 0
3 1073 1 1 113 0
4 1123 1 1 33 0
5 1123 1 1 67 0
6 1123 1 1 113 0
7 1123 1 1 154 0
8 1173 1 1 154 0
9 1173 1 1 224 0
10 1223 1 1 33 0
11 1223 1 1 67 0
12 1223 1 1 113 0
13 1223 1 1 154 0
14 1223 1 1 224 1
15 1273 1 1 33 0
16 1273 1 1 67 0
17 1273 1 1 113 0
18 1273 1 1 154 1
19 1273 1 1 224 0
20 1323 1 1 33 0
21 1323 1 1 67 0
22 1323 1 1 113 0
23 1323 1 1 154 0
24 1323 1 1 224 0
25 1373 1 1 33 0

11 = blank reactor, 2 = 20.3 cm molten tin bed
21 = 6 mm Al,O3 tube injector, 2 = 4-10um quartz sparger
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Table 2.5 — Molten tin experimental plan.

Experiment Temperature Bath Injector Flow rate Replicas
no. (K) material® type? (sccm)
1 1023 2 1 17 0
2 1023 2 2 17 1
3 1123 2 1 17 0
4 1123 2 1 156 0
5 1123 2 2 17 1
6 1148 2 2 17 1
7 1173 2 2 17 1
8 1273 2 1 17 0
9 1273 2 1 156 0

1'1= blank reactor, 2= 20.3 cm molten tin bed
2 1= 6 mm Al,O3 tube injector, 2= 4-10 um quartz sparger

with the study performed by Serban et al. [2]., 99.97% pure Sn was selected for the
molten bath in this thesis.

2.4.1 Experimental procedure

The general procedure for each experiment was as follows. The reactor vessel, cap,
injector and thermocouple were assembled and installed into the furnace. The silicone
insulation was clamped to the top of the tube just above the top insulating cap. At
room temperature, the system was pressurized to 5 psi by turning on the air MFC and
closing the three way valve at the gas outlet. The system was leak tested using Snoop
(Swagelok). The cooling fan above the furnace was turned on. The furnace controller
was programmed to ramp up to the desired temperatures. A cool down sequence
was also included. The apparatus was purged using Ny while the furnace ramped up
from room temperature. The reactor gas outlet was set to vent to the fumehood, and
the GC calibration was checked using two of the gas calibration gas mixtures that
were available. A minimum of five samples per gas was run at 100 sccm. Once the
furnace was at operating temperature, the reactor assembly was pressurized again
under Ny conditions by closing the three-way valve at the outlet. The system was
checked for leaks for a final time. After passing the leak test, the reactor outlet was
switched again to the GC. The calibration gas flow was set to 0 sccm, thus finishing

all preparations for the experiment.
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The reactant gas flow was set to the desired setpoints, with a 50-50% split for
Ny and C'Hy. The GC was set to continuously sample the outlet gas for the entire
duration of the experiment. The reactor outlet gas was allowed to stabilize for a min-
imum of 20 to 30 minutes. After stabilization, reactor was purged with N,. If further
tests were desired at a different temperature or flow rate, the furnace was ramped up
or down to the new setpoint temperature, and the desired reactant gas flow setpoint
was initialized again. When the experiments were completed, the furnace cool down

was Initiated and the GC was shut down.

2.4.2 Post processing

Post processing of the experimental data is described in this section. The GC output
the percent concentrations of the reactant gas C'H4 and Ny, and the product gases
H,, CyHy, CoH,, CyHg. The total percent concentration of the calibration should
culminate to 100%. However the GC only measures the percent concentration based
on the area under the curve of the signal it receives as the gas elutes from the column.
The GC data output did not usually add up to exactly 100%. It was found during
experiments that the total composition usually amounted to approximately 98% to
99%. Equation (2.1) was used to normalize the data to 100%.

Li act

T = S0 (2.1)

j

where z; is the normalized GC percent composition of species 7, and ; 4. is the actual

GC percent composition of species i.

2.4.2.1 Methane conversion equation

The general definition for calculating conversion for C'Hy is given by

NCH4,0 - NCH4 (2 2)

Xcon, =
! NCH4,0

where Nep, o is the inlet molar flow rate of C'Hy in [mol/s] and Ne¢pg, is the outlet
molar flow rate of C'Hy in [mol/s]. The outlet molar flow rate takes into account that
some solid carbon is left behind in the reactor vessel or filtering system prior to the
point of measurement of the outlet C'"H; mole fraction. In this case, the inlet and
outlet points of measurement are assumed to be at ambient pressure and temperature.
The inlet molar flow rate can be described as

Mo
Mz 0

Ncnyo = Ton,0 (2.3)
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where xcp, o is the inlet mole fraction of C' Hy, 1y is the inlet mass flow rate, and

M iz 0 is the molar mass of the gas mixture at the inlet. 1y is defined as

where Vj is the inlet total volumetric flow rate, and po is the inlet gas density.

Using the ideal gas law, pg is given as

. POMmi:r,O

= 2.5
Po RT, (2.5)

where Fy, Ty and M,,, o are the pressure, temperature, and molar mass of the gas
mixture at the inlet point of measurement. Substituting this in, the inlet mass flow
rate becomes

o = Vo g
0

Substituting Equation (2.6) into Equation (2.3) and simplifying, the inlet molar

(2.6)

flow rate becomes )
Vo Py
RT,

Assuming an ideal gas, zcp, o is calculated by the following

Nemyo = Ton,0 (2.7)

VCH4,0

7 (2.8)

LCHL0 =
where Vg, o is the inlet volumetric flow rate of C'Hy in [m?/s].

The outlet molar flow rate can be defined as
NCH4 = ZL‘CH4CTEAC (29)

where ¢y, is the outlet mole fraction of C'Hy, Cr is the total concentration at the
outlet in [mol/m?], , and w is the outlet flow velocity of the gas mixture. A, is the
cross-sectional area of the tubing at the outlet point of measurement in the apparatus,
i.e. at the GC. Substituting Equations (2.3) and (2.9) into Equation (2.2) therefore

gives

Vo P, — _
ToH,0 e — o, OTuA, ron, CruART,
Xew, = - —1- ; (2.10)
TCHL0 BT rom, Vol

Cru is found using the following analysis. The general conversion equation for
C H, cracking can be described as follows. Recognizing that some C'H, goes unreacted

and is in the product stream, and the solid carbon remains inside the reactor vessel
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Figure 2.17 — Mass flow balance of the reactor and filter assembly.

and filtering system, a representative figure showing the inlet and outlet mass flow
rates of the reactor and filtering systems is given in Figure 2.17. 1 represents the
mass flow of carbon deposition, m is the outlet mass flow, and myg is the inlet gas

mass fow. The conversion inside the reactor is
CHyg) + Nagg) = aCls) + bC Hyg) + cHyg) + No(g)

where a, b and ¢ are stoichiometric coefficients. Higher order hydrocarbons of the
form C, H, are neglected in this calculation due to limitations on data gathering. The

stoichiometric coefficients are calculated as follows. For the H balance,

4 = 4b+2c
2 = 2b+c
c = 22 (2.11)
and for the C' balance,
1 = b+a
a = 1—b (2.12)

The mole fraction of Hy and C'H, are measured at the outlet using the GC. The
stoichiometric coefficient b can be determined using ¢y, as follows. In the gas phase,

the mole fraction of C'H, at the outlet can be described as

b b b

= = = 2.13
O T el T bt2-26+1 3—b (2.13)
solving for b gives
31’0[{4 — b[BCH4 = b
3
p = _STCHi (2.14)
1 —f- ZL‘CH4
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¢ and a can then be determined from b. As a check, ¢ and b can then be used to

predict the outlet mole fraction of H, as follows

c _2—21)

= = 2.15
T e+l 3o (2.15)
where b is from Equation (2.14).
The mass flow rate at the outlet, 7 is calculated as
m = pud,
= (CTMmza:)ﬂAc
= CruMpi, A, (2.16)
where p is the gas mixture density at the outlet in [kg/m?]. Rearranging,
m
Cru = 2.17
T ACMmzz ( )
An expression for 1 can be given as
m = bNew,oMcu, + cNewn,oMu, +1 X Nop, oMy,
= (bMCH4 + C]\4H2 + MNQ)NCH47O (218)

where b and ¢ are stoichiometric coefficients, M; is the molar mass of species i at
the outlet, and Nep, o is the inlet molar flow rate of C'Hy, given in Equation (2.3).
Substituting Equation (2.3) into Equation (2.18),

(bMcg, + cMpy, + My,) zcm,0VoPo

i = 2.1
m BT (2.19)

Substituting Equation (2.19) into Equation (2.17) gives

(bMep, +cMp, + My,) fl?cm,ovopo
AcMmia:RTO

Cru = (2.20)

The final equation for C'H4 conversion is then found by substituting Equation
(2.20) into Equation (2.10), giving

(bMCH4 +cMpuy,+Mn, )ICH4 oVoPo

ARy :ECH4ACRT0
Xew, = 1- -
CHy TcH,0 Vol
= 1 Oom el + M) 2om, (2.21)
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Figure 2.18 — Mole fractions of various hydrocarbons at equilibrium for the combustion
of CH,. Data from [5].

Thus methane conversion was calculated from experimental data using Equation
(2.21). The GC experimental data at the reactor outlet gave lower C'Hy mole frac-
tions than what was injected into the reactor even at low temperatures at which no
reaction could possibly occur. This suggested that a bias existed for X¢op,. The bias
also differed depending on the flow rate that was used. Thus the bias amount was
estimated for each flow rate using data at which no Hs was in the product stream
(i.e. when no reaction occurred). In summary, the final C'H4 conversion was corrected
at each flow rate by subtracting the respective bias. The assumption that the lack
of Hy in the product stream signified that no conversion occurred was verified using
Figure 2.18 [5]. The second largest component is CyHy, and it is one to two orders
of magnitude smaller than H,. Therefore it is likely that if the GC was not detecting

H,, then all other gaseous products would also be zero.
2.5 Sources of error

The sources of error are discussed in this section, and are listed as follows.

1. The pressure in the reactor tended to slowly build up during tests due to grad-
ual plugging of the filters. Le Chatelier’s principle suggests that the methane
cracking reaction would be slowed due to the stoichiometry of the C'H, cracking

reaction, where two moles of Hy,) were produced for every one mole of C' Hy)
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consumed [58]. Tests were performed until the reactor pressure reached 5 psi

due to plugging. At this point, the experiments were shut down.

. There were less than ideal number of replicas performed. Only two replicas
were performed out of the twenty seven total blank reactor experiments. The
molten metal experiments had 4 replicas for a total of 9 experiments, which was

much more favourable.

. The replicas that were performed were not ‘true’ replicas because, due to cost
limitations, the reactor assembly was not fully disassembled and reassembled

with a new reactor, injector and cap for each experiment.

. Tolerances for size of reactors and injectors are small but error in volume may be
as high as 18%. This was obtained by calculating the maximum and minimum
volumes given the measurement tolerances and taking the ratio. The dimensions

and tolerances for the reactor and tube injectors are:

e Al,O3 reactors: 508.00 + 1.6 mm long by 50.8 £+ 2.03 mm OD and 44.45
+1.78 mm ID

e Al>,O3 tube injector: 711.20 £+ 1.6 mm long by 6.35 + 0.33 mm OD and
3.18 +0.15 mm ID.

. The GC has error in the volumetric fraction measurements it makes. The cal-
ibration standards were run as samples throughout the experimental stage to
check the calibration and drift of the GC curves. It was found using approxi-
mately 20 of these trials that C'Hy ranged from 1.2 - 2.2% error, Hy from 1.5 -
2.1% error, and N, from 0.8 - 2.0% error.

. The pressure transducers have 0.08% best straight line error. They were also
repeatedly exposed to pressures above their limits during pressure buildups
due to plugging of the filters. The error on their measurements may not be
as specified by the manufacturer due to this damage. Also, PT1 was located
approximately 25 cm downstream of the reactor but was before the filters, and
likely had some error due to particulate buildup. However, these errors were
considered negligible because the pressure transducers were used only to signal

if plugging was occurring in the filters or injector.

. Ny and C'Hy were UHP and 4.0 grade, respectively. Hence there were negligible

errors due to gas concentrations.
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8. Oy was measured by the GC during some experiments, however because the Oy
calibration was very rough, the amount of Oy measured was unreliable. Ab-
normalities in O, concentrations may have been because of unidentifiable leaks.
This and the poor calibration of Oy may have affected the percent concentration

values of the other gas components. Baseline for oxygen was approximately 0.4
to 0.9%, but it did reach up to 1.3%.

9. The temperature readings in LabView and a hand held device for the thermo-
couple inside the reactor did not give the same values, having differences as large
as 10 K at operating temperatures above 1023 K. This constitutes a possible

0.1% error in temperature reading, which was considered negligible.
10. Thermocouple radiation error was considered negligible (see Section 2.5.1).

11. Mass flow controller error (see Section 2.5.2).

2.5.1 Thermocouple radiation error

The thermocouple temperature reading may be higher than the actual gas temper-
ature due to radiation effects from the reactor walls, which in turn may be hotter
than the gas temperature outside of the reactor due to radiation from the heating
elements. The gas temperature in the furnace heating zone was measured by the built
in furnace thermocouples, which were located approximately 1/4 inch outside of the
furnace walls. The furnace thermocouples received negligible amounts of radiation
from the heating elements because the thermocouples and radiation elements are not
in view of each other. Generally the furnace thermocouple temperature readings were
19 to 39°C lower than the type K thermocouple that is extended into the reactor. The
magnitude of this possible error was determined by analyzing a simple one dimen-

sional system, as shown in Figure 2.19

The analysis was performed at the lower section of the reactor that exhibited
an isothermal operating temperature, shown in Section 2.3. Three equations were
evaluated to verify that the temperatures of the reactor wall, injector, and gas inside
the reactor were the same, and hence conclude that the thermocouple temperature
must be the same as the gas temperature. The first equation consisted of balancing
the two convective heat loss terms from the reactor wall with the radiation heat
transfer from the reactor wall to the injector. The second equation balanced the

convective heat transfer that occurred from the reactor and the injector walls to the
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Figure 2.19 — Heat transfer diagram of the reactor and injector with isothermal walls.

reactor gas. The final equation was a heat balance for the injector gas. The following

assumptions were made:

1. Radiation between the reactor and injector walls, convection between the gas
in the reactor and the exterior injector wall, and convection between the gas
in the injector and the interior injector wall are the main heat transfer modes

heating the injector wall.
2. Heat transfer via conduction is negligible.

3. The emissivity of alumina is 0.45. This is conservative for the range of 0.65 to
0.45 for a temperature range of 800 K to 1400 K, as given by Cengel [55].

4. The gas is ideal and isothermal.

5. The convection coefficient, h, is assumed to be 30 W/(m?-K). The convection
coefficient for laminar flow is 5-30 W/(m?K), and 30 to 200 W/(m?-K) for
turbulent flow [59].

6. The temperature in the alumina is isothermal vertically and through the thick-
ness of the reactor and injector walls due to: a) high thermal conductivity,
Yok = 8.2 W/(m?K) [60], b) thin injector and reactor wall thicknesses, t,,
and t,,, are 0.003 m and 0.006 m, respectively, and c) isothermal heating in the

lower section of the furnace. This assumption was validated by comparing heat
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convection vs conduction through the reactor wall over the same temperature
differential, Thign — Tiow:

Geono = P(Thigh — Tiow) = 30 x (1323 — 1200) = 3.7 x 10°  W/m?
(Thigh — Tiow) 89 (1323 — 1200)

=1.7 x 10° 2
for 0.006 X107 W/m

Geond = Y
which shows two orders of magnitude difference between convection and

conduction.

Radiation heat transfer between the reactor wall and the injector is estimated

using the following equation for infinitely long concentric cylinders [55].

O-SB(TZL),I - T;le,r)

1 ﬂ<0~5XDl,out)

€r €r 0.5 D'r,in

Qradiation = Al,out (222>

where ogp is the Stefan-Boltzmann constant, equal to 5.67E-8 W/(m?-K*), T, is
the reactor wall temperature in [K], €, and ¢; are respectively the emissivities of the
reactor and injector, and D, ;, and Dy, are the inner and outer radii of the reactor

and injector in [m], respectively. The equation for convection inside the injector is
Qr = Arainh(Twr —T,1) (2.23)

where T, ; is the wall temperature of the injector in [K]|, and T} ; is the temperature
of the No-C'H, gas mixture inside the injector in [K]. The equation for convection

inside the reactor from the injector wall is

Qr,l = AI,outh(Tw,I - Tg,?“) (224)

where T}, is the temperature of the N,-C' H, gas mixture inside the reactor in [K].

The equation for convection inside the reactor from the reactor wall is
Q’I’,Q - Ar,inh(Tw,r - Tg,'r) (225)

where T, , is the wall temperature of the reactor in [K]. The energy entering the

injector via the gas flow was found by

. 1 .
mI,OHI,O - Fcp,ambvpambTamb (226>

where the M,,;, is the molar mass of the gas mixture in [kg/mole], ¢, a is the
specific heat capacity at constant pressure of the inlet gas in [J/(mol-K)], V is the

volumetric flow rate of the gas mixture in [m?®/s], pump is the inlet gas density in
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[kg/m?], and T, is the inlet gas temperature in [K]. To be conservative in this
analysis, Ty, was set to be at ambient or 298 K. The energy exiting the injector via

the gas flow was found by

. 1 :
m[H[ = Fcp%IVpg,IT I (227)

where ¢, 47 is the specific heat capacity at constant pressure of the injector outlet
gas in [J/(mol-K)], p,s is the injector outlet gas density in [kg/m?|, and T, is the

injector outlet gas temperature in [K].

The energy exiting the reactor via the gas flow was found by

1 .
mTHT = Fcp’gﬁ‘/pg’rTg,T (228)

where ¢, 4, is the specific heat capacity at constant pressure of the reactor outlet
gas in [J/(mol'K)], and p,, is the reactor outlet gas density in [kg/m®]. The three
unknown temperatures Ty r, T, , and T, ; were found by solving the following three

equations simultaneously.

0 = Qradiat'ion - Q[ - Qr,l (229)
0 - Q’ml + QT’,Q + mIHI - mrH'r (230)
0 = riyoHro— i Hp+Qr (2.31)

Equation (2.29) is a heat balance at the injector wall, Equation (2.30) is a heat
balance for the gas in the reactor, and Equation (2.31) is a heat balance for the
injector gas. The built in function solve () in Matlab 2012a was used to find the
steady state temperatures. The results are shown in Figures 2.20. The temperature
percent differences between the reactor wall and the injector wall, and between the

reactor wall and the reactor gas were respectively calculated as

Tw r Tw

Tor—ws = —2—=2L 5100 (2.32)
Tw r T T

Twr—gr= ’T—g’ x 100 (2.33)

The final result of the above analysis shows that the the difference in temperatures
between the gas in the injector and the reactor wall was 47 K, giving the largest
temperature difference. However, the gas spends the majority of its residence time
in the reactor, and the thermocouple is measuring the temperature in the reactor.

Considering this, the temperature of the injector wall was less than 0.98% of the
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Figure 2.20 — Results of radiation analysis in a) steady state temperatures and b)
percent differences between reactor gas and injector wall vs reactor wall.

reactor wall temperature. The difference between the reactor wall and the reactor
gas temperatures was less than 1.3%. These correspond to a 10 K difference in
temperatures between the injector and reactor walls, and a 13 K difference between
the reactor wall and the gas in the reactor. From this it was determined that the
thermocouple inside the reactor was measuring within reasonable limits the actual
gas temperature inside the reactor. Thus, this temperature is very close to the same
as the injector wall and the reactor wall. This analysis also verifies the assumption
that radiation absorption of the methane gas is negligible, since the temperature

differential is very small.

2.5.2 Mass flow controller error

One source of error in this study was caused by potential miss-calibration of the MFCs
by the manufacturer, Alicat Scientific Inc. A series of tests using a bubble flow meter
were performed to check this. Figure 2.21 shows a graphical representation of the
test set up. The MFC with the smallest range possible was used for each setpoint.
For example, if the flow rates were set to 50-50ccm No-C' Hy, then MFC-3 and MFC-2
were used for the gases, respectively.

The MFCs are rated for £+ (0.8% of reading + 0.2% of full scale). The bubble flow
meter is a glass column with a gas inlet at the bottom and a gas outlet at the top
(see Figure 2.22). The bottom of the glass column has a bulb attached with soap in
it. The soap is used to produce soap bubbles in the column. When the gas is flowing,

the bubbles rise up in the column. A stopwatch was used to measure the time for the
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Figure 2.21 — Graphical representation the mass flow controller (MFC) output variance
from the setpoint.

bubble to pass markings on the graduated column. The flow was then calculated by
taking the volumetric area over which the bubble passed up the column and dividing
it by the time recorded. If desired, the flowrate can be standardized to reference
conditions for both test systems, usually standard temperature and pressure (STP).
This is done by making a correction of temperatures and pressures by using the ideal

gas law as given in Equation (2.34)

Tsrp ., Pomb
)

VSTP - ‘./;mb(T—
amb

2.34
Psrp (234)

where V is the flow rate in [m3/s], T is temperature in [K], and P is pressure in
[Pa]. The subscripts 4,y and grp mean ambient pressure and temperature or stan-
dard temperature and pressure, respectively. The bubble flow meter tests did not
incorporate this temperature and pressure correction because the purpose of the test
was to check for the composition mole fractions of the inlet gas. The setpoints for
N, and C'H, were always set equal to each other, so a 50% - 50% composition was
expected. Otherwise, data taken from both the inlet and the outlet of the reactor

were at room temperature and atmospheric pressure, so no correction was necessary.

Eight to ten measurements were taken for each flow rate, with standard deviations
of 0.1 sccm to 1 scem for the low flow rates, and 0.5 scem to 2.0 scem for the higher
flow rates, with the exception of 200 sccm setpoints where the standard deviations
were 8.3 scem for the No MFC-4 and 4.9 sccm for the CHy MFC-3. The tabulated

results for the bubble flow meter tests are shown in Table 2.6.
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Figure 2.22 — Graphical representation the mass flow controller (MFC) output variance
from the setpoint.

Table 2.6 — Bubble flow meter test results with expected calibration error (i.e. 0.8%
of Reading + 0.2% of Full Scale)

Setpoint MFC-1 Calibration MFC-2 Calibration
(sccm) (10 sccm Ny)  error (ccm) (50 sccm CH;)  error (ccm)
100 - - - -
70 - - - -
20 - - 56.30 0.50
30 - - 33.82 0.34
15 - - 16.42 0.22
10 11.50 0.10 11.22 0.18
7.63 8.48 0.08 8.53 0.16
Setpoint MFC-3 Calibration MFC-4 Calibration
(sccm) (200 sccm N;) error (ccm) (1000 sccm CH,) error (ccm)
100 113.73 1.20 110.21 2.80
70 78.57 0.96 74.96 2.56
20 56.51 0.96 - -
30 33.34 0.80 - -
15 16.61 0.64 - -
10 - - - -
7.63 - - - -
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The flow rate measured using the bubble flow meter consistently were higher than
the desired setpoint plus expected calibration error in all cases. Thus most cases
showed flow rates above the calibration limits provided by Alicat Scientific Inc., the
manufacturer of the MFCs. These results were not because the bubble flow meter
results were at ambient conditions and the MFC setpoints are at STP. If the bubble
flow meter results were changed from an ambient reading to STP, the flow rate would
actually decrease. Edmonton ambient pressure is normally 92.9 kPa as recorded by
Environment Canada during the years of 1971-2000 in the Station Data [61], and the
building temperature is usually 22°C. Entering this into Equation (2.34), the equation

becomes; 298, 92900
. (29892900 0, o oar N
STE (293>(101325) amp = 0-93Vam (2:35)

which suggests that the ambient volumetric flow rates will be 7% lower than the
setpoints, which are measured at STP. The MFCs output to Labview of the actual
volumetric flow rate data at ambient conditions confirmed this calculation. The
percent composition or mole fraction using the inlet flow rate settings are calculated

for Ny and C'H, using Equation (2.36)
Tjo= M (2.36)

Vo

where Vj,o is the inlet volumetric flow rate of species j, and VT70 is the total volu-
metric flow rate in [m?/s|. The bubble flow meter results were used in the calculations,
and the results are shown in Figure 2.23. GC data points at 100 sccm and 10 sccm

were compared to the bubble flow meter test results.

The percent composition of Ny and C'Hy from the GC data agreed with the trends
suggested by the bubble flow meter results for the 100 sccm setpoint. However the
offset ratio from the GC was much larger than the 7.63 sccm setpoint MFC offset.
This suggests that the GC discrepancy is more sensitive to calibration than MFC flow
setpoints, because the trend between the GC datapoints at 100 sccm and 7.63 sccm
show similar concentrations of C Hy and N,. For example, at 100 sccm, Ny concentra-
tion is 51.2%, and at 7.63 sccm, Ny concentration is at 51.8%, which are essentially
the same. Conversely, for C'Hy, the concentrations for these respective points are
48.8% and 48.2%. Thus the offset of the GC data from a 50-50% concentration ratio
is essentially the same at both setpoints. However, the MFC data readings show that
the percent composition should be closer to an even 50-50% concentration ratio at the
lower setpoints. The N, mole fraction was above 0.5 in both GC measurements. The

majority of the bubble flow meter results were above 0.5 for N,, though the difference
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Figure 2.23 — Discrepancies in percent ratios of No or C'Hy of the total flow rate as
read by the bubble flow meter tests and GC data.

is largest at the 70 sccm and 100 scecm setpoints.

In summary, there were significant discrepancies between the bubble flow meter
and the MFCs results. The GC data also suggested that there is a bias in the gas
composition at the inlet. Because of the described discrepancy, the corresponding
data from the bubble flow meter results were used as inlet parameters for this study
rather than the setpoints themselves. These values are not at standard temperature

and pressure because they were measured at ambient conditions.

2.6 Results and Discussion

Gas concentrations at steady state were measured for several experiments at steady
state using the micro GC. Methane conversion was calculated for each experiment

using Equation (2.21), assuming the idealized cracking reaction
CHyg < Cloy+ 2Hyy)  hy°= -T4.4 1J /mol (2.37)

where k = kgexp (—%). Deviation from this ideal reaction is discussed qualita-
tively in Section 2.6.1. Methane conversion and gas concentrations are also presented

and discussed in this chapter. The blank reactor results are given in Section 2.6.2.
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The molten metal reactor results are given in Section 2.6.3. All the data presented

in this section is at steady state.

2.6.1 Carbon and hydrocarbon products

A gas chromatography-mass spectrometry analysis was performed by AITF on the
hydrocarbon buildup on the inline filter shown in Figure 2.24(a). The powder was
determined to contain polycyclic aromatic hydrocarbons, or polycyclic aromatic hy-
drocarbons, including naphthalene (Cj9Hg), phenanthrene (C14H;), fluoranthene
(Ci6Hyo) and pyrene (Ci6Hpo) and their isomers. The chromatogram is shown in
Figure 2.24(b). Examples of carbon buildup on the injectors are shown in Figure
2.25. It was found that at the carbon build up on the injector was more flaky at
temperatures equal to or lower than 1173 K. Carbon powder was formed at higher
temperatures. Growths of carbon filaments were also noted on the reactor and injec-

tor walls.

Scanning electron microscopy was performed on various samples. Representative
results are shown in Figure 2.26. It was found that at the lower temperatures, the
carbon spheres ranged from 100 nm to 2 pum for the 1223 K sample. The carbon
amalgamated together at the higher temperature of 1373 K. X-ray diffraction was
performed on the flake and powder samples as well. It was found that the samples

were composed of over 99% carbon [13].

2.6.2 Blank reactor

The results for the blank reactor experiments are discussed in two parts. The first
is the gas concentrations as determined by the GC. The second is the calculated
methane conversion. The data for C'H, conversion was later used in Chapter 3 for

determining the kinetic parameters.

2.6.2.1 Outlet gas concentrations

The concentration profiles at the outlet of the reactor with respect to operating tem-
perature for each flow rate are presented in Figure 2.27. More hydrogen was produced
at higher temperatures. Temperature has a large impact on steady state concentra-
tions. Gaseous products of CyHs, CoyH, and Cs Hg were negligible in all experimental
cases, which agrees with equilibrium studies performed by Holmen et al. [5] on com-
bustion of C'Hy.
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Figure 2.24 — Higher order hydrocarbon results for (a) buildup trapped in an inline
filter, shown in (b) a gas chromatogram plot
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(b)

Figure 2.25 — Photos of (a) carbon flake buildup on a tube injector and (b) powder
buildup on a tube injector

SEI 50k¥  X6,500 Tum WD 12.0mm SEI 50KV X4,300 1;1|n_ WD 10.0mm

(a) (b)

Figure 2.26 — SEM analysis for samples obtained from experiments at operating tem-
peratures of (a) 1223 K and (b) 1373 K
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Figure 2.27 — Blank reactor outlet gas mole fractions for (a) 33 ccm, (b) 67 ccm, (c)
113 ccm, (d) 154 cem, and (e) 224 cem.
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Comparisons of concentration profiles as they change with temperature or flow
rate are shown in Figure 2.28. The plots on the left hand side show that temperature
has a large impact on steady state concentrations. The plots on the right hand side

suggest that flow rate has a small impact on steady state concentrations.

2.6.2.2 Replicas and repeatability

There were only two replicas for the blank reactor experiments. These were at 1273
K and 154 ccm, and at 1223 K and 224 ccm. The average values for CHy, Hy and Ny
concentrations and C'H, conversion with the percent difference were calculated and
are shown in Tables 2.7 and 2.8. The percentage difference in conversion amounts

were calculated for each replica using

X, — X,
‘ CHy,1 CH472’ x 100% (238)

Difference =

XcH,

where the subscripts 1 and 2 denote the respective replica. The percent difference
for Ty = 1273 K was 14.1%, and for the Ty, = 1223 K was 39.2%. The difference at
Ty = 1223 K is probably much larger because the the lower temperature yielded a
relatively smaller conversion amount. At Ty = 1223 K, the average conversion was
11.7% instead of the 33.1% obtained at 1273 K. Therefore differences in z¢py, and

xp, would have a much larger impact on the total conversion.

Also, these replicas were not true replicas, because they were performed at slightly
different operating temperatures. The lower temperature tests were actually mea-
sured at 1223 K and 1228 K, respectively for replicas 1 and 2. The data at 1228 K
showed higher C'H, conversion of 13.6% rather than 9.8%. This may be due to a high
sensitivity to temperature shown in the above analysis of blank reactor results in this
section, though 5 K is a small difference. The replicas performed at the higher tem-
perature had actual operating temperatures measured at 1272 K and 1270 K. The
respective conversion for these temperatures were 35.6 % and 30.6%, which again
suggests higher conversion for higher temperature, though 2 K is an even smaller
temperature difference. It is probably that another unknown factor played a role in
the difference of conversions. More replicas are required to develop a reliable analysis
on repeatability and to ascertain whether temperature really was the major factor in

differences of conversion.
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Figure 2.28 — Blank reactor outlet mole fractions for (a) Na, (b) CHy, and (c) Ha
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Table 2.7 — Replica data for 1273 K and 154 ccm.

1273 K ToH, TH, TN, XoH,

Replica 1 0.264 0.261 0.458 0.356
Replica 2 0.286 0.244 0.450 0.306

Average 0.27 0.25 0.454 0.331
Difference (%) 8.33 6.24 1.77 14.1

Table 2.8 — Replica data for 1223 K and 224 ccm.

1223 K Top, TH, TN, XCoH,

Replica 1 0.414 0.066 0.511 0.098
Replica 2 0.384 0.113 0.491 0.136

Average 0.40 0.09 0.501 0.117
Difference (%) 724 699 391 39.2

2.6.2.3 Methane conversion

The results for C'H, conversion for the blank reactor are shown in Figure 2.29. The
profiles follow a similar pattern to the C'H, concentration plot. Temperature had
a large effect, with higher temperatures producing more conversion. Conversions as

high as 64.8% for an operating temperature of 1373 K were observed.

Flow rate appeared to have little effect, even though lower flow rates consistently
obtained higher conversions. In most cases, conversions were nearly leveled out at flow
rates above 154 ccm. Zero conversion was calculated for experiments with operating

temperatures below 1123 K and total flow rates above 33 ccm.

2.6.3 Molten metal reactor

The results for molten metal C'"H4 cracking are discussed in this section. Each ex-
periment was performed with a 20.3 cm bed of Sn. It was quickly found during
molten metal experiments that zero conversion was obtained for all flow rates used
in the blank reactor experiments. The flow rate was reduced to obtain results that
showed conversion. The gas hourly space velocity (GHSV) using the heated section
of the reactor to determine the blank reactor volume was used to compare molten
metal cracking results with the blank reactor results. The GHSV for the blank and

65



0.7 ~

—4—33 ccm
0.6 1 == 67 ccm
§ 0.5 - =113 ccm
=
E i 154 cCM
c 04
S 224 cCM
€03 -
m
=
-
[
s 0.2 -
0.1
0 b T T T T 1
1000 1050 1100 1150 1200 1250 1300 1350 1400
Temperature (K)
(a)
0.7 - ——1073 K —d—1123K
+ =—e=1173K =—==1223K
0.6 | —=1273K =—@—1323K
e 1373 K
505 -
B
1]
£ 04 -
-]
(]
€03 -
m
£
£
a
= 0.2 -
0.1 -
0 —e— a1 —A—
0 50 100 150 200 250
Flow rate (ccm)
(b)

Figure 2.29 — C'H, conversion in a blank reactor showing (a) temperature effects and
(b) flow rate effects
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molten metal reactors were calculated as follows. The volume of the molten bath in

the reactor is defined as

Viath = Mpath / Phath (2-39)

where Mmyq, is the mass of the molten media put into the reactor in [kg], and ppas is
the density of the molten bath at operating temperature in [kg/m?]. The total blank

volume of the reactor is

D, ; 1
rin . D3 ‘
2 ) + 12 ™ ran

1
Vibtank = ~mD2,, (L — (2.40)

4

where D, ;, is the inner diameter of the reactor vessel in [m] and Ly is the heated
length of the reactor, or the location at which the gas temperature drops below 1023
K, in [m]. The first term in Equation (2.40) is the cylindrical volume of the reactor
minus the half-sphere closed end. The second term in Equation (2.40) is the volume
of the half-sphere closed end. The empty volume of the molten metal reactor was
calculated by
Vivath = Vi piank — Vaatn (2.41)
The GHSV is defined as ,
GHSV = % (2.42)

where Vr is the total volumetric flow rate in [m?/hr|, V' is the volume of the respec-
tive GHSV, given by Equations (2.40) or (2.41).

The experiments were originally planned to range from 1023 K to 1373 K. As
such, the GHSV corresponding to the mid-range temperature of 1273 K was chosen
to calculate the reduced flow rate for molten metal experiments. The length at which
the temperature dropped below 1023 K was Ly = 26.6 cm, using the blank reactor
temperature profile data measured in Section 2.3. No experimental temperature pro-
file data was available for the space above the molten metal. The portion of the blank
reactor below 20.4 cm was approximately isothermal, and the bath height was calcu-
lated to be 20.3 cm. Therefore it was assumed that the blank reactor temperature
profile measured in Section 2.3 was still applicable to the molten metal reactor. It
was found that a total flow rate setpoint of 17 ccm for the molten metal experiments
would match the GHSV of the blank reactor experiments at 67 ccm using a reactor
volume with . = Lg. Thus with the original tests at 154 ccm, this provided two
different flow rate levels at which the molten metal experiments were tested at for
the tube injector. The corresponding GHSVs to these flow rates were calculated to
be 24.75 hr! and 21.07 hr! for the blank and molten metal reactors at 154 ccm, and
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9.07 hr! for the blank and molten metal reactors at 17 ccm. The quartz injector

experiments were later performed at 17 ccm only.

2.6.3.1 Outlet gas concentrations

The gas concentrations at the reactor outlet are given in Figure 2.30. A very slight
increase in Hy concentration occurred as the temperature increased. However, the
only experiment that obtained notable Hy concentration was at 1273 K for the tube
injector, shown in Figure 2.30(b). Otherwise the mole fraction of Hy and other gaseous

components remained below 0.01.

2.6.3.2 Methane conversion

The methane conversion results are shown in Figure 2.31. From the above GHSV
analysis, the 67 ccm blank and the 17 ccm molten metal reactors should have been
similar. However, it was found that these reactors had conversions of 37.3% and
18.9% at 1273 K, respectively. The quartz injector molten metal reactor obtained
1.1% conversion with 17 ccm total flow rate at 1173 K.

Comparison of C'H, conversion with Serban et al. [2] is shown in Figure 2.32. All
data points in Figure 2.32 were performed in Sn with the exception of the ’Serban 2
ccm, tube + Pb data’. It is difficult to compare the results directly because Serban
et al.’s experimental apparatus is not fully described in the paper. For example, the
actual heated volume in the authors reactor is not given, nor is the height of the 1.27
cm cup that contained the molten metal in the reactor vessel. Serban et al.’s reactor
vessel was 35.56 cm long by 2.54 cm OD. Also, Serbian et al.s results are for a 10.2 cm
bath. The results from the molten metal experiments contained in this thesis would
have been higher due to the additional approximate 26.4 cm of heated blank volume
if a 10.2 cm bath height was used instead 20.3 cm. Regardless, the GHSVs studied
in this thesis for the reactor at the low flow rates are lower than those reported by
Serban et al. The GHSVs in Serban et al. [2] were 18 and 133 hr! for flow rates of 2
sccm and 15 scem, respectively. The GHSVs in this thesis were 9.07 hr! for 17 ccm.
The GHSV is 1.94 hr! if the entire reactor length is used and not just the heated
length, Ly.

From the above analysis, it is reasonable to assume that the experimental setup

in this thesis provided longer overall residence times, including bubble residence time

and blank reactor residence time, than that in Serban et al.’s. Therefore the conver-

68



1E+0

161 |
g 162 | ——H2
g ] / ——N2
s 1E3 o e
° 3 / AA i CHA
[} ]
E 1E4 - ./ ——(2H4
] / —e—C2H6
1E5 -
E ¥ ——(C2H2
1E-6 : : ‘ |
1000 1100 1200 1300 1400
Temperature (K)
(a)
1640 -
ERp - — =k
1E1 - »
E 1E-2 ; / H2
T ] / N2
S 1g3 | Vs
IR = -
-] ]
E 1E4 —=C2H4
1 7 / ——(C2H6
1E-5 -
3 / e C2H2
1E-6 ‘ . ‘ .
1000 1100 1200 1300 1400
Temperature (K)
(b)
1E+0 -
I P
1E-1 -
g 102 ——H2
.E ] / =h—=N2
s 1E3 -
2 ; / K —<—CH4
[=] ]
2 14 - —#—C2H4
E / / —9—C2H6
1E-5 o
E ¥ ——C2H2
1E-6 : : .
1000 1050 1100 1150 1200

Temperature (K)

()
Figure 2.30 — Molten metal reactor outlet mole fractions for (a) 6 mm tube injector at

154 ccm, (b) 6 mm tube injector at 17 ccm, and (c) 4-10 pm quartz injector
at 17 ccm

69



o
a
|

—-154 ccm, tube

——17 ccm, tube

o
“
1

=417 ccm, quartz

—=67 ccm, blank

o
s
L

Methane Conversion
o o
N w
Il Il

o
[
|

—0

——a——y-#" T ‘ T ‘
1000 1050 1100 1150 1200 1250 1300 1350 1400
Temperature (K)

Figure 2.31 — C'H,4 conversion in a molten metal reactor compared to the 67 ccm blank
reactor results.

0.8

0.7 -

—-154 ccm, tube

—4—17 ccm, tube

=#4=17 ccm, quartz

—=Serban 2 ccm, tube
=e~Serban 2 ccm, tube + Pb
——Serban 15 cecm, Mott Sparger

o
w
|

Methane Conversion
=]
=y
Il

03 -
02 -
01 - .
0 ‘ < = A ; |
800 900 1000 1100 1200 1300 1400

Temperature (K)

Figure 2.32 — Comparison of C'H, conversion to Serban et al. [2] results.

70



sions obtained in this study should also be larger. However, the results are grossly
opposite. As can be seen in Figure 2.32, all of Serban et al.’s results are larger than

those measured in the current experiments.

The reactor used by Serban et al. was made of 304 SS. X-ray diffraction analysis
showed that iron carbide existed in the sample scraped from the reactor wall [2]. Tt
may be that the SS reactor catalyzed the reaction that occurred in Serban et al.’s
apparatus. One theory is that the 1.27 cm molten metal cup with the 0.64 cm injec-
tor tube attached to the Mott sparger provided an ideal setting in which very small
bubbles were formed and attached to the surface of the reactor. Furthermore, the
limited space in the cup with the injector in place would enhance interaction between
the bubbles and the cup surface. The interaction would increase catalytic effect of
the 304 SS walls on C'H, conversion. The open bore 0.64 cm injector would still facil-
itate some bubble attachment to the reactor wall, but not as much due to the larger

bubble size. This may explain the huge effect of the injector type on C'H, conversion.

In the setup described in Section 2.1 in this thesis, the reactor vessel is made of
AlyO3, which would not facilitate a chemical reaction with C'H,. Furthermore, the
inner diameter of the reactor vessel is 4.4 cm, which is 3.5 times larger than the outer
diameter of the cup in Serban et al.’s study. The larger diameter would decrease
the likelihood of bubble interaction with the walls, as having bubbles attach would

increase the residence time of the bubbles as well.

The purpose of this study was to investigate the feasibility of the molten metal
C H, cracking reactor with the majority of the reaction occuring in the molten metal.
Therefore it was attempted to minimalize the amount of conversion that would happen
in the blank space above, without allowing the molten Sn to freeze on the reactor walls
if it splashed too high in the cold zone. In order to upscale the resulting conversions
from this study to larger reactors, the molten metal reactor is studied numerically
in Chapter 4. The amount of conversion occuring in the bath compared to overall
conversion is estimated, and key parameters such as bubble size, bath height, and

temperature are analyzed.

2.6.3.3 Replicas and repeatability

The quartz injector with molten metal experiments were performed with one replicate.
Both sets of experiments showed negligible difference in results. No replicas were

performed for the tube injector molten metal experiments.
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Chapter 3

Kinetics

Three models of ideal reactors are presented in this section. These are the perfectly
mixed reactor (PMR), the perfectly mixed reactor combined with a bypass to simulate
a bypass (CPMR), and the plug flow reactor (PFR). The PMR and CPMR models
are zero-dimensional, while the PFR model is 1D. However, the PFR model is derived
such that C'"Hy conversion at the outlet of the reactor is numerically solved. First,
the general assumptions are provided, as well as model-specific assumptions. The
governing equations are then derived, and the methodology for determining the kinetic
parameters is presented. The derivations for the PMR and PFR are based from Fogler
[62]. Finally, the resulting kinetic parameters of the C'H, cracking reaction are given

with a discussion on the results.

3.1 Assumptions

General assumptions

The general assumptions applicable to all three ideal models are as follows.
e Methane conversion follows the idealized reaction
CH4(g) £> C(s) + 2H2(g) jc = —74400 J/mol (3.1)

where all methane converted turns into Hs and C. The heat of reaction at 298 K
and 1 atm is given by [55], and was obtained from the enthalpy of formation for
CH, directly because C' and H, are at their reference states. Other byproducts

are assumed to be negligible.

e The reaction rate is first order and follows the Arrhenius equation,

E
k = koexp <—R—;)
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e The reaction that occurs in the injector is negligible (see Section 3.1.0.4 for

verification).
e The reaction and product gases are ideal.
e The reaction gas properties are as given in Appendix A.
e The reaction gases at the inlet are perfectly mixed.
e The reactors operate at steady state.

e The pressure drops due to, for example, friction, viscous effects, entry effects or

pipe losses are negligible.
e The system is isobaric and at atmospheric pressure.

e The temperature in the reactor is isothermal. An effective temperature is used
to compensate for the non-uniform temperature profile (discussed further in
Section 3.1.1).

e The gas and wall temperatures are equal, and radiation effects are negligible
(see Section 2.5.1).

PMR assumptions

The assumptions relating only to the PMR are as follows
e The gas is perfectly mixed all through the reactor.
e The reaction rate occurs uniformly throughout the reactor.

CPMR assumptions

The assumptions relating only to the PMR are as follows

e The same assumptions as those for the PMR above, with the exception that a
portion of the gas escapes the reactor without reacting due to the high buoyancy
effects (described further in Section 3.2.2).

PFR assumptions

The assumptions relating only to the PFR are as follows
e No back mixing occurs.

e The concentration and reaction rates vary axially only.
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3.1.0.4 Verification for neglecting injector reaction effects

The nominal holding time or mean residence time for a reactor is given by
V
Vo
where V is the volume and Vj is the inlet volume flow rate in [m?®/s]. Thus 7
becomes for the injector and reactor, respectively
%
L (3.3)

T =

(3.4)

T, =

Vo
v,
Vo

Dividing Equation (3.3) by Equation (3.4) and simplifying, the ratio of nominal

holding times between the injector and reactor is

T Vi
a0 3.5
74 (3.5)
The volume of space in the injector and for the reactor tubes are defined respec-
tively as
Vo = 2(D2y = Dj ) L (3.7)

where Dy, and D, ;, are the inner diameters of the injector and reactor in [m)],
Dy out is the outer diameter of the injector tube in [m], and L is the heated length
of the reactor, also in [m]. The area of the reactor is found by subtracting the cross-
sectional area of the injector from the reactor area. Substituting Equations (3.6) and
(3.7) into Equation (3.5) and then simplifying, the following final relation for the ratio

of nominal holding times is
2
I Dl,m
DL D (38)

r,in I,out

The inner and outer diameters of the injector are 0.00318 m and 0.00635 m,

respectively. The inner diameter of the reactor is 0.04445 m. Substituting this in

gives
v (0.00318)?
7. (0.04445)2 — (0.00635)2
= 0.00522

In summary, the ratio of nominal holding times between the injector and the reactor
is approximately 0.5%. Therefore the phenomena happening in the injector was

considered negligible.
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Figure 3.1 — Graphical method of determining equation for averaging the temperature
over the length of the reactor.

3.1.1 Effective temperature calculation

The constant temperature assumption in this study required that an effective temper-
ature be used. A similar approach to Olsvik et al. [18] and Eisenberg and Bliss [22]
was used. No noticeable reaction occurred below T, = 1023 K, and so the section of
reactor below this temperature was not included in the averaging. Figure 3.1 shows
the actual temperature profiles for various temperature setpoints and locations. The

temperature profile was previously determined in Section 2.3.

Lengths L,, Ly, L., and Lg4, correspond to the location at which the linear portion
of the temperature change is assumed to begin, and where the linear portions end
for the high, medium and low temperatures, respectively. Temperature T, represents
the boundary temperature below which no reaction is assumed to occur. Ty, T, Ty
represent the low, medium and high isothermal temperatures for the experimentally
measured profiles, respectively. The corresponding lengths and temperatures are la-
beled and defined in Figure 3.1. Two key assumptions for the assumed temperature
profiles are that 1) all linear temperature profiles between L, and Ly have the same
slope, and 2) all lengths at which each operating temperature curve drops to 1023
K can be linearly interpolated between L, and L,. Essentially, it is assumed that

the operating temperatures are horizontal, or isothermal, prior to L,, and linearly
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decreasing after L, until the temperature drops below 1023 K.

The length at which the temperature curve drops below 1023 K, or the heated
length Ly, is found using the following

Ly (To) = (To — Tb)g_; + Ly (3.9)

where g—§, is the slope of the temperature profile that descends from the isothermal

temperature to the lower boundary temperature, 7. g—§, can be approximated linearly

(La—Ly)

as
(T4—Ty)’

which gives

(La — Lu)

LH(TO) = (TO - Tb)m

+ Ly (3.10)

where Tj is the setpoint operating temperature of the reactor. The equation for
the operating temperature curve is given as
Ty ifz< L,

T(z) = T0+(—LT“_§])(2—LQ) it 2> L, (3.11)
H — L

where z is the distance measured from the bottom closed end of the reactor, located

deepest inside the furnace. Finally, the effective temperature is found by

Ly
Ea eff Ea
k : Ly= [k — |d 3.12
v (RTeff) " / v (RT) ’ 312)
0
or, taking ko out of the integral and canceling,
Ly
Ea eff Ea
—— | Ly = — | d 3.13
o (RTeff> " / o (RT) ’ (813
0

The activation energy, E, s was set to 390 kJ/mol to reflect values for homoge-
neous C'Hy cracking found in literature [1, 18, 19, 21]. T,fs was solved for numeri-
cally using MATLAB built-in functions. quadl () solved the integral on the RHS.
fsolve () was used then solve for T,¢;. The results for the effective temperature
corrections are in Figure 3.2. The largest difference between 7. ¢ and Ty was 13 K for
the highest experimental operating temperature of 1350 K. The difference becomes

18 K if the operating temperature is extrapolated to 1400 K.
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the blank reactor

3.1.2 Temperature driven buoyancy mixing effects

In this section the assumption that the reactor can be assumed to be perfectly mixed
due to thermal buoyancy effects is verified using the Rayleigh number, Ra. The
critical value at which natural convection becomes turbulent for an enclosure is Ra,. ~
3 x 10° as given by Cengel [55], or Ra. ~ 5 x 10* by Incropera et al. [63]. The
temperature profiles and dimensions used in this section are shown in Figure 3.1 in
Section 3.1.1. The Ra number for an ideal gas is given by

o 90p02L3 (Thot — Teota) . gcpP2L3 AT
e T oy T

where L is the characteristic length, T}, is the hot temperature, and T,y is the

Ra(L) (3.14)

cold temperature. The gas properties are determined at a mean temperature of T' =

(T'(2) — Teora)/2- 1t is shown below that flow velocity due to temperature differences

AT
U=1/g—1L d

Thus the Ra number is proportional to the square of the scaled velocity. Separat-

is scaled by

ing terms, Ra can also be described as
_ cpp2L29ATL _ cpp? L?
Yot T T Yolt

Ra(L) U? (3.16)
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The Peclet number, Pe, and Reynolds number, Re, are described as [64]

L L
pe — UL _ UL (3.17)
Athermal 7
L
Re = PUL (3.18)
1

where aypermar 1S the thermal diffusivity of the material. Substituting in Equations
(3.17) and (3.18) into Equation (3.16), the Ra can be reduced to

Ra(L) = RePe (3.19)

In summary, the capability of the Ra to predict turbulent mixing is because it is

proportional to Re. For the reactor studied in this thesis, Ra becomes

— ngp2(LT B Z>3 (T(Z) - Tcold)

R
a(z) o T

(3.20)

where g = 9.81 m/s? is the acceleration of gravity, ¢, is the specific heat capacity
of the gas, p is gas density, v is gas thermal conductivity, u is dynamic viscosity of
the gas, and z is the location from which the Ra(z) number is being determined,
as measured from the bottom (hottest) portion of the reactor to the uppermost or
cold portion of the reactor. Also, the critical length is L = L, — z, where L, is the
length of the reactor. z ranges from 0 to L,, which represents the isothermal oper-
ating temperature zone. L, = 0.204 m, previously defined in Section 3.1.1, is the
point at which the isothermal operating temperature begins to linearly decline. T'(z)
is the corresponding profile temperature at z, and was experimentally determined in
Section 2.3. T4 is the temperature at the cold section of the reactor. The geometry

definitions for calculating the Ra are shown in Figure 3.3.

The experimental determination of the temperature profile did not include a tem-
perature at the reactor cap assembly. T, is assumed to be 373 K. As seen in Figure
3.1, the temperature dropped to at least 373 K in the Ty = 1078 and 1218 K tem-
perature profiles. For T, = 1350 K, the assumption of T,,4 = 373 K was considered
plausible if (1) the 304 SS cap has a large thermal conductivity, thereby providing
high conductive heat transfer, and (2) the convective heat transfer from the gas inside

the reactor to the cap is sufficiently large.

The thermal conductivity of 304 SS is 14.9 W/(m-K) at 300 K [55]. In compari-

son, the thermal conductivity of H, is two orders of magnitude less, at approximately
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0.18 W/(m-K) at 300 K [55]. Hy is the most conductive of the gases considered in the
reactor. Second, it is also shown below that Ra, is surpassed, and as such the gas flow
inside the reactor is most likely turbulent and has a high convective heat transfer from
the gas to the cap. Therefore, it was assumed that the gas inside the reactor at the

reactor cap was at the same temperature as the surface of the cap outside the reactor.

The assumption is further justified by the following two observations: (1) the
snoop soap did not boil when checking for leaks at the reactor cap, and (2) the cap

was at a low enough temperature that it could be touched by hand without burning.

The results for Ra are presented in Figure 3.4. T'(z) and T4 for 1350 K and
1078 K are shown on the right-hand side in Figures 3.4(a) and 3.4(b), respectively.
The resulting Ra values are shown on the left-hand sides in Figures 3.4(a) and 3.4(b).
Minimum values of Ra = 1.54 x 107 and Ra = 2.38 x 107 were obtained for Tj = 1350
K and Ty = 1078 K, respectively. Therefore, Ra, = 3 x 10° [55] was exceeded in both
cases and it was verified that turbulent mixing was most likely occurring inside the

reactor.

It was shown above that turbulent mixing is occurring inside the reactor. The
next step is to determine the extent of the mixing occurring inside the reactor. Linden
suggested that buoyancy forces are described in terms of reduced gravity, and gave

the following for defining the reduced gravity [52]
9 =9—=9—= (3.21)

where ¢ is the acceleration of gravity, and % is the fractional change in the fluid
where T is in units of K. The source of this equation can be derived using Newton’s
second law accounting for the buoyancy force due to temperature differences in a
control volume and its weight. Viscous or drag effects were assumed to be negligible
in this derivation. Then,

dF, — dF, = Cé—qzdm (3.22)

where @ is the average velocity of the gas in the control volume, and dm = pp,dV is
the mass of the control volume. p is the density of the control volume measured at
a reference temperature of T' = (Thor + Trota)/2, and dV is the volume of the control

volume. dF'g and dFy are the buoyancy and weight forces, given as

de = pcoldng (323)
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dF, = protgdV (3.24)

where p.,q is the density of the cold gas,pp. is the density of the hot gas, and g is
the acceleration of gravity, Substituting in Equations (3.23) and (3.24), and canceling
av,

du
Pcoldd — Photd = pE (325)
Simplifying,
du Ap
— =g =g—" 2
7 9=9 ) (3.26)
% can be assumed to be [53, 54]
A
2P WAT (3.27)
p

where w is the thermal expansion coefficient. w is defined as

(),

which reduces to 1/T for an ideal gas [54]. Thus,

Ap AT
_ AT 2
e (3.29)
and Ap AT
p
/ p— — —
=9 =97 (3.30)

which is the same as (3.21). The reduced gravity term, ¢, can be used to determine
the scale of the velocities inside the reactor. Linden [52] stated that velocity scales

as follows for reduced gravity-driven flows

U=+/¢L (3.31)

where L is the characteristic vertical length scale over which the temperature dif-
ference is experienced, measured from the top (open end) of the reactor. The cold
temperature at the capped end of the reactor, z = L,., is assumed to be at least 373
K using the same arguments earlier in this section. The characteristic length scale is
assumed to be

L=1L,—L,=0508m—0.204 m = 0.304 m (3.32)

L, is the length at which the temperature of the reactor begins to linearly decrease

from the isothermal temperature zone, as explained previously in this section.
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Table 3.1 — Tabulated velocity scaling for various operating temperatures

Operating Temperature q U u
(K) (m/s*) (m/s) (m/s)
1078 6.4 1.70  0.0079
1218 6.8 1.78  0.0090
1350 7.1 1.84  0.0099

It was also necessary to calculate the average velocity of the gas flow in the reac-
tor to determine if the forced gas flow would be significant compared to the scaled
velocities of the buoyant flows. The average velocity of the flow due to forced flow
from the gas injected into the reactor is given by

V
u=— 3.33
e 333

where A, is the cross-sectional area of the annular spaces in the reactors. The gas
flow rate, V, was corrected to volumetric flow at operating temperature and pressure.

The results are given in Table 3.1.

Buoyancy forces yield scaled gas velocities of 1.7 m/s to 1.8 m/s. The average
velocities are three or two orders of magnitude less at 0.0079 m/s to 0.0099 m/s.
Therefore the effects due to buoyancy are very significant. The length of the reactor
is 0.508 m, and the mean residence time in the entire blank reactor is approximately
Vieactor/ V = 67s. The high residence time coupled with the relatively large scaled
velocity to the reactor length therefore allow the reactor to be perfectly mixed. Based
on this finding, in conjunction with the finding that turbulent mixing was indeed oc-
curring in the reactor due to the Ra exceeding the critical value, it was assumed that
the reactor was perfectly mixed. However, in this thesis the PFR model was still

derived for comparison of results.

It was found in the literature review in Section 1 that high temperature differ-
ences exist in most high temperature C'H, cracking reactors. However, very little
work dealing with incorporating buoyancy effects into high temperature C'Hy crack-
ing models is reported in the literature. Only two authors included buoyancy effects
in a 3D reactor model, Ozalp and Jayakrishna [44] in 2010 and Costandy et al. [51]
in 2012. The impact of the buoyancy terms on fluid flow or mixing however was not
discussed in either paper. The lack of buoyancy effects in most literature models may

be due to the studies in literature being performed at higher flow rates with smaller
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cross-sectional areas, thus increasing the effect of forced convection over natural con-
vection. Hirsch and Steinfeld [33] studied a reactor that utilized a vortex flow to
create a cyclone effect. The cyclone or tornado effect was designed to reduce carbon
deposition on the quartz window by means of creating a pressure gradient that would
pull the carbon particles away from the window and down into the reactor. The
authors do not analyze the effects of buoyancy, however they do mention that carbon
deposition became a problem due to buoyancy effects during runs where the reactor

was mounted vertically.

3.2 Mathematical modeling of ideal reactors

3.2.1 Perfectly mixed reactor

The general chemical equation used for this derivation is
aA — bB + cC (3.34)

with the stoichiometric coefficients a, b, and ¢ normalized by a as follows

via+ — B+ v.C (3.35)
where ;
v,=-—1, 1v,=— and VC—E
a a

It is assumed that the forward reaction only occurs, and that the reverse reaction
rate kinetic parameters E,, and kg, are insignificant. Furthermore, the forward

kinetic rate parameters F, and kg are fitted to the experimental data, and so reflect
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the amount of conversion that is expected in the reactor. The general mole balance
equation in the gas phase is given by [64]
oC;

LV (W0 =y (3.36)

where C; is the concentration of species j, in [mol/m?], @ is the velocity of the
gas, and r; is the reaction rate in units of [mol/(m® s)]. The reaction rate rcp, is

given as

b,
rem, = —kCeny, = —koCeon,exp (RT) (3.37)

where kg is the preexponential factor in units of [1/s], E, is the activation energy
in [J/mol], R is the ideal gas constant of 8.314 J/(mol K), and T is the reactor

temperature in [K]. The equation is then integrated over a control volume, which

gives
JdV—i—/V (0C;)dV = /T‘]dV (3.38)
The first term on the left hand side of Equation (3.38) can be further simplified
by recognizing that 27 is not a function of the control volume
oC; o0} _ 00 Onj
v = m/w Liv=2 (3.39)

where V' is reactor volume in [m?], n; is the total number of moles present in the
reactor of species j. The second terrn on the left hand side of Equation (3.38) can be

simplified recognizing that (vC;) = N,

l/vmmzmv:/kﬁﬁﬂv (3.40)

where Nj is three dimensional vector of molar flux of species j at any time ¢ in

units of [mol/(m? s)]. Using the Divergence Theorem [65], the equation becomes

/vw@wz/ﬁfms (3.41)

where n is the normal vector pointing outwards from the surface S of the control
volume. Recognizing that that the gases enter and exit through two surfaces only

with directly opposing n vectors, the following equation is reached
/&wwzmm—m (3.42)
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where N;, is inlet molar flow rate of species j in units of [mol/s|]. In summary,

the following final equation is obtained for one dimensional flow through a reactor.

dny

— (3.43)

Nj70—Nj+/’I“jdV:

Steady state is assumed, so % = 0. The reactor is perfectly mixed, so there are no

spacial variations in the reaction term. Thus Equation (3.43) becomes

Nj70 — Nj + ij = O (344)
and rearranging,
Nin— N
V=20 (3.45)
T

Conversion of species j, Xj, is determined by

Nio— N,
X, =—"7 3.46
J Nj,O ( )

Substituting Equation (3.46) into (3.44), the general mixed reactor design equation

for j becomes
N:o—N:n(l =X, N, oX;
v — _ 1o j0( i) _ _NioX; (3.47)

Tj fr‘j

The design equation for a perfectly mixed methane cracking reactor, where j =
CH4, is

TcH4V
X=—-——" 3.48
New,o (3.48)
where X¢p, is set to X for brevity. Then,
Cen,V
X ==’ (3.49)
NCH4,O

In order to obtain the C'H, conversion, an expression is needed for Cop,. The
reaction given in (3.1) produces two moles of Hy for every mole of C'H, consumed.
Thus it is considered as a varying volume flow system because the gas expands due to
stoichiometry as the reaction proceeds. Other factors that lead to varying volume flow
systems are changes in pressure and temperature. Using a ratio of ideal gas laws for
the inlet and at steady state concentrations, as well as stoichiometry, a relationship
is derived for steady state C'H, concentration. At the inlet, the total concentration

for an ideal gas is defined as

P
Cro=—+ ===

_ 3.50
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where the subscript Crp is the total concentration at the inlet [mol/m®], Nz,
is the inlet molar flow rate in [mole/s], Vj is the inlet total volumetric flow rate in
[m3/s|, Py is the inlet pressure in [Pa], and Ty is the inlet temperature in [K]. At the
outlet, the total steady state concentration for an ideal gas is
S -
where Ny is the steady state molar flow rate in [mole/s], V is the steady state
total volumetric flow rate in [m3/s], P is the steady state pressure in [Pa], and T is

the steady state temperature in [K]. Dividing Equation (3.51) with Equation (3.50)

Ny (P\ (T
V= VONT,O (P) (To) (3:52)

Next a relationship between the total flow rate at the inlet and at steady state

and rearranging gives

outlet conditions needs to be derived. Recognizing that v; = %, Equation (3.46)

can be rearranged to give
NJ = Nj70 + VjNAOX (353)

N;o can be described in terms of species N4 as follows
Nj70 = @jNA,O (354)

with .
njo0 i,0 Zj.0
Q=1 =" ") 3.55
7 nao Cap  Tap (3:55)

where z, is the inlet mole fraction for species j, and x4 is the inlet mole fraction
for species A. ©; is a ratio of inlet molar conditions for species j. Substituting

Equations (3.54) and (3.55) into Equation (3.53) and simplifying gives
Nj = NA70(@J' + VjX) (356)

The total molar flow rate in the reactor is therefore given by summing all the

molar flow rates together

Np =) N;=> Nao(6;+v;X) (3.57)
Now, the first term in Equation (3.57)

T A B Tc
D Na®; = NAO(Z T a)
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N
= 20— Ny (3.58)
TA

and the second term in Equation (3.57) becomes

c b
> Naogy X = (=4 = = 1)NaoX =3 NyoX (3.59)

by letting § = £ 4+ 2 — 1. Substituting Equations (3.58) and (3.59) into Equation
(3.57) gives
Ny = NT70 +9- NA,OX (3.60)

Equation (3.60) can now be substituted into Equation (3.52), giving

vy Mo+ 8 NapX) (5) (T)

Nrg P\,
. Nao B, T
p— 1 6- 7X — E—
Voll + N1y )(P) (TO)
. Fy T
= 14+6- X) | —= — .61
Wit + 6200 () (1) (3:61)
Defining w as
b
w:5-$,470: (E—i———l) TA0 (3.62)
a a

and substituting Equation (3.62) into Equation (3.61), gives

) . P, T
Now remembering that
N

and substituting in Equation (3.63) for total volumetric flow rate V and Equation
(3.56) for IV;, the molar flow rate of species j, the following equation for concentration

as a function of volumetric flow expansion for the reactor is derived

Nao(©; +v;X)  Nag (6, + v, X) (P> (5 >

TN+ @)E) T T +@X) \RJ\T

(3.65)

which simplifies to the following by applying Equation (3.64) again to the inlet

ratio of Ny o/Vp
(0,4 yX) (PN (Ty
Ci = Cao 1+w=X) \ P \T (3.66)
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Now, for the C'H, cracking reaction given in Equation (3.1), the stoichiometry
NCH,,0
NCHy,0

recognizing that only C'H4 and Hj are in the gas phase, and solid C' is ignored. Using

coefficient vopy, = —1, and Ocp, = = 1 using Equation (3.55). w is found

Equation (3.62), w becomes

2 0
w = (I + 1~ 1) LCHy,0 = TCHy0 (3.67)

Therefore, C' H; concentration with variable volume flow is

_ (1-X) (P\ (%
Cen, = Cerap (1 + zonoX) \ B T (3.68)

Putting Equation (3.68) into the general design Equation (3.49) and rearranging
gives the design equation for a variable volume flow system
Con,V
NCH4,0

(1-X) P T V
X = —k —— (=) | = :
OCH4,O(1 romoX) \ By T ) Nemwo (3.69)

X = —k

Further simplification by using Equation (3.64) gives

1-X P T

yo g U=% (-) (—0) v (3.70)

(1 + l’CH%QX) By T Vo
Equation (3.70) can be transformed into a quadratic polynomial form by the

following steps

V B T
E—(1—-X)=X(1 X))l =)= 3.71
1= X%) = X0 +aena¥) (F) (1) (3.71)

For further simplification, 7 is the nominal holding time, given by
T= Z (3.72)
Vo

Applying Equation (3.72) and expanding,

P\ (T PN (T oy
kX = (22) (2 ) x o) (2 ) x
= (5) () 5o (5) ()
I T F T
0 = —]CT+I€TX+ <?O> (?O)X—i—l’cjﬂho (%) (ﬁ) X2

0 = zcomo (%) (%) X%+ {kr+ (%) (%) }X — k7 (3.73)

If the reactor is isothermal and isobaric, the design equation becomes
0=zcm,0X>+ (k7 + 1)X — kT (3.74)
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Therefore,

Y —(kt +1) £ \/(kT + 1)2 4+ 4kTxCH, 0 (3.75)
B 2TCH,0 '

Noting that X must always be positive, Equation (3.75) becomes

X _ —(k‘T + 1) + \/(kIT + 1)2 + 4k7xC’H4,O (3 76)
2x0mH,0 '

which is the final analytical equation for a steady state, isothermal, isobaric and

perfectly mixed reactor with variable volume flow due to stoichiometry. The gas is

assumed to be ideal. The flow is called overflowing because volume V' is set constant.

After X¢op, is calculated, the mole fractions of all the species is determined through

the following equations. The total molar flow rates for C Hy and H, are calculated as

NCH4 = NCH4,0(®C’H4 + I/C'H4X) = NCH4,O(1 — X) (377)
Ny, = Negoo(—H20 1 ox) (3.78)

TCH,0

And the molar flow rate for the non-reactant Ny is
Ny, = Nnyo (3.79)
The total molar flow rate is
Nr = Nen, + Nu, + Na, (3.80)

The mole fractions for C'Hy, Hy and N, are calculated as

zcn, = Nem/Nr (3.81)
TH, = NHQ/NT (382)
TNy = NNQ,()/NT (383)

3.2.2 Perfectly mixed reactor with bypass

Figure 3.6 is a diagram of the blank experimental reactor. As can be seen, the

reactor has been broken down into two main sections. One of these sections is a

heated zone, and the top section is a dead or non-heated zone. The location at which

the temperature drops below 1023 K is called Ly. The length Ly is dependent on

the operating temperature of the reactor.

Based on the observations in Section 3.1.2, it is reasonable to assume that the

gas that was injected oscillates between the heated and cold zones in the reactor,
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Figure 3.6 — Graphical representation of the perfectly mixed reactor with a bypass in
the top section where no reaction occurs due to low temperatures.
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Nen, 0 Ney, o
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NCH4,H

A 4 >

NCH4,d0 NCH4,T = NCH4,d0 + NCH4,H

Figure 3.7 — Equivalent graphical representation of the perfectly mixed reactor with
a bypass equation derivation purposes.

with the amount of time in the cold zone dependent on the volume of the cold zone
compared to the overall reactor volume. At Ty, = 1078 K, for instance, the heated
length of the reactor is approximately 0.21 m (using Equation (3.10)). Therefore the
buoyancy effects would cause the gas to spend the majority of its residence time in
the low temperature zone of the reactor, where no reaction occurs. At Ty, = 1350
K, the heated length is 0.30 m, so the gas would spend the majority its time in the
heated zone. Figure 3.6 shows visually the low temperature zone in the reactor. This
analysis therefore led to a mathematical model where a perfectly mixed reactor is put
in conjunction with a bypass, as shown in Figure 3.7. The gas that flowed through
the bypass route received negligible conversion due to spending the majority of the

time in the unheated zone before it exited the reactor.

In this derivation, it is assumed that the separation of the total volumetric flow
rate entering the reactor is defined by a constant 5. The total inlet volumetric flow
rate was separated into the low temperature and high temperature volumetric flow
rates, Vdo, and VHO respectively. The low temperature volumetric flow rate represents
the amount of the inlet flow that spends the majority of time in the non-reactive
or deadspace zone of the reactor vessel. The high temperature volumetric flow rate

represents the amount of the inlet low that spends the majority of time in the high
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temperature or reactive zone. These are defined as

Vie = (1—p8)V, (3.84)
Vao = BV (3.85)

where V; is the total inlet volumetric flow rate in [m?/s]. The low temperature and

high temperature volumes are separated using a constant (2

Vg = 0V (3.86)
V, = (1-Q)V (3.87)

A mole balance is performed at the junction after the perfectly mixed reactor as

follows
Ncu,v = Newy,do + Now, m (3.88)

where Nep, 1 is the total molar flow rate at the outlet of the reactor in [mol/s].
Nc,.do is the molar flow rate of the reaction gas that goes through the bypass, and
Necp, i is the molar flow rate of the gas that is exiting the heated reaction zone, i.e.

the perfectly mixed reactor. N, 40 is defined as
Neyao = VaoCorgo (3.89)

where V is the inlet gas volumetric flow rate in [m®/s| that is diverted through
the bypass, and Cep, o is the inlet concentration of C'Hy in [mol/m?|. Cecp, is
calculated using the ideal gas law, as follows
B

C = —_— 3.90
CHy,0 TCH,,0 RT, ( )

where zcp, o is the inlet molar fraction of methane, F is the inlet gas pressure in
[Pal, R is the universal gas constant in [J/mol-K] and 7§ is the inlet gas temperature

in [K]. Nop, g is derived from Equation (3.46) as

Nenyu = Nengao(1 — Xu) (3.91)

where Nep, mo is the molar flow rate that enters the heated section of the mixed
reactor in [mol/s], and Xy is C'Hy conversion that occurs in the heated portion of
the reactor. The amount of methane converted in the heated section of the perfectly
mixed reactor is found by using the design equation derived in Equation (3.70) and
solving it using the quadratic equation given in Equation (3.76) and the nominal

holding time 7 in Equation (3.72).
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Nem, mo is derived similarly to Nep, 40 using Equation (3.84), and is given as

Ney, o = VioCorgo (3.92)

In summary, the final equation for the molar flow rate exiting the heated portion
of the reactor is given as follows by substituting in Equations (3.76) and (3.92) into
Equation (3.91),

. — (kT + 1) + /(kT + 1)? + dkT2CH,
Nenyg = VaoComypo | 1 — ( )+ v ) SLL (3.93)
2zcmH,0

Thus the total molar flow rate at the outlet of the entire perfectly mixed reactor

is given by Equation (3.88) . Total C'H, conversion for the entire reactor is found by

N, — N,
XT _ CHy,0 CHy, T (394)

NCH4,O

where N, o is the total inlet molar flow rate that enters the entire reactor in

[mol/s|, given by
Nemo = VoCeomo (3.95)

Substituting in Equations(3.88),(3.89), (3.93), and (3.95),

kT+1)+\/(k‘r+1)2+4k‘rmCH47o
2zcH,,0

. . . 7(
VoCcryo — VaoCeryo — VioCom, o (1 -

. ) (3.96)
‘/OCCH4,O

Xr =

Dividing by Cecn, 0, and substituting in Equations (3.85) and (3.84),

) ’ : —(kT+1 kT+1)2+4kTx
Vb _ ﬁ‘/o _ <1 ~ 6)% (1 a - )+\/2($C—:I4,)0+ CH4YO>
= v (3.97)
0

Dividing by Vp, the equation is simplified to

Xp=1-f—(1—§) (1 (k1) + VkT +1)2+ 4kaCH470) (3.98)

2.1'0]—[4’0

which is the final equation to find total C' H, conversion.
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Figure 3.8 — Graphical representation of a plug flow reactor

3.2.3 Plug flow reactor

A diagram representing a plug flow model is presented in Figure 3.8. The general
transient equation for a flow system was given in Equation (3.36), and is given below

again for reference,

aC;
=L Y0 =1 (3.99)
It is assumed that the reactor is at steady state, so
oC;
BT 0 (3.100)

—
N

Substituting in Equation (3.39), and recognizing again that (vC;) = Nj, the
following is obtained B
V-N;=r; (3.101)

Now, Nj is in units of [mol/(m? s)]. Multiplying by the cross-sectional area of the

reactor then gives

= N
N; = Kj (3.102)

The PFR model is one dimensional, therefore ]\7} = N, . = N,. Substituting in
Equation (3.102) into Equation (3.101), the following is obtained
dN;

Equation (3.103) is the general design equation for a steady state plug flow reactor.
Rearranging Equation (3.46) to derive N;, and substituting into Equation (3.103),

then gives
%[NLO(l — X;)] = A (3.104)
or
Njo™d = —ra, (3.105)
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For C'H, cracking where j = C'H,

dX
Newio—g— = —remAe (3.106)

where X¢opg, = X for brevity. The integral form is given as

XN,
e / Audz (3.107)

o ~TCH,

noting that r¢y, is a function of conversion X as defined in Equations (3.37) and

(3.68) and given below again as

rom, = —kCeom,

B (1 - X) P To
Ceon, = Ceonap (% 2omoX) \ B, T

the final integral form is

and

T 1
V = NCH4O/ dX
—TCH,
1+Z‘CH oX) Po T
= N, L — — | dX 3.108
CH4O/kCCH4O (1-X) (P) (TO) ( )

Assuming an isothermal and isobaric reactor, gives

b
Newy o /(1+$0H 0X)
V= — - dX 3.109
ECcw,.0 / (1-X) ( )
The integration table in Fogler [62], gives
1
/ PO (14 a)In(l—2) — ax (3.110)
0 ]_ — X

Using Equation (3.110), the following design equation for an isothermal plug flow

reactor is found

V = NCH4,0

[—(1 +$CH4,O) hl(l —X) —QTCH470X] (3111)
ECcm, 0

Equation (3.64) related Cep, 0 and Nog, o to V by



and the nominal holding time 7 was given by Equation (3.72) as

v
T = —

Vo
Thus after substituting in Equations (3.64) and (3.72) into Equation (3.111),

the following final equation was found for an ideal isothermal and isobaric plugflow

reactor.
(1 + xCH4,0) ln(l — X) + xCH%OX +7k=0 (3.112)

This equation was solved in MATLAB using the fminbnd () function and bound-
ing X between 0 and 1.

3.3 Parameter estimation

3.3.1 Parameter ranges

The range limits for the kinetic parameter fitting were based on the literature review
performed in Chapter 1. Steinberg [12] found values as low as kg = 5.4 x 10 1/s and
E, =131 kJ/mol and Chen et al. [25] calculated values as high as ko = 2.8 x 101® 1 /s
and E, = 450.2 kJ/mol. Thus the PMR, CPMR and PFR ranges for kg and E, were

ko € (1 x 10%,1 x 10'9)

E, € (1.2 x 10°,5 x 10%)

The CPMR incorporated a third parameter, 5, that defined the separation of the

total volumetric flow rate entering the reactor. The range for 5 was therefore
pe(0,1)

3.3.2 Parameter estimation procedure

3.3.2.1 Genetic Algorithm

The genetic algorithm provided by MATLAB was used to optimize the kinetic pa-
rameters F, and kg, and the reactor constant $. The number of variables varies
from between two for the PFR and PMR, and three for the CPMR. The ga () solver

minimized the square of the residual given by

N

f = Z(Xmodel - Xe:]cp>2 (3113)

i=1
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were IV is the total number of experimental samples taken, X, ,q4¢; is C Hy conver-
sion predicted by the model at a certain operating temperature and flow rate, and
Xegp 1s the corresponding experimental data point for the same operating temperature

and flow rate. The residual is calculated by

res =/f (3.114)

The genetic algorithm works by first creating a random initial population either
within upper and lower boundaries or default boundary values [66]. This is the initial
generation. The next generation is created using the prior generation, and are made
up of crossovers from two elite parents from the previous generation, or mutations
from a single parent [66]. The elite parents are the ones with the best score or scaled
residual from the previous generation. The mutations allow for random selection to
check for local or global minima. The algorithm stops once the stopping criteria is
reached. The stopping criteria implemented is given later in Table 3.2 in Section 3.4.
The criteria TolFun measures the maximum average relative change of the best fit-

ness function or residual equation that should be obtained before a solution is reached.

3.3.3 Sequence of computing operations

A flow chart showing the sequence of events used in the MATLAB code to solve
for a solution is given in Figure 3.9. The type of model is first chosen, whether it
be PFR, PMR or CPMR and the corresponding function handle is assigned to the
solver. The dimensions and operating parameters of the reactor are initialized. The
inlet conditions were set to match experimental conditions as discussed in Section
2.5.2. It was found in Section 2.5.2 that the bubble flow meter and setpoint values
of the MFCs differed substantially, and so the flow rates from the bubble flow meter
were used (given in Table 2.6). The inlet mole fractions for the models corresponded
to those shown in Figure 2.23. The experimental results given in Chapter 2 are
incorporated into the model. Initial scaling variables for kg init Eqinie and Bini are

set. The upper and lower bounds (UB and LB) for kg and E, are scaled using

1x10% 1.2x10°
LB =lkorp FEars]= [ } (3.115)
kO,init Ea,im't
1x 101" 5x10°
UB = [kous Eavs) = [ } (3.116)
kU,init Ea,init

where the ranges were previously determined in Section 3.3.1. The genetic algorithm

solver (ga () ) is then run to determine new optimized values for ky £, and . The
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Figure 3.9 — Flow chart of numeric operations for solving for kinetic parameters.

magnitudes, however, of ky can range from 1 x 103 to 1 x 10!, Therefore it was
necessary to use an adaptive re-scaling process to ensure the algorithm does not stall
with a local minima [67]. Subsequent runs were therefore performed using the new
parameter values obtained from the previous solution to re-scale the upper and lower
boundaries using Equations (3.115) and (3.116). A minimum of 10 runs were made
to ensure that the residual given by Equation (3.113), which is outputted by ga (),

was at the lowest value possible.

3.4 Model input parameters

The ga () algorithm options that were set are given in Table 3.2. The dimensions
that were input into the model are given in Table 3.3. The initial values for scaling
the kinetic parameters £, and kg, the value of E,.s¢ for calculating the effective

temperature (defined in Section 3.1.1), and reactor operating pressure are given in
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Table 3.2 — Input option parameters for ga () algorithm

el . Default CPMR and .
Criteria setting PMR settings PFR settings
Population size nvar x 100 1x10° 1 x 104
Generations nvar x 100 1 x 10° 1 x 10°

. . adaptive adaptive adaptive
Mutation function feasible feasible feasible
Vectorized off on off
Time limit infinite 50 hrs 50 hrs
Stall generations TolFun TolFun TolFun
Stall time limit infinite infinite infinite
Function tolerance 1 % 106 1 % 10-14 1 x 10-14
(TolFun)

Table 3.3 — Input dimension parameters

Dimension (m)

Ly 0.218

L. 0.292

L, 0.204

DI,out 6.35 X 10_3

Dy .in 44.45 x 1073

Liyatn 0

Table 3.4.

3.5 Results and discussion

3.5.1 Kinetics using CPMR model

The CPMR numerical model was used to best fit the kinetic parameters using ex-
perimental data from Chapter 2. The effect of the single 1373 K data point on the
fitting of the kinetic parameters was first analyzed. Two data sets, S1 and S2 were
constructed from the data. In S1, all the data points were included. In S2, the 1373
K, 33 ccm data point was excluded. The resulting kinetic parameters are given in

Table 3.5. ky and E, using dataset S1 were within their expected ranges as per what
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Table 3.4 — Input kinetic parameters and operating pressure

Parameter Value
Ea,eff 390 kJ/mol
Ea;pi 390 kJ/mol
kO,init 3.2 X 1014 1/S
B, 101.325 kPa

Table 3.5 — Comparison of overall kinetic parameters for PMR, PFR, and CPMR
models

Model Dataset ky (1/s) FE, (kJ/mol) f res

CPMR S1 5.43 x 10%° 420.7 0.426 0.150
CPMR S2 8.46 x 1017 471.1 0.475 0.107

was found in the literature (see Section 3.3.1). However, the kinetics for dataset S2
were above the expected ranges. ko g2 was two orders of magnitude larger than the
largest found in literature, which was 2.8x10'% 1/s. E, g» was 20.9 kJ/mol larger than
the highest value in literature, which was 450.2 kJ/mol. On the other hand, the value
for (8 increased dramatically from 0.426 to 0.475 from dataset S1 to dataset S2, re-
spectively. The residual, res is calculated using Equation (3.113). resg; is also larger
than resgo, but the difference was exacerbated by the fact that S1 had an extra data
point. The S1 residual reduces to 0.125 if the 1373 K, 33 ccm data point is ignored
in the calculation. This value is still larger than resgo, = 0.107, but it is a relatively

significant reduction from resg; = 0.150 where all data points are considered.

The kinetic rate constants for the CPMR kinetic parameters were calculated using
the Arrhenius equation (Equation (1.2)). Both sets of parameters were included. The
curves for the PMR, PFR and CPMR were extended to 1973 K to allow for com-
parison to the data found in literature because most studies have been performed at
higher temperatures. The results are shown in Figure 3.10. Both curves fell within the
expected literature range. The curve kcparg,s2 is more steep than those in literature,
while the kcparr,s1 curve is closer to the expected profile. The above analysis suggests
that more experimental data should be obtained for higher temperatures, specifically
for Ty = 1373 K. This would have allowed the model to more accurately predict higher
temperature conversion by decreasing 8 and changing ky and F, to fit accordingly.
At this point in time, § limits the total possible amount of C'H, conversion that can

occur. The kinetics determined using dataset S1 were used for the remainder of this
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Figure 3.10 — Comparison of the rate constant k using the Arrhenius equation for
data sets S1 and S2 using the CPMR numerical model. The CPMR, curves
have been extrapolated from 1373 K to 1973 K for comparison to literature
at higher temperatures.

thesis for the following reasons. First, the kinetics using dataset S1 falls within the
expected ranges, and secondly the kinetic rate constant curve kcparg,s1 is similar to
literature values. It is recommended however that further experiments be performed

to improve reliability of the fitted parameters at higher temperatures.

The CPMR model was used to determine overall kinetic parameters as well as
different  values for each flow rate. In the latter case, a new g for the CPMR model
was calculated for each flow rate by holding kg and E, constant at their respective
overall best fit values and fitting 5. The results are shown graphically in Figures
3.11(a) for the overall kinetics and 3.11(b) for a varying . The numerical results for
a varying [ are given in Table 3.6. [ decreased with increasing flow rate, with the

exception of the fitting for 33 ccm data. Dataset S1, which included all experimental
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Table 3.6 — CPMR overall and per flow rate kinetic results

Flow rate ky, (1/s) FE, (kJ/mol) j res

33 ccm 5.43 x 10 420.7 0.418 0.0.113
67 ccm 5.43 x 101 420.7 0.458  0.0326
113 cem  5.43 x 101° 420.7 0.443 0.0350
154 ccm  5.43 x 109 420.7 0.406 0.0558
224 ccm  5.43 x 10 420.7 0.395 0.0530
Overall 5.43 x 101 420.7 0.426 0.150

datapoints, was used in each fitting. Unlike the other flow rates, the 33 ccm set in-
cluded a datapoint at 1373 K. Therefore the 33 ccm f was reduced to allow a better
fitting to the extra data point at Xcp, erp = 64.8%. However, it can be seen that
the overall best fit values for F, and kg did not allow the curve to rise high enough
to predict the extra data point with accuracy. Instead a 11.6% discrepancy is found
between predicted and experimental conversions for 1373 K and 33 ccm, using the
33 ccm best fit 5. It should also be noted that the extra data point increased the
residual error for the 33 ccm curve. If this data point was removed, the error drops
from 0.113 to 0.0840, which is still higher than the other residuals but is relatively

closer.

In summary, the CPMR model does predict well for the 993 K to 1323 K region.
The model incorporates an ideal perfectly mixed reactor with a bypass, but it is likely
that the bypass used in the CPMR is not truly a bypass. The reaction gas does react
somewhat as it rises to the low temperature zone, or mixes into the heated section in
the reactor again, before it escapes through the outlet. Disregarding this, however,
the CPMR model is computationally inexpensive and provided a means to determine

realistic kinetic parameters.

3.5.2 Comparison of CPMR, PFR and PMR overall kinetics

The overall kinetic parameters F,, ko, and 8 were determined using the PFR, PMR
and CPMR models using all the experimental data points, i.e. dataset S1. The re-
sulting kinetic parameters are presented in Table 3.7. The residual, res is calculated

using Equation (3.113).

103



X

d exp,200ccm [n]

X

06} fitted,200ccm

X

o exp,140ccm

X

05 fitted, 140ccm

o
X

exp,100ccm

Xﬁtted, 100ccm

0.4
exp,60ccm

x
X X

03r] o

fitted,60ccm

Xexp, 30ccm

Xﬁrte d,30ccm

Methane conversion

02F

0.1F

0 ""me. L ot L L L )
1000 1050 1100 1150 1200 1250 1300 1350 1400
Temperature (K)

(a)

X

d exp,200ccm [n]

X

fitted,200ccm

o
)
x

o exp,140ccm

X

fitted, 140ccm

o
&
X

o exp,100ccm

X

fitted, 100ccm

o
~
T
®
X

exp,60ccm

Xﬁtte d,60ccm
X

exp,30ccm

°
w
T
o

Methane conversion

Xﬂ{te d,30ccm

°
N
T

o
N
T

e 1 1 1 1 J
1200 1250 1300 1350 1400
Temperature (K)

(b)

0
1000 1050

Figure 3.11 — Results of CPMR model with (a) overall kinetics and (b) setting E,
and kg to the overall kinetic values and varying 3 for each flow rate

104



Table 3.7 — Comparison of overall kinetic parameters for PMR, PFR, and CPMR
models

Model ko (1/s) E, (kJ/mol) S res

PMR  3.18 x 107 231.7 - 0.422
PFR  1.20 x 10° 177.8 - 0.595
CPMR 5.43 x 10 420.7 0.426 0.150

As can be seen, there are major differences in the kinetic parameters that were de-
termined for the three models. The PMR and PFR models exhibited kg = 3.18 x 107
1/s, E, = 231.7 kJ/mol and 1.2 x 10° 1/s, E, = 177.8 kJ/mol, respectively. On the
other hand, the CPMR model produced ko = 5.43 x 10'°, E, = 420.7 kJ/mol and
B = 0.426. Thus the pre-exponential factor has two orders of magnitude difference
between the PMR and PFR, eight orders of magnitude difference between the PMR
and CPMR, and ten orders of magnitude difference between the PFR and CPMR.
In all cases the overall kinetics fell within the upper and lower boundaries discussed
in Section 3.3.1. However, F, for the PFR and PMR is at the low end of the values
found in literature. Various authors in literature have suggested that lower activation
energies reflect heterogeneous reaction pathways, due to catalytic or surface effects,
entering into the kinetics to lower the activation energy [1, 5, 18, 19, 21]. There were
no catalysts in the experimental reactors in this thesis, however, so the activation
energy should be higher. This shows that if numerical models are used to fit kinetic
parameters, then the numerical model needs to be truly representative of the reactor.
This is done by making assumptions that truly reflect the physical phenomena occur-
ring inside the reactor, including mass transport and fluid flow. Unfortunately this
is difficult, however, because the phenomena occuring inside the reactor at high tem-
peratures are difficult to observe. Otherwise the kinetic parameters will be intrinsic
to the model assumptions and not representative of what is actually occurring inside

the reactor.

The predicted conversions for each model are given graphically for 33, 113 and
224 ccm total flow rates in Figure 3.12. It can be seen that the CPMR reactor fits the
data much more closely than either the PMR or the PFR for 1073 K to 1323 K. The
PMR and PFR models have significant residuals of res = 0.422 and res = 0.595, re-
spectively. The CPMR model is more accurate with res = 0.150. The CPMR reactor
is limited in total conversion due to the parameter 5. [ is a ratio of the total flow rate

that enters the perfectly mixed reactor. The rest of the flow enters the bypass or low
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temperature section where no reaction takes place. More experimental data should
be obtained at higher temperatures to expand and validate the prediction range of
the CPMR by potentially changing the parameter § so that higher conversions can

be reached.

The Arrhenius equation (Equation (1.2)) was applied to the kinetic results for all
three models as well as those kinetic parameters found in literature (see Section 1.2).
The curves for the PMR, PFR and CPMR were extended to 1973 K as before. The
results are presented in Figure 3.13. As can be seen, the curves for the PMR and
PFR do not follow the trends found in literature. The reaction rate constant does not
increase as significantly at higher temperatures. The reaction rate constant however
is higher than that of the CPMR at lower temperatures, but is still lower than that

found in literature, with the exception of Chen et al. [25].

The curve for the CPMR is fairly close to that of Chen et al. [25] between 995
K to 1103 K. At higher temperatures, the CPMR curve is in the mid range of the
reaction rate of those in literature, but matches reasonably closely with Abanades
and Flamant [36], Rodat et al. [1], Steinberg [29], and Kevorkian et al. [68]. It was
assumed that the homogeneous reactions would dominate in the reactor studied in
this thesis. The only studies that used carbon seeding in Figure 3.13 were Trommer
et al. [34], Dahl et al. [39] and Patrianakos et al. [19]. The reaction rate constant
curves from Dahl et al. and Trommer et al. are higher than most in literature, how-
ever the curve presented by Patrianakos et al. is in the low range of all the curves.
The prior two researchers determined their respective kinetic parameters assuming a
single phase 1D plug flow reactor models, however Patrianakos et al. incorporated a
two-phase 1D plug flow model where heterogeneous reactions were considered. Patri-
anakos et al. [19] set the activation energy to 400 kJ/mol and found kq by fitting the
model to data in literature. Thus the kinetic parameters presented by Patrianakos et
al. should reflect the homogeneous reaction pathway. In conclusion, the rate constant
curve using the CPMR kinetics is within the expected range of literature which either

assumed homogeneous reactions, or did not use catalysts or carbon seeding.

3.5.3 Comparison to literature data

The kinetic results from the CPMR model were compared to the study by Rodat

et al. [1]. The author performed 17 experiments using a reactor comprised of four

106



—_
1

4 Xexp,200ccm
0.9r
Xpmr,2OOccm
0.8 prr,ZOOCcm
. 0.7 cpmr,200ccm
= o
‘B exp,30ccm
5 061
E pmr,30ccm
Q
z 0.5 prr,BOccm
=}
,_E 04r 20 cpmr,30ccm
[}
= 0.3
0.2
0.1
0 o <‘m L I L ,
1000 1200 1400 1600 1800 2000
Temperature (K)
(a)
]l X
< exp,200ccm
0.9
pmr,200ccm
0.8 prr,ZOOccm
cpmr,200ccm
- 0.7 o
.2 exp,100cem
iz}
§ 0.6 pmr,100ccm
g —X
3 0.5 pfr,100ccm
o
s | EF /] e
g 04l cpmr,100ccm
é’ o exp,30cecm
0.3 pmr,30ccm
0.2+ prr,300cm
— cpmr,30ccm
0.1

(=)

1000 1200 1400 1600 1800 2000

Temperature (K)
(b)

Figure 3.12 — Comparison of the PMR, PFR and CPMR models with their respective
best fit kinetics. Plots with (a) two flow rates and (b) three flow rates are
presented.

107



—8—Kevorkian et al. [68]
—8—Khan and Crynes [21]
—&—Chen et al. [25]
10 - 7 |—e—0Olsvik et al. [18]
—8— Steinberg [20]
Dahl et al. [31]
-{ | —@—Trommer et al. [34] PFR
—8—Trommer et al. [34] PMR
—&— Abanades and Flamant [34]
—=—Wyss et al. [15]
—m— Abanades and Flamant [36] (£ fm‘)
a,.

—=— Abanades and Flamant [36] (Ea'med)
_ Abanades and Flamant [36] (Ea.hr;gh)

—=—Homayonifar et al. [40]
—¥—Rodatetal. [1]
_| | =»—Raodat et al. [37]

Reaction rate constant, k (75}
=
T

[[0)
—w—Patrianakos et al. [19]
_CPM'RS]
1k 1 [ PMR
PFR
107 .
ID_E 1 1 1 1 1 1 1
800 1000 1200 1400 1600 1800 2000 2200 2400

Temperature (K}

Figure 3.13 — Comparison of the rate constant k using the Arrhenius equation for the
PMR, PFR and CPMR. The curves have been extrapolated from 1373 K
to 1973 K for comparison to literature at higher temperatures.

tube assemblies made of two concentric tubes each. A diagram of a tube assembly is
shown in Figure 3.14. The inner tube was 4 mm ID and 12 mm OD. The outer tube
was 18 mm ID. The isothermal zone was approximately 0.161 m long, and the cooling
and heating zones about 0.203 m. The reactor was heated using a 1 MW solar furnace,
powered by 63 heliostats that reflected solar radiation onto a parabolic concentrator.
The parabolic concentrator then focused the concentrated radiation into the graphite
cavity that contained the isothermal zones of the reactor tubes. The experiments
were performed at reduced pressures using a vacuum pump. The reaction conditions
varied with 1670 < 7' < 1770 K, 25 < P < 40 kPa, 10 < Vtom[ < 30 L/min,
0.1 < zep,o < 0.33, and 0.012 < 7 < 0.035 s. A summary of the experimental
conditions and results from Rodat et al. [1] are given in Table 3.8. Equation (2.21)

was used to calculate X¢p, .

It was found previously that  reduced with increasing flow rate. Therefore it was
expected that the value for 5 would greatly reduce if the flow rates in the reactor
studied by Rodat et al. were high enough. The experiments by Rodat et al. were

performed at much higher flow rates with smaller cross-sectional areas than the reactor
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Table 3.8 — Experimental conditions and results from Rodat et al. [1]

Run no. Vy, (m?/s) Vuy, (m®/s) P (kPa) Ty (K) 7 () Xcm,

1 10.8 1.2 40 1770 0.032 0.98
2 16 4 38 1770 0.018  0.94
3 16 4 35 1770  0.017  0.97
4 20 4 35 1770  0.014 0.95
5 16 4 32 1700  0.018 0.87
6 16 6 35 1710 0.017  0.90
7 16 6 25 1710  0.012  0.77
8 10.8 1.2 30 1670  0.027  0.78
9 16 8 30 1670  0.013  0.60
10 18 2 30 1670  0.018 0.64
11 16 4 30 1670  0.018  0.69
12 14 6 30 1670  0.018 0.76
13 18 2 30 1740 0.018 0.83
14 16 4 30 1740 0.018 0.86
15 14 6 30 1740 0.018 0.86
16 24 6 30 1740 0.012 0.70
17 8 2 30 1740 0.035 0.98

studied in this thesis. The average and scaled velocities were calculated for both
reactors in question. The equation for average velocity is given as
V
U= — 3.117
T (3117)

where A, is the cross-sectional area of the annular spaces in the reactors. The
volume flow rate, V', was corrected for pressure and temperature using Equation

(3.63). C'H, conversion was neglected by setting X = 0, giving

(3.118)

where T,..f and P,.s are the reference temperature and pressure at which the MFCs
setpoints measure from. Vysre is the MFC setpoint in [m?/s]. The scaled velocities

for high temperature differentials, U, were calculated using Equation (3.31).

At 1673 K and 10000 ccm, the average and scaled velocities for the Rodat et al.
reactor were 7 = 4.8 m/s and U = 1.7 m/s. At 1350 K and 224 ccm, the velocities
for the thesis reactor were calculated to be w = 0.01 m/s and U = 1.7 m/s. The

velocities for the Rodat et al. reactor were the same magnitude of order, but there
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Figure 3.15 — Comparison of CPMR, numerical results to data given by Rodat et al.
[1] for 8 = 0.089

were two orders of magnitude difference between the thesis reactor velocities. The
variation in the average velocities between the reactors is due to the difference be-
tween cross-sectional areas and inlet flow rates. Thus the Rodat et al. reactor may
not experience the same level of mixing due to buoyancy effects as the thesis reactor,

and as such the g parameter most likely has a much smaller effect.

The resulting numerical predictions using the CPMR model were plotted against
the experimental values from Rodat et al. The results are shown in Figure 3.15.
was optimized to 0.089 for a best fit to the experimental results. The average error
between the numerical and experimental results was 8.3% with a standard deviation
of 6.8%. Thus it was found that the CPMR numerical model fit the results from
Rodat et al. [1] reasonably well.

The CPMR model reduces to the PMR model when S goes to zero. It was shown
earlier that the Rodat et al. [1] experiments were performed at higher volumetric flow
rates, and the scaled velocities due to buoyancy effects and the average velocities were
on the same order of magnitude. This suggests that a PFR may also be appropriate
to model the reactor by Rodat et al. [1] because buoyancy forces may be outweighed
with forced flow. Three different sets of kinetic parameters ky and E, were considered

for the PFR. These are given in Table 3.9. The results are shown in Figure 3.16.
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Table 3.9 — Kinetic parameters used to compare the PFR with the experimental data
by Rodat et al. [1].

Model

Source

ko (1/s) E, (kJ/mol)

Case 1
Case 2
Case 3

1.20 x 10°
5.43 x 10'5
1.47 x 108

177.8
420.7
205

PFR kinetics
CPMR kinetics
Rodat et al. [37]
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Figure 3.16 — Comparison of PFR numerical results to the data given by Rodat et al.
[1] for (a) Case 1, (b) Case 2, and (c) Case 3.
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In Case 1 the PFR predicts near zero conversion for all datapoints. Case 2 pre-
dicts near 100% conversion for all datapoints. Case 3 predicts within 10.7% average
error with a standard deviation of 8.7%. The kinetics from Case 3 were taken from
Rodat et al. [37], wherein Rodat et al. used a PFR model to determine the kinetic
parameters for the reactor. The author used two PFR in series, with one of them
being in the isothermal zone and the other in the cooling zone. It is shown graphically

in Rodat et al. [1], however, that the C'H; conversion occurs in the isothermal zone.

Thus the CPMR model has a slightly smaller average error than the PFR in
predicting the results by Rodat et al. [1]. All three models are beneficial for the
analysis of experimental reactors studied in literature. The PFR is appropriate for
high flow and low cross-sectional area tubular reactors, where buoyant forces are
outweighed by the forced flow. The CPMR is optimal for low flow with larger cross-
sectional areas where buoyant forces play a major role. The CPMR can be reduced
to a PMR by setting [ to zero, if needed. The scaled and average velocities are of the
same order of magnitude in the case of the reactor studied by Rodat et al. [1], and as
such the buoyant and forced convective terms may both be non-negligible. Therefore
the CPMR and PFR models would both be appropriate. The reactor studied in this
thesis was dominated by buoyant forces, leaving the CPMR model more appropriate

for the blank reactor.

3.5.4 Sensitivity plots

The sensitivity of predicted X¢cp, to the kinetic parameters kg, E, and 8 were also
analyzed for the CPMR, PMR and PFR. The parameters ranged between 50% to
150% of their respective best fit values. The numerical results for E, are given in Fig-
ure 3.17. The maximum difference between conversions for 1.5 x £, and 0.5 x E, was
essentially 100% for the PFR, PMR and CPMR numeric models respectively. Thus
all models have high sensitivity to E,. The trends showed that less C H; conversion

is obtained with higher activation energies, as expected.

The numerical results for ky are shown in Figure 3.18. As can be seen, the varia-
tion of ko had a smaller effect on predicted conversion for all three models than FE,,.
The variation between the maximum and minimum kg for the PFR model reached
34.5% at 1276 K. The PMR and CPMR models showed maximum variations of 24.5%
at 1276 K and 13.6% at 1237 K, respectively. The PFR model showed it was slightly
more sensitive to a change in ky than the PMR or CPMR models. The CPMR model
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showed the smallest sensitivity to kg, and this is most likely because the [ value

limits the maximum conversion in the reactor. In all three cases, higher values for kg

predicted higher conversions.

Finally, the numerical sensitivity analysis for 3 is shown in Figure 3.19. A maxi-
mum difference of 42.6% C H, conversion was predicted between 1.5 x 8 and 0.5 x 3.
The slope between zero conversion and maximum conversion grew with increasing
B. As expected, it was found that with increasing § the maximum capability of the

reactor for C H, conversion was increased. Therefore designing a reactor that would

minimize § would be optimal.
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Chapter 4

Molten metal reactor model

In this chapter the numerical model for the molten metal C' H, cracking reactor is

presented and discussed. First, the general assumptions are listed. Then, the general

governing equations and boundary conditions for the bubble model are derived. Next,

the application of the CPMR numerical model to the gas space above the molten bath

is described. Finally, the results of the model are presented and discussed. Figure 4.1

gives a graphical representation of the reactor.

4.1

Assumptions

The following assumptions are used to develop the mathematical model,

The molten media is a Newtonian fluid.

The molten media is isothermal at operating temperature due to its high con-
ductivity. A comparison of thermal conductivities shows that at 1373 K, ~vg,, =
50.3132 W/(mxK) and v, = 0.7094 W/(mxK). Hs is the most conductive out
of Ny, CHy, and H,. Therefore the thermal conductivity for Sn is two orders of

magnitude higher than H, and will allow for an isothermal bath temperature.
Diffusion is studied using Fick’s first law of diffusion.
Diffusion coefficient is assumed to be for a C'Hy-N5 gas mixture.

Nitrogen is assumed to be the solvent because 50% of the mixture is initially

N, and it does not react.
The gas does not dissolve into the molten metal.

The enthalpy of reaction for the general C'Hy cracking equation, hy, was defined
by fitting data given by Holmen et al. [5].
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e The bubble forms and detaches from the injector very quickly such that it is at

operating temperature but unreacted at the point of detachment.

e Kinetic model parameters from the CPMR model using the blank reactor re-
sults, namely ko = 5.43 x 10" 1/s and E, = 420.7 kJ/mol are applicable (see
Chapter 3).

e The volumetric flow rate factor f = 0.426 as found in Chapter 3 is used.

e The void fraction « is defined as TbubeEV/ Viath, Where Typpe 18 the bubble res-
idence time, Vjq, is the volume of the bath and V is the inlet gas volumetric

flow rate corrected for temperature and pressure (see Section 4.2.1.6).

e The bubble is assumed to be spherical and have a constant diameter. In future
works, the following considerations would have to be included if bubble diameter

and shape were allowed to vary:
— Bubble size change with each step in time due to bubble conversion because
two moles of Hy are produced for every mole of C'H, consumed,

— Bubble size change due to change of hydrostatic pressure as the bubble

rises,
— Variations in surface tension as gas composition and temperature changes,

— Bath and gas pressures, surface tensiona dn bubble curvature are realated
via the Lapace equation, defined as AP, = ¢ (1/Ryupbie.1 + 1/ Rpubbie2) [69],
where o is surface tension, and Ryupie,1 and Rpuppie,2 describe the three

dimensional bubble surface curvature.

— Dynamic fluctuations of bubble shape and path as the bubble rises.

4.2 Mathematical model of molten metal reactor

4.2.1 Bubble model

In this section the phenomena occurring inside the bubble as well as bubble velocity
and rise time is analyzed. The governing equations for the mass transport and heat
transfer that occur inside the bubble are described. The formulations for predicting
bubble size are then presented. Finally, the methodology for determining bubble

velocity and rise time is discussed.
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4.2.1.1 Mass conservation and transport

The general equation for methane cracking was given in Equation (1.1), and is listed

below for reference,
CHyg) — 2Ha(g) + Cs) (4.1)

Assuming a spherical bubble, mass conservation and Fick’s law of diffusion, the

governing reaction equations are

dCcn, 10 ( 4, 0Ccn, E,
8CH2 . 10 2 80}[2 Ea
o r2or (T D=5, ) + 2koCom,exp ( RT) (43)
oCr E, E,
5 = —koCopm,exp (_RT) + 2k,Cop,exp <_RT) (4.4)

where Copy, is methane concentration, C'y, is hydrogen concentration, Cr is total
concentration, D, is the diffusion coefficient, k, is the pre-exponential factor, E, is
the activation energy, and R is the ideal gas constant. The Ny concentration is then
obtained as Cy, = Cr — Copy, — Ch,. The associated boundary conditions at the

bubble center are

NrbubbleacH4 = 0 at ryuppe =0 (45)

Nr = 0 at T’bubblezo (46)

bubble,H2

where N, ;, = —D 9C_ s the molar flux for gas species 1 = C'Hy or Hy. Simplifying,

9 Orpubbie

the boundary conditions at ry,ppe = 0,

oC
% = 0 at Tbubblezo (47)
oCh,

87{{ = 0 at Tbubblezo (48)

Similarly, assuming negligible dissolution of gases into the molten metal, the

boundary conditions at the bubble surface are

861CH4 Dbubble

or ab  Tpybbl B ( )
aCH2 Dbubble
= 0 at ubble = 4.10
or at  Tpubb 5 (4.10)
The initial conditions are
Como= Tocm, 2t at t=0 (4.11)
Ciyo= Tom 2  at t=0 (4.12)
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Cro= oo at t=0 (4.13)

where Pyqp0 is the gas pressure at the injector outlet. The Laplace pressure is

ignored and liquid and gas pressures are assumed in equilibrium. Py is given as

PO + pbatthl,submerged
RTj

Pyatno = (4.14)

where Py is the operating pressure, ppen is the molten media density at operating
temperature, g is the acceleration of gravity, L submergea 1 the starting depth of the

bubble in the bath from the free surface, and 7T is the operating temperature.

4.2.1.2 Heat transfer

The heat transfer governing equation is [59].

ar 1.0 ( , orT a
wbbleCp— = — — wbble— | — hrk, —— | C 4.15
PoubbleCp It 29 (7" Youbbl 0r> FRoCXD ( ) CH, ( )
where pyusbie, ¢p , and Yeuppie is the density, specific heat capacity, and thermal
conductivity of the gas bubble, respectively. h; is the heat of formation of C'H, and

is a function of temperature [5]. The associated boundary conditions are given as

oT
— = 4.1
o 0 at =0 (4.16)
%athaa_T = h(Ty—Ty) at r=R (4.17)
-

where Yo, 18 the thermal conductivity of the molten bath, Ty is the operating
temperature of the molten media, T, is the temperature of the gas at the bubble
surface. The convection coefficient, h, was assumed to be 20 W/(m? K). In literature,
the range for natural convection in a gas in literature is 5 to 30 W/(m?K) [59]. The

property values for Sn, C'Hy, Ny, and Hy are given in Appendix A.

In Section 2.5.1 it was shown that at steady state the injector gas would be a
maximum of 47 K less than the the reactor wall temperature, when the reactor wall
was at operating temperature. Therefore the initial condition for the temperature
was set to

Touppie =Ty —47TK at t=0 (4.18)
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Table 4.1 — Input option parameters for pdepe () solver

Criteria  Default setting Current setting

RelT ol 1x 1073 1x 1078
AbsTol 1x 10 1x 10710
tspan - [0 Thubble]
tSpan count - 100
rspan - [0 Dyupbie]
TSPAN count - 25

4.2.1.3 Numerical solution

Equations (4.2), (4.3), (4.4), and (4.15) with boundary conditions (4.7) - (4.10), (4.16)
(4.17) and initial conditions (4.11) - (4.13), (4.18) were solved using the transient par-
tial differential equation (PDE) solver pdepe () in MATLAB.

The pdepe () MATLAB solver is made to solve 1D parabolic-elliptic PDE prob-
lems. Initial conditions and boundary conditions are inputed. The solver discretizes
the PDE’s into ordinary differential equations in space to determine approximate so-
lutions [66]. The solver uses MATLAB’s odel5s to perform time integration [66]. The
mesh that the solver uses is user inputed. The time span inputed by the user only
defines at what time steps the pdepe () solver outputs information. Otherwise the
solver determines the time steps dynamically [66]. The convergence criteria, timespan
and xmesh inputs are given in Table 4.1. tspan is the range of time overwhich the
solver operates, and tspan ,u,: is the number of data points in the time span. rspan
is the bubble radius over which the solver creates the mesh, and rspancy.; is the

number of nodes in the mesh.

4.2.1.4 Bubble formation and size

A review on bubble formation was made by Kulkarni and Joshi [70]. Several formula-
tions have been proposed to predict bubble formation for tubular injectors orientated
upwards. However, in this thesis the injector is pointing downwards, and few studies
have been performed for this orientation [9]. Many different liquid mediums have
been studied, including methanol, ethanol, propanol, isopropanol, glycerol, potas-
sium chloride [71], as well as glucose and molten copper [9, 70-72]. Bubble formation
in molten NaOH using a downwards pointing nozzle has been studied by Tsuge
et al. [9] using distilled water. Distilled water has similar fluid physical properties to
molten salt, including the Morton number, Mo, at 773 K [73]. The Morton number
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is a dimensionless value that groups the effects of liquids, in terms of their physical

properties, on bubble shape and motion. Mo is given as

4
Mo = LHeatn. (4.19)
Pbath O

where fipain, prarn @nd o are the dynamic viscosity, density and surface tension of the

molten media, respectively.

Thus far a formulation to predict bubble size in molten Sn has not been found
in known literature. All known formulations do not apply to the reactor studied in
this thesis because factors such as Mo, injector direction, injector dimension, and
temperature fall out of range. Two correlations have been taken to give an approxi-
mation for the order of magnitude of bubble size. After which a sensitivity analysis
is performed to determine the effect of bubble size on molten metal C'H, cracking.
Recommendations are then made for bubble sizes to obtain desired C'H4 conversion.

The models are as follows.

Tate’s Law
Park et al. [8] used what is referred to as Tate’s law to predict bubble sizes [74].
Tate’s law was derived by equating the surface tension and buoyant forces in order

to find the bubble volume. The assumptions were
e No vicious effects
e The injector / capillary tip is directed upwards in the liquid

e The angle of the bubble surface to the injector wall at the point of intersection
is 180°, thus allowing the direction of the surface tension to be parallel to the

tube wall.
e Bubble is spherical
e Bubble is attached at orifice OD

e Low flow rate. A study done on an air-water system by Blanchard and Syzek in
1977 suggests that bubble frequency formation should be less than 30 bubbles
per minute [75]. The bubbles tend to deform at frequencies higher than this.
The study by Blanchard and Sysek used Tate’s law for low flow-rate applications

and ranged orifice sizes between 0.1-1000 pm.

e Orifice diameter is small (less than 3 mm) [75]
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e No bubble coalescence
e Bubble density is constant.

Buoyancy force, F;, bubble weight, F,,, and surface tension force S; are given as

D3
F, = %pbathg (4.20)
D3
Fw - %pbubbleg (421)
Sy = 7mDpino (4.22)

where Dy ppie is bubble diameter, ppqsp is the density of the molten bath, ppupse is the
density of the bubble, g is gravity, Dy, is the inner tube diameter, and o is bubble

surface tension. A balance of force in the vertical direction gives
F,—F,—5=0 (4.23)

Substituting Equations (4.20), (4.21) and (4.22) into (4.23) and simplifying gives
the following equation for bubble diameter, noting that Vi = 1/67 D} .. .

6D[ in0 1/3
Dyubie = < : ) 4.24
ny (4.24)

The assumption of a vertically-directed injector gives rise to significant errors in
results. Blanchard and Syzek [75] showed that 15 um capillary tips directed 10 de-
grees from the vertical line give actual bubble diameters 8% smaller than the theory.
Capillary tips with radii of approximately 4 pm directed 25-30 degrees from the ver-
tical line gave bubble diameters 18% smaller than predicted. Blanchard and Syzek
[75] suggested that prior studies have shown as much as £30% error for actual bubble
sizes compared to theoretical predictions. These deviations are caused by variations
on tip geometry. Injectors pointing downwards tend to produce larger bubbles with
smaller growth rates [70] than injectors pointing upwards [70]. In the methane crack-
ing apparatus, the tube and 7 pym porous injector are directed downwards into the

molten media. Therefore larger errors from theory are possible for our case.

The assumption that 30 bubbles per minute are being formed is also most likely
not being met in the molten metal reactor studied in this thesis. This would most
likely lead to bubble deformation and coalescence. Finally, the assumption that the
direction of surface tension force of the bubble connecting to the injector tube is par-
allel to the tube wall is probably incorrect. These failings in meeting assumptions

lead to error in bubble size determination, such that Equation (4.24) provides an
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Figure 4.2 — Injector tip angle
approximation of bubble size.

Formulation by Tsuge et al.
The model suggested by Tsuge et al. [9] gives a correlation that covers operating
conditions of 54 < V < 630 ccm and 3 < Dy, out < 8.8 mm, and a Mo ~ 1 x 1071,

Tsuge et al. [9] found the following empirical correlation for bubble volume

%ubble D] out 0.63 0 0.40 VQ 0.29 o o052
=7.32 : — — Bo " 'Ga™ 4.25
‘D%in < Dl,in > 90 D?,outg 0 ‘ ( )

where Viyppie is bubble volume, Dy, is the inner orifice or injector tube diameter,
Dy oue is the outer diameter of the orifice or injector tube, 6 is the edge angle of
the nozzle, 0y = 7/2 is reference edge angle of the nozzle, Bo = pbathD%’mg/abath
is the Bond number, and Ga = pj,,, D} .9/ e is the Galilei number. The model
assumed single bubble formation. The injector angle # is shown in Figure 4.2. In this
thesis, the edge angle of the nozzle does not change from the reference angle of 7/2.

Therefore the correlation becomes

‘/bubble DI out 003 V2 0:29 —0.17 —0.032
=732 =——— Bo 7 'Ga™™ 4.26
D?,in ( Dly’m ) D?,outg 0 ¢ ( )

The bubble diameter for a spherical bubble is then calculated by

6 1/3
Diuppie = ;‘/bubble (4.27)

The formulation was found to have approximately 35% error using over 700 ex-

perimental data points.

4.2.1.5 Bubble velocity and rise time

Empirical, semi-empirical and theoretical approaches have been made for determining

bubble rise velocity. A comprehensive review of these methods is given by Kulka-
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rni and Joshi [70]. Semi-empirical methods to calculate bubble velocity use a force
balance and estimate the drag coefficient based off of experimental data. The semi-
empirical method was chosen for this thesis because the theory is well developed for
low Re regimes [70]. Recognizing that A = ingubble is the frontal area of a spherical

bubble, the drag force is given by

1
Fy = §CD/0bathU2A

™
= gCprathv2D§ubble (4.28)

where ppqsp is the density of the molten bath, v is bubble velocity and cp is the
drag force coefficient. The latter variable depends on the value of Re. The following

assumptions were made for calculating the terminal velocity of the bubble:

e The system is at steady state
e There is no interaction between bubbles (no bubble coalescence [76])

All bubbles are spherical

Properties in the molten metal are uniform.

The molten metal is Newtonian

The free body diagram of the bubble is given in Figure 4.3. The buoyancy force

is calculated as

7D}
Fy, = %Pbathg (4.29)
The weight of the bubble is given by
7D}
Fw — %pbubbleg (43())

where ppuppie is the density of the bubble, and g is gravity. A balance of forces in

the vertical direction gives

dv
Mubble 3y = Fy—Fy— Fy (4.31)

Substituting in Equations (4.28), (4.29), and (4.30) and simplifying

dv D3 T rD3?
mbubble% = %pbathg - chpbathUQDgubble - %Ubble Pbubbled
dv 7T Dg bbl 1 212
— = ubbe ath — Phubble) — —CDPbathV-D 4.32
dt —— 6 9(Pbath — Poubble) 3 D Phbath bubble ( )
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Figure 4.3 — Free body diagram of a bubble

If it is assumed that the bubble reaches terminal velocity very quickly, then % = 0.

The equation then simplifies to

o 49Dyupvic(Pvath — Poubbic)
T a—
3¢p Path
49 Dyuspic(Pratn, — pratpic) |
.o (4.33)
3Cprath

And in the case of negligible transient effects in bubble rise velocity, the bubble

residence time was estimated using

Lbath

Thubble = (4.34)

where Lyqp, is the height of the molten metal bath. The assumption that the transient
effects of bubble rise time is negligible is verified later in Section 4.2.2, following the

derivation of the bubble drag coefficient.

4.2.1.6 Bubble drag coefficient

Several formulations for ¢p were included in the review by Kulkarni and Joshi [70].
The studies were performed in a variety of liquids, including water, 2-propanol, ethyl
ether, pyridine, nitrobenzen, aniline, acetone, n-butanol, methanol, benzene, toluene,
ethyl acetate, cotton seed oil, glacial acetic acid, mercury, molten silver, and differ-
ent concentrations of glycerin in water [70]. Newtonian and non-Newtonian liquids
have been considered. Most tests in literature use tap water [77]. Bubble rise in
Newtonian liquids is dependent on bubble size, pressure, temperature and extent of

contamination. Thus bubble rise is dependent on gravity, buoyancy and drag forces
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only. Contaminants have a large effect on bubble rise characteristics and reduce bub-

ble terminal velocity [70].

Ford and Loth [78] report that bubbles less than 1 mm in diameter tend to be
spherical and act as rigid particles. Bubble velocity increases with bubble diameter in
this region. At a large enough diameter, significant bubble deformation into ellipsoidal
shapes causes the bubbles to move in helical or sinusoidal trajectories. Thus at this
point the terminal velocity is adversely affected by increasing bubble size. Kulkarni
and Joshi [70] summarized three distinct regions which determine bubble shape. The
first is at low Re and is viscosity dominated. Rigid spherical bubbles are maintained
and velocity increases with increasing bubble diameter. The second region is surface
tension dominated and bubbles leave their spherical state. The terminal velocity is
no longer directly related to bubble diameter in this region. In the final region the
bubble velocity is inertia dominated. The bubble deforms into a spherical capped
or bullet shape. Velocity increases with the equivalent diameter in this regime. No
mention is made of the bubble following a helical path however, and so perhaps the

vertical terminal velocity is adversely affected.

Rodrigue [6] derived an equation that is applicable to all Newtonian viscous and
non-viscous fluids for any bubble volume. The author compiled a database of 2207
points from literature. Gas bubbles composed of air, COy, Ny, No, He, C Hy, NoO\ No,
and NyO\H, were included. Water, glycerin\water, ethyl alcohol, mercury, and
molten silver were included for the median through which the gases were bubbled.

The resulting formulation was

10/11
06 (1 +0.02 ([%CDR62MO} 8/9) )
cp=— (4.35)

Re 80 73/33 21/176
(1 +1.31 x 10-5Mo1t/20 <[%CDR62MO] ) )

10/11

Rodrigue [6] found that Equation (4.35) fit over 13 orders of magnitude difference
in Mo. The formulation was found to have an average of 10% deviation from experi-
mental data for a range of 18 decades of Mo. Equation (4.35) was solved for various

Re against data to verify proper implementation, as shown in Figure 4.4.
The majority of studies were for single bubbles. Studies applicable to bubble

swarms are very sparse [7, 70, 79]. Two articles of note for bubble swarms were

considered applicable to this thesis. Kendoush [79] attempted to find an analytical
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Figure 4.4 — Verification of proper implementation of Equation (4.35) against data in
Rodrigue [6]
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solution that assumed a steady state flow of spherical bubbles in a swarm. It was

found that the drag coefficient could be defined by the following relation

48

where « is the void fraction. Assuming the transient effects of bubble velocity are

negligible, the void fraction is calculated by

(4.37)

where Vign = AoLpyn is the volume of the bath. V is the inlet gas volumetric
flow rate and is corrected by temperature and pressure using Equation (3.63). For

simplicity, X¢p, in the bubble is neglected in this calculation, giving

y y Pref TO
= Vre 4.
- () ()

where T}..; and P,.; are the reference temperature and pressure at which the inlet

volumetric flow rate, V., is measured. Kendoush [79] showed that Equation (4.36)
was in accordance with experimental data and other analytical expressions found
in literature. The author suggests that the applicable range for Equation (4.36) is
1 < Re <100, and that 0 < a < 0.3 in practicality, though for maximum packing «
can reach 0.779.

Kishore et al. [7] performed an analysis on bubble swarms in power-law media,
which is a type of non-Newtonian fluid. A non-Newtonian fluid is where “the shear
stress is not linearly proportional to the shear strain rate”[80]. Thus the fluids can
be shear thinning, meaning they become less viscous as the fluid is in motion, or
shear thickening, where they become more viscous as the fluid moves. The study was
created for a range of 0.6 < npoyer < 1.6, 1 < Re < 200 and 1 < Sc¢ < 1000. The

Schmidt number, S¢, is given by

n -1
m v power
S = —power ( ) 4.39

Poath Do \ Dyubble ( )

where Dy is the molecular diffusivity in [m?/s], Mpower 18 the power-law fluid consis-
tency index and 7ouer is the power-law behavior index. The following relationship

was found for overall drag coefficient [7],

92npower2 1
CD N ( R@ > (]_ — O[l/(npower‘i‘z)) X

130




[1.03 + 0.009Re*"(1 — a)®% — 0.108 Rel"power=D/mpower (1 — o)3] +

0.79
(0.3 +0.11Re%9((1 — a)—(wnmer-n) (4.40)

Setting npower = 1 for a Newtonian fluid, the equation becomes

16 1 0.9 0.3 3
o= <§> (m) (1.03 + 0.009Re*(1 — a)®* — 0.108(1 - o))

0.79
4.41
* (0.3+O.11Re°~89((1 —a)8> (441)

Kishore et al. [7] reports that the maximum error of Equation (4.40) is 29.83%.

The results of Rodrigue [6], Kendoush [79] and Kishore et al. [7] are shown in Fig-
ure 4.5. In Figure 4.5(a), the drag coefficient for a single spherical bubble for three
different formulations are compared against the experimentally determined drag co-
efficient for a solid smooth sphere. It was found that the results calculated using
the formulations by Rodrigue [6] and Kishore et al. [7] for o = 0 agree fairly well.
The results by Kendoush are higher by up to one order of magnitude. The curve by
Rodrigue extends past Re = 100 and predicts a higher drag coefficient than that of
a solid sphere. The curves from Kishore et al. and Kendoush match more closely
at a void fraction of 0.3 in Figure 4.5(b). In Figure 4.5(c) it is clear that the drag

coefficient is reduced as the void fraction is decreased.

In this thesis, a mixture of the formulations by Kishore et al. and Rodrigue is
used to approximate the drag coefficient in this thesis. However a sudden drop in the
drag coefficient from the Kishore et al. curve to the Rodrigue curve would occur at
a = 0.3 and Re = 200 if the range of 1 < Re < 200 was used for the Kishore et al.
curve. Therefore it was assumed that the curve approximated by Kishore et al. could
be extrapolated to the point at which it intersects the curve predicted by Rodrigue.
An example at 1373 K is shown in Figure 4.6.

Kishore et al.’s formulation allows for a range of void fractions. This is favorable
because various flow rates are used in this thesis. Rodrigue showed that the drag co-
efficient for a single bubble at higher Re is larger than what has been experimentally
determined for a solid smooth sphere (see Figure 4.5). This phenomena is most likely
due to bubble deformation which increases drag. Due to the lack of bubble swarm
formulations in literature at higher Re numbers, the curve presented for a single bub-

ble by Rodrigue [6] was used for higher Re. The drag coefficients by Kishore et al. for
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Figure 4.5 — Comparison of the drag

coefficient curves from literature, where (a)
considers single bubble flow (b) compares single bubble flow with o = 0.3,
and (c) comparison of different a for Kishore et al. [7].
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Figure 4.6 — Assumed drag coefficient curve at Ty = 1373 K

bubble swarms were higher than what was reported by Rodrigue for a single spherical
bubble. If this pattern continues at higher Re, then the drag for a bubble swarm will
be larger again than what is calculated using Equation (4.35). This should result in
a more conservative calculation in C'H, conversion at higher Re because the model
will predict lower-than-actual residence times. Finally, Kendoush [79] suggested that

in practicality a would not exceed 0.3. Therefore o was bounded to 0 < a < 0.3.

4.2.2 Transient bubble velocity effects

Transient bubble velocity was determined assuming that

dv Vig1 — U
_— = 4.42
dt At ( )

where v;,1 is bubble velocity at t = t;,,1, and At = t;,1 — t;. Therefore, Equation
(4.32) becomes

3
Vi1 — U T |:Dbubble 1
At Mpubble

6 9(Pbath — Poubble) — gpbathDZubbl@CD,iU? ] (4.43)

where cp; and v; are the drag coefficient and velocity at time ¢;. Rearranging,

m Dgubble 1 2 9
9(Prath — Poubbie) — < Poath DiuppieC0,iV; | At 4 v; (4.44)
Mpubble 6 8

Vit1 =

The initial conditions were set to tg = 0 s and v9 = 0 m/s. The problem was
solved using MATLAB R2012a, with various bubble diameters of 1 x 10~2m, 1 x 1073
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Figure 4.7 — Transient bubble velocity for various bubble diameters at Ty = 1173 K
and a = 0.3.

m, 1 x 107% m, and 1 x 10~° m. The time differential At was set to 1 x 107° s, and
with a time span of ¢,4p5. € [0 0.3 X 10_5]. The operating temperature was set to
Ty = 1173 K, and the void fraction to a = 0.3.

The results are shown in Figure 4.7. As can be seen, the bubble reaches terminal
velocity within approximately 1x107¢ s for the larger bubble sizes, and even faster
for the smaller bubble sizes. The problem was also solved using a time differential
At of 1 x 107!2 s, and the same results were produced. Given that a typical bubble
residence time is on the order of 1 to 10 seconds, it was verified that the transient
effects of bubble rise time are negligible, and the terminal velocity equation given by

(4.33) was used in the molten metal methane cracking model.

4.2.3 Reactor space above molten media

The space above the molten media was modeled using the CPMR numerical model
derived in Section 3.2.2. It is expected that the value for 8 would be different than
what was found during Chapter 3. This is because the ratio between the low temper-
ature or bypass against the heated zone is much larger in the molten C'H4 cracking

reactor than in the blank reactor due to the molten tin taking up space. Therefore
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the high buoyancy forces experienced in this section would reduce the residence time
of the reactant gas in the high temperature zone. However, because no experimental
data exists to determine this £, the value from the CPMR model in Chapter 3 was

used.

The CPMR model was implemented using the end results of the bubble model as
the bubble exits the molten media. Thus z¢ g, at the inlet of the CPMR model was set
to be equal to the value of z¢p, at the bubble model outlet. The same experimentally
measured temperature profiles in Section 2.3 were assumed to be applicable because
no experimental data was available. It was assumed that the gas from the bubble
reaches the temperature profile temperature very quickly after the bubble exits the
molten metal. This assumption was verified in Section 2.5.1, where in the blank
reactor the gas inside the reactor after the injector was within 13 K of the reactor
wall temperature at steady state. The effective temperature was calculated using
the same approach defined in Section 3.1.1. The actual heated length of the CPMR

section above the molten media was calculated using
LH,above = LH - Lbath (445)

where Ly was the total heated length of the reactor, and Ly, is the height of the

molten bath. Ly was determined still using the equation (3.10).

4.2.4 Solution procedure

A flow chart showing the methodology for solving the molten metal C'H, cracking
model is shown in Figure 4.8. The input variables are first initialized, including
reaction parameters, reactor dimensions, and operating conditions. These parameters
are given in Table 4.2. The bubble size is then determined using either the formulation
by Tate [8] or by Tsuge et al. [9]. An initial guess for bubble velocity is made using
Equation (4.33) assuming an initial drag coefficient of 1. 7y and « are calculated
using Equations (4.34) and (4.37). Following this, £solve () is used to solve for v

using the following Equation for the residual:

7€Sy = Upld — Unew (4.46)

where v,y is the previous value for velocity, and v, is the newly calculated
value for velocity. The function must find a match between Re, c¢p and v, because

Re = Re(v), v = v(cp) and ¢p = cp(Re). The tolerance for obtaining res, from the
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Figure 4.8 — Flow chart for sequence of events in solving the molten metal reactor
model
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Table 4.2 — Input parameters for the molten metal reactor model

Parameter Default setting

ko 5.43 x 10'° 1/s
E, 420.7 kJ /mol
g 0.426

Py 101325 kPa
L, 0.508 m
Lbath 0.203 m
Dyin 0.04455 m
Ly 0.218 m

Ly 0.292 m

L, 0.204 m

fsolve () function was set to TolFun =1 x 1071, with the minimum tolerance to
change between steps to TolX = 1 x 1078, The PCG iteration termination tolerance
was set to 1 x 1079, from the default of 0.1.

Once bubble velocity and residence time are determined, the spherical bubble
model is solved using pdepe () in MATLAB. The function mainTeff (), discussed
in Section 3.1.1, is then executed over the length reactor above the molten metal
to obtain an effective temperature for the CPMR model. Following this, the values
for C'Hy conversion and gas mole fractions at the time that the bubble exits the
molten media, or ¢t = Ty, Were inputed into the CPMR model. Finally, total C Hy

conversion was obtained using the following
Xf =1 (1 — XCPMR)(l — Xbubble) (447)

where Xcparr and Xpupne are the C'Hy conversion that occurred in the heat blank

space above the molten metal and in the bubble before exiting the bath, respectively.

4.3 Results and discussion

4.3.1 Bubble model

In this section the bubble model parameters are varied to ensure that the model
performs as expected. The bubble size for the quartz sparger and 6.35 mm tube
injectors are estimated, as well as other injector orifice diameters. The effects of
volumetric flow rate on bubble rise parameters cp, Tyue, @, and v are analyzed next.

The variance of bubble diameter with changing flow rate is also studied. Following
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Table 4.3 — Orifice diameters for various injectors

Case Dy, [m] D out [m]
1 8.8 x 1073 11.0 x 1073
2 3.18 x 1073 6.35 x 1073
3 1.0 x 107 ny X 1.0 x 107
4 1.0x107° nyx1.0x107°
5 7.0x107% npx7.0x107°
6  50x1077 nyx50x1077
10° ——D,, =8.80e-03m 10" ——D,, =8.80e-03m
D,, =3.18e-03m D,, =3.18e-03m
s D, =1.008-04 m v D) =1.00-04 m
........... D: . =1.00e-05 m Jr— D/ in =1.00e-05 m

o

N
o.

—o—D,, =7.006-06 m
D,, =5.00e-07 m

10 —o—D,, =7.00e-06 m
D,, =5.00e-07 m
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Figure 4.9 — Calculating bubble diameter using (a) Tate’s law [8], and (b) the formu-
lation by Tsuge et al. [9]

this, the effects of changing bubble diameter on c¢p, Tpuppe, @, and v is determined.
Finally, the uniformity of mass transport and heat transfer with respect to bubble

radius is characterized.

4.3.1.1 Bubble size estimation

Tate’s law [8] and the formulation by Tsuge et al. [9] were used to calculate bubble
diameters for various inner orifice or injector tube diameters, Dy ;,. The dimensions
for Cases 1 through 6 are given in Table 4.3. Dy, was known only for Cases 1 and
2. Di ou was estimated for the porous Cases 3 through 6 by multiplying Dy ;, with
a factor ny. The bubble diameters were then calculated over 2 < ny < 100. Tsuge
et al. [9] studied the Case 1 tube injector for bubbles in molten NaOH. The tube
injector in Case 2 is studied in this thesis. Case 5 represents the quartz injector that

was used in this thesis. The results are shown in Figure 4.9.
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As expected, Tate’s law does not show any effect resulting from the factor ny.
However, the formulation by Tsuge et al. [9] shows variations of 1.5x 1073, 6.3 x 107,
5.5 x 107%, and 2.1 x 10~* for Cases 3 through 6. The formulation by Tsuge et al.
was created for ranges of 54 < 1% < 630 ccm and 3 < Dy gy < 8.8 mm, and a Mo ~
1 x 107!, In this thesis, Mo is on the order of 1 x 107, and Dy ., is below 3 mm
for the quartz sparger. The quartz sparger has a pore size of 4 to 10 um, as specified
by the manufacturer, but the dimension Dy, is an unknown. Either formulation
predicts the same order of magnitude for the bubble size, however. Therefore it
was decided that Tate’s law would be used to determine an order of magnitude to
approximate the bubble diameter for the quartz sparger. The formulation by Tsuge
et al. was used for injectors where which Dy ., is known. Using this assumption, the
6.35 mm injector was estimated to produce bubbles on the order of Dy = 8 x 1073

m, and the quartz injector on the order of Dyyppe = 700 pm.

4.3.1.2 Effect of volumetric flow rate on bubble rise

The effect of the total flow rate on bubble diameter, residence time, void fraction,
drag coefficient, and bubble velocity was studied for the 6.35 mm tube injector and
the quartz sparger. The total flow rate was varied between 5 ccm and 200 ccm. Each
run was also performed with temperatures of 1073 K and 1373 K. The quartz sparger
was assumed to have a 7 um average pore size. The formulation by Tsuge et al. [9],
given in Equation (4.27), was used to estimate bubble diameter for the 6.35 mm tube
injector. Tate’s law, given in Equation (4.24), was used to estimate bubble diameter

for the quartz injector.

The results for the 6.35 mm tube injector are given in Figure 4.10. The flow rate
has an impact on all five parameters. The void fraction increased with larger flow
rate, though the magnitude of the void fraction was still relatively small. The drag
coefficient increased rapidly within the first 50 ccm, and then it leveled off to approx-
imately 2.8. Bubble diameter increased from approximately 6 mm to 12 mm over the
range of the flow rate. Bubble residence time decreased from approximately 1.1 s to
0.87 s. Bubble velocity increased from approximately 0.185 to 0.235 m/s. The bub-
ble velocity profile mirrored the bubble residence time curve. In summary, lower flow
rates produced larger residence times, which would lead to higher C'H, conversion.
It was also found at flow rates above 23.7 ccm, temperature had an adverse effect on
bubble residence time, but increasing temperature increased bubble diameter. This
effect is most likely due to the reduced viscosity, density and decreased surface ten-

sion at higher temperatures. However, at flow rates below 23.7 ccm, a switch in the
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temperature effects on bubble residence time and velocity curves is noticed. This
may be because bath density takes a relatively larger role in the terminal velocity
calculations at at lower flow rates when the bubble diameter and drag coefficient are

predicted to be lower.

The results for the quartz sparger are given in Figure 4.11. As can be seen, the
flow rate did not have any affect on the bubble drag coefficient, diameter, residence
time or velocity. The void fraction did show a linear increase, though it had no effect
on the drag coefficient. The lack of effect of flow rate is probably due to the fact that
Tate’s law, given in Equation (4.24) is independent of flow rate and is suited for low
flow systems where less than 30 bubbles are formed in a minute [75]. Temperature
had an effect on all the parameters. The same trends for the tubular injector were
found for the void fraction and drag coefficient of the quartz injector. In these cases,
higher temperatures produced higher void fractions and higher drag coefficients. On
the other hand, Tate’s law predicted smaller bubble diameters and velocity, but higher
residence time for higher temperatures. The formulation by Tsuge et al. [9] for 6.35
mm injector tube predicted the opposite trend for higher flow rates for these three
parameters. However, this may be because predicted bubble size and drag coefficient
are already sufficiently small enough so that the bath density plays a larger role in

the velocity calculation.

The quartz sparger and 6.35 mm tube injectors both predict similar residence
times. The quartz sparger gives 0.785 to 0.805 s, and the tube injector gives 0.85 s

to 1.12 s, depending on temperature.

4.3.1.3 Effect of bubble diameter on bubble rise

The effect of bubble diameter was analyzed for two cases. The first of which the total
volume flow rate was set to V = 17 ccm, and o, 0 = 0.5, Tn,,0 = 0.5, which is what
eleven of the thirteen experimental runs were performed at. The second case was at
a total volume flow rate of V = 200 ccm, while keeping zcop, 0 = 0.5, zn,0 = 0.5. In

both cases bubble diameter was varied between 5e x 107 m and 5 x 1072 m.

The results for the first case are shown in Figure 4.12. At bubble diameters lower
than 3 x 10™* m, an increase in the void fraction was noticed. The drag coefficient
and hence bubble residence time also increased substantially. The drag coefficient
increased in part due to increased void fraction. It is expected that increasing the

void fraction would affect bubble drag due to larger bubble-bubble hydrodynamic
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interactions [7]. The drag coefficient is simply the sum of the pressure and friction
drag coeflicients [7], and both of these increase with increased void fraction [7]. Bub-
ble 'wake’ or fluid disturbance as the bubble rises has been noted by Kendoush [79].
Delnoij et al. [77] identified bubble collision, which causes either bubble coalescence,
separation, or bubbles bouncing off each other. Coalescence occurs if there is enough
force of motion to push the molten Sn out from between both bubbles. The effect
of the increasing void fraction on drag coefficient is apparent in the drag coefficient
curve for Dyyppe < 5 x 107* m. There was no effect of void fraction changes for
Dpguppie > 5 x 107* m. At this bubble diameter Re surpasses 1 x 103. At this point
the drag coefficient is predicted using the curve by Rodrigue [6], given in Equation
(4.35), where the void fraction is not considered. The effect of temperature is not as
substantial as bubble diameter, though for Dye < 5 x 107* m, higher temperatures
decrease the drag coefficient, increase bubble velocity and decrease bubble residence

time.

The results for the second case are shown in Figure 4.13. The higher flow rate gives
a higher void fraction than the first case. The void fraction shows more variation for
Dypuppie € [1x10745x 1072 m. However, the Re for Dyyppe € [6x 1074 1x 107! m was
large enough so the drag coefficient was calculated by the formulation by Rodrigue [6]
in Equation (4.35). The formulation by Rodrigue does not depend on «. Therefore
the change in void fraction must be solely due to the temperature difference at higher
flow rates. This deviation in « is on the order of 0.05, which is very small and does
not have a large impact on the end solution anyway. Similar to the first case, the
trends for velocity and residence time curves are direct opposites of each other. It
should be noted that the bubble residence times for the second case are higher than
what was predicted in the first case. In the first and second case, maximum values of

approximately 20 s and 40 s were obtained at Dy = 1 x 107% and 1030 K.

4.3.1.4 Bubble radial effects

The transient bubble model was studied to determine the effect of bubble diameter
on the radial profile of C'H4 conversion and heat transfer mechanisms. The four cases
that were considered are shown in Table 4.4. The largest expected bubble size was
on the order of 1 x 1073 m for V = 200 ccm, based on the numerical results in Figure
4.10(c) for the 6.35 mm tube injector. Larger injectors would only decrease the bubble
residence time and as such would be impractical. 7, Was set to 5 seconds because

radial effects are most likely noticed in the short term. V was set to 30 ccm, and bath
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Table 4.4 — Input parameters for testing effect of Dy ppie On reaction and heat transfer
mechanisms.

Case Dyypne (m) Tp (K)

1 4 %1072 1023
2 4% 1072 1373
3 1.0 x 107 1023
4 1.0 x 107 1373

height was set to 20.3 mm. The results are shown in Figure 4.14. It can be seen that
some profiling occurs in the temperature plots of Cases 1 and 2, but the deviations
were less than 2.5 K, which was considered negligible. Cases 3 and 4 did not show
any profiling. Concentration profiles were also uniform in all four cases. Therefore it
was assumed that the bubble was isothermal and the reaction mechanism performed

uniformly such that the bubble was well mixed.

4.3.1.5 Summary

To this point the results from the bubble model were as expected with no anomalies
observed. The bubble diameters for the quartz sparger and 6.35 mm tube injector
were within reasonable limits. The effects of bubble diameter and volumetric flow rate
on bubble rise parameters were studied and were found to follow expected trends. It
was verified that the bubbles could be assumed to be isothermal with uniform con-

centrations.

The following sections study the final molten metal C'H, cracking model, which
was completed by combining the CPMR model with the bubble model. The bubble
model predicted Xcp, pupbie, Or the amount of C'Hy conversion at the point of the
bubble exiting from the bath. The CPMR model covered the heated blank space
above the molten bath and predicted X¢p, ¢, which is the total C'H, conversion that

occurred inside the reactor.

4.3.2 Numerical results and experimental validation

The numerical molten metal C'H, cracking model was compared with the results pre-
sented in Section 2.6.3. The experimental runs can be categorized into three different
cases based on total volumetric flow rate and injector type. The cases are listed in
Table 4.5.
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(b) Case 2, (c) Case 3 and (d) Case 4.

147



Table 4.5 — Three main cases that were tested experimentally.

Case Injector Flow rate (ccm)
1 6.35 mm tube 17
2 6.35 mm tube 152
3 quartz sparger 17
035 ; ;
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Figure 4.15 — Comparison of numerical model to experimental results for the molten
metal C'Hy cracking reactor. 8 = 0.426.

The results are shown in Figure 4.15. The numerical results were close to the
experimental results. The only data point that had greater than Xcp, = 0.042 con-
version was in the Case 1 dataset. The experimental and numerical values for these
corresponding conditions at 1273 K were 0.189 and 0.195, which gives 3% error. The
numerical model predicted similar results between Cases 1 and 3, which suggests that
the bubble residence time in the molten bath between these two models were very
similar. This is consistent with the findings in Section 4.3.1.2 where residence time
was calculated for different volumetric flow rates. It is also consistent with Section
4.3.1.4, where it is shown that the bubble is very nearly uniform in temperature and
C'H, conversion, and so the expected difference in bubble size is not able to signifi-

cantly affect C'H4 conversion.

It can be seen in Figure 4.15 that the primary amount of C'H4 conversion occurred
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in the blank heated space above the molten metal. This is because the reaction gas
spends the majority its time in this space. The residence time of the gas in the blank

space is estimated using
VH,above

Vo

where the volume of space above the molten metal, Vi 4pove, is described as

Tabove =

™

2 2
4 (Dﬁin - DI,out)LH@bove

VH,above =

where Ly gpove is the length of heated space above the molten metal, given by Equation
(3.7). D,y is the inner diameter of the reactor vessel. The heated length at 1273 K
is estimated to be 0.274 m using Equation (3.10) and assuming the injector has an
outer diameter of 6.35 mm. Thus Ly gpove = 0.071 m for a bath height of 0.203 m.
The corresponding residence time of the heated blank space above the molten metal
is then approximately 380 s. This is assuming that the gas spends all the time in
the blank space, when in reality a portion of the flow rate is actually mixed into the
rest of the reactor due to the large temperature differentials. The above results were
computed assuming S = 0.426 from the CPMR best-fit results in Chapter 3. This
would correspond to a gas residence time of 195 s in the heated blank space. If the
actual g value for the molten metal reactor is estimated using the length scales of the

heated blank space and the total blank space, the § would equal

0.071
—1- = 0.77
P (0.508 — 0.203)

where the total reactor length is 0.508 m. In this case the gas residence time
would spend approximately 89 s in the heated blank space above the bath. It should
be noted, however, that the temperature profile in the space above the molten tin
decreases from operating temperature to 1023 K. This requires the calculation of an
effective temperature (see Section 4.2.3). Figure 4.16 shows a plot of the equivalent
effective temperature for the space above the molten metal at different operating
temperatures. At 1273 K, the effective temperature is approximately 1207 K. The
residence time of the bubble in the molten metal for Case 3 at 1273 K is on the order
of 1 s. Given the above analysis, it would be expected that the majority of C'Hy
conversion would occur in the blank space above the reactor, though the effective
temperature would reduce the amount of conversion that took place. It is apparent
from Figure 4.15, however, that the amount of residence time in the space above the

molten metal was sufficient enough to provide the majority of C'H, conversion.
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Figure 4.16 — Effective temperature compared to operating temperature for the heated
blank space above the reactor.

A comparison against experimental data for § = 0.77 is shown in Figure 4.17.
The error for the Case 1, 1273 datapoint increased to 29%. However, the same trends
observed with # = 0.462 are observed where the majority of C H, conversion occurs

in the blank space above the reactor.

4.3.3 Comparison to literature

The numerical molten metal C'H, cracking model was compared to the results re-
ported by Serban et al. [2]. The reactor was similar to the one studied in this thesis,
however the molten bath was contained in a 0.5 inch cup inside the 1 inch OD by 14
inch long reactor vessel to ensure the reactor vessel could be re-used. A thermocouple
was inserted in the space between the reactor vessel and cup to measure operating
temperature. The reactor was heated using a Thermcraft four zone furnace with a
temperature controller. The reaction gas was composed of either 100% CH, or nat-
ural gas. The gas was bubbled through the molten metal by inserting the injector

pointing downwards into the molten bath.

There was not enough information reported by Serban et al. [2] to successfully
model the entire reactor. The height of the cup containing the molten metal was not
specified. The temperature profile inside the reactor was not reported. Furthermore,
the author did not record the location of the molten metal inside the furnace, or how
much blank space was heated above the reactor. Nor was it reported how the reactor
was cooled at the top, if at all. Because of this missing information, the following
comparison to Serban et al.’s work is only to determine how much conversion would

have occurred inside the bath for each molten metal experiment.
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Figure 4.17 — Comparison of numerical model to experimental results for the molten
metal C' Hy cracking reactor. 8 = 0.77.

Serban et al. [2] reported results from several molten metal experiments. The
parameters were tabulated and entered into the model to estimate the magnitude of
CH, conversion in the bath. A list of the experimental conditions and results for
these tests are given in Table 4.6. Serban et al. [2] performed the experiments with a
bath height of 0.102 m.

The results are shown in Figure 4.18. The model predicted that zero C'H4 conver-
sion would occur in the molten bath. This is not in agreement with what Serban et al.
2] found experimentally. Serban et al. performed blank reactor and molten metal
reactor tests and compared them. It was shown that having molten metal increased
C'H, conversion [2]. However, it was shown in Chapter 2 that the experimental results
from the work in this thesis were not similar to the results by Serban et al. Having
molten metal in the reactor dramatically reduced C'H, conversion in the experimental
work in this thesis, to values of near zero conversion. It is possible that the molten
metal in Serban et al.’s study had some impurities that catalyzed the reaction, or the
bubbles were attracted to the SS reactor walls if molten metal was present. Serban
et al. [2] did find some iron carbide in X-ray diffraction analysis of carbon samples.
Otherwise the reason of the discrepancies between this work and Serban et al.’s is
unknown, but both the model and experimental work of this thesis are consistent

with each other. Therefore it is recommended that future studies be performed to
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Table 4.6 — List of experimental runs by Serban et al. [2] that are compared to the
numerical molten metal C'H4 cracking model.

No. T (K) VCH4 (ccm) Injector type Xcn, sn

1 1023 9 1/4 inch tube 0.02
2 1023 5 1/4 inch tube 0.04
3 1023 15 1/16 inch tube 0.09
4 1023 9 1/16 inch tube 0.14
5) 1023 25 10 pm Mott sparger 0.07
6 1023 15 10 pm Mott sparger 0.16
7 1023 9 10 pm Mott sparger 0.22
8 1023 25 0.5 pm Mott sparger 0.14
9 1023 15 0.5 pm Mott sparger 0.20
10 1023 9 0.5 pm Mott sparger 0.25
11 823 15 0.5 pm Mott sparger 0.05
12 873 15 0.5 pm Mott sparger 0.17
13 923 15 0.5 pm Mott sparger 0.30
14 973 15 0.5 pm Mott sparger 0.46
15 973 15 0.5 pm Mott sparger 0.42
16 1023 15 0.5 pm Mott sparger 0.51
17 1023 15 0.5 pm Mott sparger 0.54
18 1073 15 0.5 pm Mott sparger 0.70
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Figure 4.18 — Comparison of numerical molten metal reactor model to results reported
by Serban et al. [2].

see if either Serban et al.’s work or the work in this thesis can be replicated.

4.3.4 Sensitivity analysis

The impacts of bubble diameter, bath height, inner reactor diameter, and activation
energy were studied by varying the respective parameters. Each sensitivity analy-
sis was also performed for operating temperatures ranging from 1030 K to 1500 K.
The operating parameters are given in Table 4.2, unless otherwise stated. The total

volumetric flow rate was set to 17 cem, with a 50% split between N, and C'Hj,.

4.3.4.1 Bubble diameter

The molten metal C'H, cracking reactor model was used to estimate conversion rates.
The results are shown in Figure 4.19. Bubble diameter had a significant effect on C H,
conversion. A larger portion of conversion occurred in the bubble as the bubbles grew
smaller. Bubbles at 1030 K and 1148 K showed zero conversion. Higher temperatures
of 1400 K and 1500 K at 17 cem reached 100% conversion by approximately Dy ppie =
5x107° m and 2.2 x 10~* m, respectively. At 200 ccm, the 1400 K and 1500 K curves
reach 100% conversion by approximately Dyuppie = 8 X 107 m and 2.2 x 10™* m. Thus

the higher flow rate had better conversion than the lower flow rate. 100% conversion
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was obtained at 200 ccm at larger bubble diameters than the 17 ccm results. It was
noticed in Figures 4.12 and 4.13 that the residence times for the higher flow rate were
slightly larger than the residence times for the lower flow rates at the smaller bubble
diameters. This is probably due to the effect of the void fraction increasing due to
more bubbles being produced at a higher flow rate. The swarm effect of the bubbles
increased the drag coefficient and gave higher residence times. If the bubble diameters
can be produced small enough (< 400 pm) without significant bubble coalescence,

then having a higher flow rate may be beneficial to conversion.

By comparing Figures 4.19(a) and 4.19(b), it is clear that changing V' had an effect
on the final CH, conversion. There was no difference in conversion that occurred in
the molten metal, however. The impact was noticed in the resulting conversion in the
blank space. This is because the residence time in the blank space increased with the
decreasing volume flow rate, but the increase in flow rate did not significantly affect
the bubble residence time in the bath, with the exception of the very small bubble
sizes. Therefore if the bubbles cannot be produced smaller than approximatey 400

pm, than lower flow rates will produce higher C' H, conversion.

4.3.4.2 Bath height

The molten metal bath height was also varied to determine the optimal bath height.
The bath height was varied between 0.05 m to 1 m. The temperature for the varying
bed heights is unknown, and as such the blank space above the reactor was neglected.
The results are shown in Figure 4.20. As can be seen, bath height had a large impact
on systems where the bubbles are smaller. A 1 m bath height is predicted to give
85% conversion at an operating temperature of 1265 K and Dyyppe = 5 X 107° m. An
intermediate bubble size of 1.6 x 10~3 would obtain approximately 48% conversion at
1383 K. The 6.35 mm tube injector produced a bubble the size of 8 x 1072 m, so it is
expected that the tube injector would obtain a lower conversion than 48%. The quartz
sparger, on the other hand, produced a bubble on the order of 7 x 1074, therefore
it is expected that the reactor would obtain a higher conversion. The largest bubble
diameter showed a negligible effect on varying the bath height, increasing conversion
in the first 0.05 m to 0.3 m and then leveling off. A total change of approximately
0.05% conversion was predicted. From these findings it is recommended that higher
bath heights be used for smaller bubbles. Depending on bubble size, increasing the

bath height will have diminishing returns.
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4.3.4.3 Reactor vessel inner diameter

The inner diameter of the reactor vessel was varied between 0.012 m to 0.3 m. The
results are shown in Figure 4.21. As can be seen, the reactor vessel inner diameter has
some effect on X¢p, r. However, only the 1265 K and Dyyppe = 5 X 10~° m showed any
effect for Xcm, pusbie- In this case the conversion dropped from 0.45 to approximately
0.23. Otherwise the majority of the effect was noticed in the blank space conversion.
This is because the blank volume of the reactor increases with residence time and
provides a longer residence time in the heated blank volume above the molten metal.
The maximum effect of reactor radius levels off at different values depending on
temperature. The most significant gains in conversion are obtained between D, ;, =
0.012 m to 0.34 m at 1265 K for Dyuppe = 2 x 107 m and Dyyppre = 1.6 x 1072 m.
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4.3.4.4 Activation energy

The sensitivity of the activation energy was studied to simulate the effects of includ-
ing a catalyst into the system. A catalyst is expected to reduce the activation energy.
Therefore E, was varied between 210.3 kJ/mol and 462.7 kJ/mol, or 0.5 x E, cpumr
to 1.1 X Eqcpmr. Eacprmr is the best fit value obtained by the CPMR model in
Chapter 3. The results are shown in Figure 4.22. Xcw, pussie and Xcm, s both in-
creased significantly with decreasing F,. The slope of X¢p, ¢ with respect to E, grew
more steep as bubble size decreased. The slope of X¢m, puseie With respect to E, grew
even more dramatically steeper with decreasing bubble size. At Ty = 1030 K, total
conversion was reached at approximately F, = 320 kJ/mol for Dyppe = 5 X 1073,
and E, = 218 kJ/mol for Dyppe = 1.6 X 1073. A maximum of 0.72 conversion was
predicted for E, = 210.3 kJ/mol and Dy = 5 x 1072, If E, is reduced further,
100% conversion would be obtained at 114 kJ/mol.

Nearly all CH, conversion occurred in the bubble for bubble sizes of Dy e =
5 x 107 m. The portion of C'H, conversion in the bubble compared to overall
conversion in the reactor decreased as bubble size increased. In summary, smaller

bubbles are recommended to reduce the required amount of catalyst.
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Chapter 5

Conclusions and future work

5.1 Conclusions

The main goal of this study was to determine the feasibility of molten metal C' Hy
cracking using experimental and numerical means. Serban et al. [2] studied molten
metal C'H, cracking and reported that bubbling C'H4 through molten metal improved
conversion compared to a reactor that does not contain any molten metal, or a blank
reactor. Experiments are expensive, and so the numerical models were created to fur-
ther the understanding of key fundamental parameters that control the effectiveness
of the molten metal reactor. The activation energy and pre-exponential factor for the
reaction rate of C'H, dissociation vary widely in literature. Therefore in this study it
was necessary to determine the kinetic parameters for thermal C'H, dissociation by
performing a series of blank reactor experiments that were void of the molten bath.
The numerical models were used to fit the kinetic parameters using the experimental
results. A series of molten metal experiments were also performed to determine the
effectiveness of molten metal C'H, cracking. Comparisons were made between the
numerical models and experimental work, as well as a study made by Serban et al.

[2] on molten metal C'Hy cracking.

The reactor assembly consisted of an AlyO3 tubular reactor vessel that was closed
on one end and capped on the other with a 304 SS cap. The cap was machined
and fitted to allow an injector and thermocouple to extend into the reactor and re-
main parallel to the reactor vessel walls. The injector was inserted until the tip was
approximately 1.3 cm away from the closed end of the reactor vessel. The reactor as-
sembly was orientated vertically in a cylindrical three-zone Thermcraft furnace with
the closed end of the reactor assembly in the isothermal heated zone of the furnace

and the capped end extending out of the furnace. The capped end was cooled with a
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fan, thus causing the large temperature differential inside the reactor. The product
gas exited the reactor assembly through the cap and was analyzed in a micro gas
chromatograph. The total flow rate in the blank reactor varied between 30 to 200
ccm. The operating temperature varied between 1023 K and 1373 K. A 6.35 mm

AlyO3 tube injector was used for the blank reactor experiments.

The molten metal experiments were designed to be as similar to the apparatus
used by Serban et al. 2] as possible. Higher temperatures were desired though, so
Al,O3 reactor wall material was chosen instead of 304 SS, which was used by Serban

et al.

The same reactor vessel that was used in the thesis blank reactor experiments
was used for the molten metal experiments with the addition of the molten bath.
Sn of 99.97% purity was selected for the bath material in the molten metal reactor
experiments. 20.3 cm bath heights were used. The reactor was positioned so that
the heated blank space above the molten metal would be minimized. The molten
metal experiments were performed with total flow rates of 17 ccm to 140 cem, and
temperatures of 1023 K to 1273 K. Two different injectors were used. The first was
a 6.35 mm Al,O3 tube injector, and the second a quartz tube with a porous sparger

at the tip. The sparger had a porosity of 4 to 10 pm.

In the blank reactor experiments, temperature was shown to have a large impact
on C'H, conversion. Higher temperatures produced higher conversions. Flow rate

had a small impact on C'H4 conversion, with lower conversions at higher flow rates.

The molten media experiments showed zero conversion for all experiments per-
formed at V' > 30 ccm, or the flow rates used in the blank reactor experiments.
Therefore the flow rates were reduced to 17 ccm. At 17 cem and 1273 K the 6.35 mm
tube injector produced a maximum of 18.9% conversion. Otherwise all conversion
values remained below 4%. The quartz sparger was tested up to 1173 K only due to

temperature restraints.

Three different models were created to simulate the conditions in a blank reactor.
These were the one-dimensional plug flow reactor (PFR), the zero-dimensional per-
fectly mixed reactor (PMR) and the zero-dimensional perfectly mixed reactor com-
bined with a bypass (CPMR). It was shown that high temperature C'H, cracking

reactors exhibit large temperature variations. Significant buoyant forces cause tur-
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bulent mixing if the reactor is heated at the lower section. It was verified that the
reactor studied in this thesis was subject to large buoyancy mixing effects because the
reactor was vertically orientated and the heated section was at the bottom section
of the tube, with a temperature differential of at least 650 K. The CPMR model
added a third fitting parameter, [, that describes the amount of reactant gas flow

that by-passes the reacting zone to convective flows.

The experimental data from the blank reactor runs were used to fit the kinetic
parameters to the PFR, PMR and CPMR models. It was found that the fitted pa-
rameters from the PFR and PMR predicted reaction rates much lower than those
calculated from literature. The CPMR model kinetic parameters produced reaction
rates that were in the expected literature range. The PFR and PMR models had
very high residual errors of 0.595 and 0.422, respectively, because they over-predicted
the effect of varying inlet gas flow rate. The CPMR model more closely modeled the
experimental data points between 993 K and 1323 K with a residual of 0.125. The
kinetic parameters from the CPMR model were estimated to be kg = 5.43 x 1015 1/s
and F, = 420.7 kJ/mol, which fall into the literature range. 3 was determined to be
0.426, which suggests that a large portion of the inlet flow leaves the reactor unre-
acted. The effect of flow rate on § was studied. It was determined that increasing

flow rates caused decreasing .

The CPMR model was validated by simulating the reactor and experimental re-
sults reported by Rodat et al. [1]. The average error was 8.3% with a standard
deviation of 6.8%. The reactor studied by Rodat et al. [1] exhibited higher volumet-
ric flow rates and smaller reactor cross-sectional area. This coupled with the finding
that higher flow rates lead to smaller = 0.089. This value was found using the
CPMR model with the CPMR kinetic parameters but fitting 5 to the experimental
results of Rodat et al.

The PFR was also compared against the reactor by Rodat et al. [1]. The kinetics
determined for the PFR in this thesis predict zero conversion, while using the CPMR,
kinetics the conversion is nearly 100% for all data points. However, Rodat et al.
[37] studied the same reactor and used a PFR to obtain kinetic parameters. If these
are used, the results are much closer with an average error of 10.7% and a standard
deviation of 8.7%. The simulation in this thesis was done neglecting the conversion
effects that occurred in the cooling zone, but Rodat et al. [1] showed that nearly all

conversion occurred in the isothermal zone of the reactor.
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The CPMR and PFR are both appropriate to analyze experimental reactors in
literature. The PFR is more appropriate for reactors where high flow reactors where
forced convection would outweigh buoyancy effects. The CPMR model is designed

for low flow situations where buoyancy effects are large.

A sensitivity analysis was done on kg, F, and S for the PFR, PMR and CPMR.
E, had a large effect. Decreasing F, severely increased C'H, conversion. Increasing
ko increased C' H, conversion. Decreasing [ increased C'H4 conversion in the CPMR
reactor because less of the inlet volume flow rate exited without reacting. Thus it is
recommended that future blank reactors are designed to minimalize 5. This can be
done by increasing flow rates, reducing the temperature gradients in the reactor or

perhaps using baffles to restrict natural convective flows.

A molten metal reactor model was also developed. The molten metal C'Hy cracking
model incorporated one-dimensional spherical partial differential equations for heat
transfer and chemical reactions assuming the bubbles were spherical and maintained
the same size. Bubble terminal velocity was estimated using a force law balance of
buoyancy, drag and weight of the bubble. Bubble residence time in the molten bath
was approximated using the height of the bath and buoyancy. The CPMR model was
used to predict conversion in the blank heated space above the molten metal. The

kinetic parameters from the CPMR blank reactor best fit were used.

The formulation by Tsuge et al. [9] for bubble size showed that increasing flow
rate would increase bubble size, and reduce bubble residence time. Tate’s law sug-
gested that there was no impact on flow rate, but Tate’s law was derived for low-flow
rate scenarios. Increasing bath temperature was shown to increase bubble residence
time using Tate’s Law. The same was observed using the formulation by Tsuge et al.
[9], but after a certain flow rate the relationship switched and increasing flow rate
decreased residence time. A potential reason for this is that the bubble sizes are very
small at low flow rates, as well as bubble velocity, and so bath density takes a larger

role in the velocity calculation.

The molten metal reactor model predicted bubble sizes for various injector types.
The 6.35 m tube injector and quartz sparger were predicted to form bubbles on the
order of 8 x 1073 and 7 x 10~* m, respectively. The bubbles from the 6.35 mm tube

injector were estimated to have residence times of 0.85 s to 1.12 s, and for the quartz
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injector 0.785 to 0.805 s. Thus the smaller bubble did not increase bubble residence

time.

The effect of bubble size and temperature on heat transfer and chemical reactions
inside the bubble were studied using the partial differential equation bubble model.
Bubble diameters of 4 x 1072 and 1 x 10~* and temperatures of 1023 K and 1373 K
were analyzed. It was found that heat transfer and chemical reactions were essentially

uniform throughout the bubbles.

The effect of bubble diameter on the bubble rise parameters such as bubble ve-
locity, drag, Re, residence time, and void fraction was also studied for temperatures
ranging from 1030 K and 1500 K, and total flow rates of 17 ccm and 200 cem. Bubbles
smaller than approximately 1 x 10~% m showed a very significant increase in residence
time with decreasing bubble diameter. This is because the drag force becomes very
significant at bubble diameters smaller than 1 x 1074 m. The void fraction increased
for bubble sizes smaller than 5 x 10™* m. In this range the drag coefficient also in-
creased with increasing void fraction. The higher flow rates gave higher void fractions
at smaller bubble diameters, thus effectively increasing the residence time. Temper-
ature showed an effect at bubble sizes smaller than 5 x 10~* m for both flow rates,

with lower temperatures providing higher residence times.

The molten metal reactor model was compared against experimental results. A
3% error was found for the one datapoint that was above 4.2% conversion. The model
predicted very similar results between the quartz sparger and 6.35 mm injector. This
is most likely because the quartz injector and 6.35 mm tube injector produced bubble
with diameters that were in the range where no significant changes in bubble resi-
dence time were noted. The majority of the conversion occurred in the heated blank
space above the molten metal. This is as expected because the residence times of
the bath and blank space are on the order of 1 s and 195 s. [ was then increased
to 0.77 to compensate for the much smaller heated space in the entire blank volume
of the molten metal reactor, compared to the 0.426 value for the blank reactor. The
residence time for the heated blank space above the bath then reduced from 195 s to
89 s. The majority of the C'H, conversion still occurred in the heated blank space
above the bath.

The results by Serban et al. [2] were also compared against the molten metal reac-

tor model. The model predicted essentially zero C'H, conversion in the C'H4 bubbles,
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which is contrary to what Serban et al. observed experimentally. Similar discrepan-
cies were found in the experimental section of this thesis with the results reported by
Serban et al. [2]. It was shown both experimentally and theoretically in this thesis
that near zero conversion was achieved at low operating temperatures of 1023 K. The
majority of the results reported by Serban et al. [2] were for experiments performed
at 1023 K, with the maximum temperatures being at 1073 K. Thus it may be that the
Serban et al. reactor had some catalytic effect to the reaction to reduce the required

reaction temperature.

A sensitivity analysis for bubble diameter, bath height, reactor vessel inner di-
ameter and the activation energy on C'H, conversion was also performed. Bubble
diameters were varied from 5 x 1072 m to 5 x 107 m. It was found that bubble
diameter had a large effect on C' H, conversion. Bubbles smaller than 4 x 10~* m are
recommended for higher flow rates. Otherwise lower flow rates for larger bubble sizes

increases C'H, conversion.

Bath height, reactor vessel inner diameter and activation energy were varied to
study their effect on C'Hy. Each parameter was studied at bubble diameters of 5x 1072
m, 1.6 x 1072 m, and 5 x 107 m. The volumetric flow rate was set to 17 ccm. Bath

height had an impact on C'H, conversion. C'H, conversion increased with increasing

bath height.

The impact of increasing bath height became more significant as bubble diameter
decreased. The larger reactor vessel inner diameters predicted higher C H, conversion.
The most significant increases was noticed between D, ;,, = 0.012 m to 0.34 m at 1265
K for Dyuppie = 2 X 107° m and Dyyppie = 1.6 x 1073. The majority of the increase
of C'"H4 conversion occurred in the heated blank space above the reactor, where the

residence time was increased with diameter increase.

The impact of decreasing the activation energy was investigated. It was found that
lower activation energies improved conversion throughout the reactor for all bubble
sizes. The impact became more significant as bubble size decreased, however. As
bubble size decreased the conversion ratio between the heated blank space above the
bath and the bubbles inside the bath decreased, because more C'H, conversion oc-
curred inside the bubbles. Smaller bubble sizes reached 100% conversion at higher
activation energies. Therefore it was recommended that smaller bubble sizes be used

to reduce the required amount of catalyst, should catalysts be desired.
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In summary, blank and molten metal C H, reactor models that included buoyancy
effects were created. Experiments were performed to obtain mathematical model pa-
rameters. Kinetic parameters that fell within the range of literature were found using
a best-fit with experimental data of the blank reactor. The molten metal reactor was
modeled and a deeper understanding of the physical phenomena that was occurring
in the molten metal reactor was obtained. Significant differences exist between the
results obtained in this thesis and what was reported by Serban et al. Therefore it
is recommended that future studies be performed by a third party to verify which

study is valid.

The molten metal reactor that was tested in this thesis showed that the majority of
C H, conversion occured in the blank space above with very low conversions obtained
in the bath, and as such was not considered feasible. This was because the injectors
studied in this thesis provided bubble sizes that were estimated to have large and
thereby low drag coefficients. As such, the bubble terminal velocities were very high
and had residence times on the order of 1 s in comparison to approximately 89 s
in the heated blank space above. Future studies are recommended with different
reactor designs because injectors that produce bubbles with diameters on the order
of 1x10™* m and smaller have been shown by the MMR model to improve conversion
by increasing drag, giving larger residence times. Similarily, residence time in the

bath could also be improved by installing baffles or increasing bath height.

5.2 Future work

For the blank reactor experiments, it is recommended that a method be devised to
reduce the large temperature differential in the reactor space and reduce buoyancy
effects. More replicas should also be performed to determine repeatability. The reac-
tor could be orientated horizontally to reduce the effects of buoyancy. Baffles could
also be installed to compartmentalize the reactor and break up the natural convective
flows caused by buoyancy effects. Significant amounts of plugging in the downstream
filters also occurred in the apparatus and caused a buildup of pressure in the system.
A better filtering system should be devised, or perhaps a filtering system from other
authors who have tested C H, cracking could be adopted.

For the molten metal reactor experiments, it is recommended that further ex-

perimentation be performed. This includes more replicas, higher temperatures, and
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perhaps using catalysts. The current experimental apparatus produced nearly zero
CH, conversion at the temperatures studied. The catalysts would reduce the react-
ing temperature, but would require some sort of regeneration. 304 SS balls could
be inserted in the molten metal to determine whether the 304 SS reactor walls were
the cause of the high conversion amounts reported by Serban et al. [2]. It is also
recommended that some changes be made to the apparatus. If possible an attempt
should be made to make the reaction temperature more uniform in the reactor vessel.
Perhaps the inlet could be relocated to the bottom of the reactor using a porous me-
dia. The porous media should be selected such that it inhibits any molten media to
seep through, but still allow the gas bubbles to enter the reactor. Different porosities
could be tested to vary the bubble size and distribution in the reactor. Also, injectors
pointing upwards produce smaller bubbles than injectors pointing downwards [70].
Given that smaller bubbles have larger residence times, injectors pointing upwards
are recommended. More studies have also been performed on upwards pointing in-

jectors than downwards pointing injectors [70].

For the blank reactor models, further experiments could be performed to deter-
mine the residence time distribution. This is done using a step tracer experiment [62].
The test consists of injecting a tracer gas that is easily detectable and measuring the
response over time. A mass spectrometer would be needed to measure the transient
response. Then the tracer response could be compared against known profiles and
perhaps a more suitable combination of ideal reactors could be selected [62]. This
may give a model that would more accurately predict C'H4 conversion above 1323 K
for the reactor studied in this thesis. Another suggestion would be to perform more
blank reactor experiments at 1373 K and higher. g and the kinetic parameters kg and
E,, are highly sensitive to temperature. Only one experiment was performed at 1373
K in the work of this thesis, and so the fitting was limited to the lower temperature

range.

For the molten metal reactor model, bubble formation in molten metals should
also be studied. The formulations in this thesis were not devised for bubbles in molten
Sn, and as such only provided estimations for order of magnitude. Bubble drag coef-
ficients for bubble swarms in molten metals should also be investigated for Reynolds
numbers above 100. In this study the effects of C'H4 conversion in the injector were
neglected. The residence times were much smaller in the molten metal, and so the

effects of C'"H, conversion in the injector may need to be included.
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The molten metal reactor model also could be edited to simulate different bath
properties to determine if different inert molten metals would be more appropriate
than Sn. If the new bath material is catalytic, then new kinetic parameters would
have to be determined, however the bubble flow approximation would still be valid.
The molten metal model also neglected the effect of Hy production on bubble pressure
or size, as well as static pressure at the bubble location at its depth in the molten
metal. It would be beneficial to take these parameters into effect in determining

bubble rise parameters.
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Appendix A

Material properties

A.1 Gas mixture properties

Tabulated data from Cengel [55] was used to obtain polynomial relationships for C'Hy,

Hy and N;. The equations for gas mixtures are given in this section.

Molar mass of mixture

The molar mass of a gas mixture is calculated by

M Z M;z; (A1)

where M; and x; are the molar mass and molar fraction of species j, respectively.

Dynamic viscosity

The dynamic viscosity of a gas mixture is calculated by [64]
HOYION
mzx A.2
Z Z TP (4.2)

where @), is given by [64]

1 M —-1/2
D= 5 (1 + —*)

Thermal conductivity

T

The thermal conductivity of a gas mixture is calculated by [64]

where @), was given by Equation (A.3)
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Specific heat capacity

The specific heat capacity at constant pressure for a gas mixture is given by
Cpmiz = Z Cp,jT; (A.5)
J
where (), ; is the specific heat capacity at constant pressure of species j.

The specific heat capacity of a gas at constant volume for an ideal gas is given by
[17]
Cv,mix = Cp,mi:v - R (A6)

where R is the universal gas constant.

Density

The density of a gas mixture is given by
J
where p; is the density of gas species j.

Gas diffusion
The gas diffusion coefficient for a binary gas was determined using the method and
data presented in Chapter 5 of the book by Cussler [81].

A.2 Tin properties

The properties for Sn are discussed in this section.
Surface tension
The surface tension of Sn was taken from Keene [82], who compiled a general equation

using data from literature.
o = 0.001 x (561.6 — 0.103 x (T — 505.15)) (A.8)

where 7' is the temperature in units of [K]. o is calculated in units of [N/m)].

Other properties
Polynomial relationships for thermal conductivity kg, [83], specific heat capacity
Ch.sn [83], density pg,, [84] were determined using data from their respective sources.

Data for the dynamic viscosity of Sn, ug,, was available only from 505 K to 1073 K
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Figure A.1 — Dynamic viscosity curves for Sn with (a) fitting data, and (b) extrapo-
lating to higher temperatures

83, 84]. Therefore a relationship was determined using data from the 573 K to 1073
K range [84]. A power-law best fit was assumed. The relationship was then used
to extrapolate up to 1673 K. The fitting curve and extrapolation result is shown in
Figure A.1.
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