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Table 12: Summal') of Experimental Results• Percent Average
oOrder Final Accounted Gas Reaction MgCI, Volume

Expt. Reaction Rate MgO Hold-up Time Efficiency Volume Change
+1- \\1. CI, CO CI, CO

No. (moI/Llh) (%) R' (%) (%) (%) (%) (min.) (%) (%) (mL) (%)

1.24 7.0 0.997 <0.02 115 96 8.3 122 80.0 80.6 3199 -1
2 1.01 13.1 0.979 <0.02 84 122 Il.6 165 88.9 86.3 3306 0
3 0.84 12.5 0.981 <0.02 112 92 10.0 165 68.4 67.9 3123 0
4 0.44 9.7 0.970 <0.02 103 109 21.9 285 27.5 27.0 3078 -12
5 0.71 16.9 0.952 <0.02 102 87 -~ 180 47.5 46.7 3290 1,.-
6 0.61 10.6 0.969 0.02 NIA NIA 3.6 256 73.9 73.8 3033 -15
7 0.73 13.2 0.970 <0.02 106 99 6.0 196 54.4 51.4 2820 -8
8 0.28 4.8 0.985 <0.02 100 100 8.3 475 60.8 59.8 2683 -31
9 1.02 30.1 0.898 <0.02 104 108 16.7 180 40.5 40.8 3032 -9
10 0.98 35.4 0.914 <0.02 105 115 4.5 135 63.6 61.3 3125 -4
11 0.55 9.9 0.978 0.02 102 III 0.0 210 34.0 33.6 3046 -10
12 1.05 51.7 0.789 <0.02 109 88 13.2 I~~ 73.7 72.1 3428 0~~

13 1.11 5.7 0.996 <0.02 102 106 17.9 165 73.4 72.2 3244 -4
14 0.80 4.7 0.997 <0.02 98 NIA 7.0 195 50.3 49.7 3108 -3
15 0.87 7.8 0.958 0.03 105 104 14.3 ISO 56.3 55.1 3154 -2
16 0.61 15.2 0.961 <0.02 112 87 9.8 195 51.9 49.0 3214 -2
17 0.39 16.2 0.926 <0.02 100 101 14.3 270 50.0 50.0 3184 -4
18 0.64 Il.4 0.977 0.03 95 99 15.9 195 79.4 79.4 3093 -2
19 0.70 10.2 0.994 <0.02 102 97 \3.1 ISO 57.7 54.4 3108 -3
20 0.37 6.1 0.987 <0.02 lOI 102 8.9 300 90.6 89.9 3123 -11
21 0.20 16.2 0.851 <0.02 106 102 5.1 450 47.2 46.4 2881 -loi
22 0.87 ~~ ~ 0.953 <CI.02 100 106 10.8 165 55.0 54.1 3123 -2-_.:>
~~ 0.70 26.0 0.951 <0.02 98 97 16.1 120 44.0 43.3 3108 -1-~

24 0.44 11.7 0.971 <0.02 99 95 8.8 225 28.0 2ï.5 3078 -5
25 0.44 10.7 0.980 <0.02 109 110 9.6 195 26.8 26.2 3002 -2
26 0.69 18.9 0.957 <0.02 102 94 10.1 165 44.1 43.4 3123 ·2
27 0.71 19.0 0.977 0.38 99 101 7.0 135 45.3 44.6 3124 -2
28 0.49 18.2 0.968 0.10 105 114 3.4 120 32.8 ~~ ., 3260.)_.-

29 0.53 18.3 0.960 0.03 105 81 4.5 150 43.7 41.3 3123 -2
30 0.42 24.4 0.892 0.03 106 100 NIA 195

.,., ~ ~~ ., 3154 ~-~ ~~-

31 1.03 28.9 0.959 <0.02 95 125 6.9 105 ":'9.2 55.7 3093 2
~., 0.81 11.1 0.990 0.03 101 91 NIA 90 68.5 43.8 3229 3~-

~~ 1.07 20.1 0.979 0.10 lOI 112 4.2 lOS 69.6 68.3 3199 5
Average: 9.6 103 102 3118 -4

Std. Deviation: 5.9 10.2 138 6.8
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• Th.: gas hold-up sh,)wn in Tah!.: 12 "'as calculat.:d using Equation 1151 and r.:pr.:s.:nts

the fraction of th.: .:xpand.:d molten "-Igel, \'l)lume occupi.:d hl' gas. Only ,ln.: reading

",as taken for .:adl .:xperiment duc to the ha:zard involved lproximity to rotating

equipment). The n:sults arc nol considered rdiable olher Ihan as an indicalion of Ih.:

actual order of magnilude duc 10 Ih.: wave aClion present wilhin the reaclor and arc nol

deall with funher.

The lime lisled in Table 12. was Ihe lime during which gas was sparged inlo Ihe reaclor

and nOl neccssarily Ihe duralion Oflhe MgO reaclion.

The rcaclion effieiencies of Ihe Cl, and CO were calculaled based on the average molar

fiow rate of the gases (moles/min.) and the MgO reaetion rate (moIlLIh):

MgO reacled (mol!LIh)"V,(avg.)/(Molar fiow ofreagent)"j 00% [37]

The average volume listed in Table 12 is the average of the initial and final MgCl,

volumes. The average reaelor volume was ealculated from the initial and final depth

measurcments and the dimensions of the reactor vesse\. Correclions were made for the

thermal expansion of the graphile from 25 oC to the operating temperature. the volume

oecupied by the baffles and the small volume gained due to a maehining groove in the

base of the reaclor (required to eut the slots for the baffles).

The pereent change in the MgCI~ volume is equal to:

(Final Volume - Initial Volume)/lnitial Volume" 100% [38]

•

The other results listed at the beginning of Table 12. are dealt \\ith in detail in the

follo\\ing sections.
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• 7.1 Effect of MgO Concentration

•

The chlorination rate of the MgO particles was found to be independant of the amount of

MgO present in the rcactor after time zero. Thercfore the chlorination rate of MgO was

Zero order with respect to the concentration of MgO. The fact that the chlorination rate

was independant of the MgO cOllcentration is strong evidence that the reaction rate was

controlled by a diffusion process taking place at the surface of the gas bubblcs.

The rcaction rate of the MgO (mo!/LIh) was determined from the slope ofa lcast squares

regression of the weight percent of the so!id MgO. in the liquid MgClo' against time:

Rate = (~%MgO / min.) • (60 min.lh) / 100 • P (avg.) / 40.305 [39)

The average density was calculated from the weighted average of thc MgO and MgCl1

densities at the stan and end of the period rcgresscd:

p(avg.) = «p (1). (IOO-%MgO(l»)+ p • %MgO,I)) +.... M~~ M...-o ....

(p (0) • (1 OO-%MgO'O»)+ p • %Mg012I)) / 100 11 [40)M...<1:: .... MgO _

The MgO rcaction rate for Experiment 7 was found to bc 0.73 mol/L1h as indicatcd in

Figure 34. with an accuracy of+/- 13.2% (from the 95 % confidence interval for the slope

of the regression line). The conditions under which Experiment 7 were conducted are

listed in Table Il.

The rcaction rates. 95% confidence intervals and RO values (indicating the % of the

variance in the experimental data explained by the calculated rcaction rates) are listed in

Table 12 for the 33 experÏments performed.

The corresponding temperature and CO flow information from the computer data logger

for E.'\-periment 7. are given in Figure 35 for reference.
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• •

Rate = 0.73 moI/LIli, +/- 13.2%, R"2=0.97

1 1

IlW160140120

•t .I J ~_~ 1__ "._._ •

10080604020

7.0

6.0

5.0

'èf!. 4.0
•

0
Of!

Z 3.0

2.0

1.0

0.0
0

Timc, min.

Figure 34: Determinlltion of fhe MgO nellclion nllte for EXllcrimcnl 7
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• ï.I.l Analysis of variance

•

Th<: goal of <:ach <:xp<:rim<:nt Wa~ to d<:t<:mlin<: a r<:a<:tion rat<:. that wa~ r<:pr<:s<:ntati\'<: of

known conditions. Th<: accuracy of th<: <:stimation of th<: a<:tual rat<: was afti:cted hoth hy

chang<:s in the <:xperimental param<:t<:rs (t<:mp<:ratur<:. CO !low. CI, !low. impeller sp<:<:d)

and by any of the uncontrolIablc time dep<:ndant clements within the systcm (e.g.

impcllcr wear. and dcctrolyte compcsition). The extent to which the samplcs that wer<:

t:!ken represented the actual MgO content of the reactor and the accuracy with which

these samples were analyzed. were both of crucial importance in estimating the actual

r<:action rate.

Good control was maintaincd o\'er ail of the primary variables (temperature. CO flow. CI,

!low. impeller speed). The temperature standard deviations of the vmous tests arc listed

in Table 11 (the average value was 3.25 oC). Experimcnt 3 stands out duc to the high

standard deviation in temperature causcd by a brokcn thermocouple. This experiment

\Vas excluded from the analysis.

Temperature \Vas manually "feed-forward" eontrolled at the star! and ~nd of the

experiments. due to the long lag times inherent in the apparatus. The reaetor tended to

overheat in the initial stages of the experiments. due to the exothermic nature of Reaction

(14). and thus the experiments were begun at a temperature slightly below the desired set

point in order to prevent a large overshoot. The apparatus had a tendency to cool as the

reaetion rate fell at the end of the experiments. The standard deviation in temperature for

Experiment 7 was 3.1 oC (0.28% in terms of absolute temperature). The temperature

history for Experiment 7 \Vas given in Figure 35.
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•

Th~ u~~ "f a mass flo\\' controll~r r~~ult~d in ~xtr~mdy pr~ci~~ CO !lo\\' control. Th~

standard ,j~viation of th~ CO !lo\\' for Exp~rim~nt ï \Vas only 3.0 mL'min 10.2%) and is

typical of th~ oth~r exp~rim~nts.

Chlorin~ \Vas manually controlled using a rotameter al the set point. --/- 1 division.

(corresponding ta +/- 14 mL/min for ail tests at less than 1420 mL/min and +/- 90

mL/min for !hose tests above this value). This represents a possible random error in fla\\'

of+/- 1-5%. Systematic errors in flow were minimi7.ed by tirst calibrating the rotameters

using a wet gas flow meter and then using the Gil;nont flow analysis program.

The total amount of gas used for each test was also measured using the change in mass of

the gas cylinders: howcver. thesc results wcrc not rcliable for individual experiments. duc

to the relatively low resolution of the balances (0.05 lb. for Cl: and either 0.1 or 0.2 lb. lor

CO) and the low masses of Cl: (average of 2.10 lb.) and CO (average of 0.86 lb.)

consumed. The resolution of the balances represents an average accuracy of +/- 2.3% for

CI2 and +/- 12-23% for CO. The lower resolution sca1e was used for CO. since the sca1e

was an immobile floor unit and the CI2 cylinder was too hcavy to be moved for weighing.

The resolution of the CO sca1e was 0.1 lb. for experiments 1-9 and 13-33 and 0.2 lb.

otherwise.

The!Wo measurcments can be eomparcd in Table 12. The accountabilities ofCI2 and CO

listed in Table 12. were caleulated by the follo\\ing formula:

(~ass of Gas CylinderY( Avg. Molar Flow*Molar Mass*Time)*IOO% [41]

The volumetrie gas flow was the more aecurate measurcment for an individual test;

however. it appears that 2 or 3 % more gas may actually was eonsumed overall than

ca1culated from the volumetrie flow measurcments (note the average aceountabilities of

CO and CI2 in Table 12). This was likely a systematie offset.
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•

Impdkr speed \Vas manually <:ontrolkd using a "plieal digital tadh'meler. Speed \Vas

~(.)ntn)lIt:d c:qu31 10 the: ;J\'c:r~gc: \'aluc --.- 5 R.P.\L tah()ut ().51~()II~)r t:\\;r:" c:xpc:rimc:nt.

An analysis of varianc<: \Vas perfonned on duplicat<: sampks taken at the stan of eaeh ,,1'

experim.:nt. Th.: 95% contid.:nc.: int.:r\"al for .:ach sampi.: \Vas fôund to h.: ~:- :::3~o.

Thes.: calculations assume that the p.:rcentag.: errors for ail the stan sampks arc pan of

the samc population. \Vith a mean of zero and a single repres.:ntativ.: standard d.:\"iation.

When .:xamined in conjunction \Vith the duplicate assays (Of one sampk per experimentL

it \Vas concluded that approximatcIy 84% of the variance in th.: data \Vas duc to sampling

and 16% \Vas duc to assaying. A detailed analysis of the sampling variance is included in

Appcndix B.

The large variance in sampling \Vas probably duc to stratitication of the MgO paniclcs

within the reactor (inhomogeneity). It was hopcd to minimize the random etlècts of any

possible stratitic'l.tion by al\Vays sampling !Tom the mid-point of the vesse!. In addition.

the sampling technique used was not isokinetic and thus funher segregation of liquid and

solid may have occurred at the moment of sampling: however. an isokinetic sampling

method requires knowledge of the velocity profile and was not practical in this case.

The variance found in the assays was probably due to inhomogeneity in the pin tube

samples caused by segregation during solidification. This \'ariance couId be eliminated

by analyzing whole pin tube samples. Variability could a1so be reduced by taking and

analyzing duplicate or tripl icate sampies and then using the average values to compute

the reaction rate.

Future work should include an experiment dedicated to assessing the aceuracy of the

chosen sampling technique. i.e. multiple samples should be taken &om a fixed height

within the reactor to deterrnine the total sampling variance and duplicate samples should

be taken at sever<Il diffèrent heights to deterrnine if segregation of the solid panicles is
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n~~urrIl1S. 1.1 Jdditinn. eJch sam;J!e shnuld he Jnalyzed at kasl three tim·:s. ln ohtain a

g(lOJ ~lss~.sstnl.:nt of the an:.tlytical variance.

Thc accuracy of the estimate of the reaction rate was greatly affected by the numbcr of

sampks t:!ken for each test. Future rescarchers should increase the sampling frequency

for those tests expected to react quickly or increase the initial quantity ofMgO.

Additional variation occurred between subscquent expcriments. due to changcs in sorne

of the initial conditions. These initial conditions arc summarized in Table Il and include:

P.P.M. Fe. % MgO. and the initial height of MgCl=. The arnount of iron initially in the

reactor depended on the arnount of MgCO; added and the residual arnount present from

the previous expcriment and fcIl stcadily throughout each cxperiment. The mass of

MgCO; added ta the rcactors depended on the quantity of each size fraction available and

the nurnber ofexperiments to be perforrned on each size.

The initial amount of MgO present in the vessel varied according to the amount of

MgCO) added, as weil as the amount lost to dust. A variable amount of 10-25% of the

MgCO) was lost as dust. due to the evolution ofCO=. An average of 17% was lost and no

correlation was found between the amount lc,st and the initial MgCO) particle size

fraction.

The initial height of the MgCI= depended on the amount left from the previous test and

the amount of MgCO) added. Anhydrous MgCI: was added to the reactor to increase the

height and a quartz ladle was used to remove excess MgCI:. These were ooly accurate to

about +/- 0.25" (6 mm). The goal was to have at least an HIT of 1. so a targel heighl of

6.5" (165 mm;:~ used. resulting in most of the initial heights being between 159 mm

and 171 mm. Once the impeller was inserted and the reaclor's lempcrature had

stabilized, it became extremely difficult to adjust any errors. resulting in sorne tests with

slightly higher initial hcights.
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• Impdkr wear and changes in dcctrolyte compositions were additional SOL'rces of

variations oetween experiments. ïhese \'anations were not random in that impdkr wear

progressed steadily (although not linea:!:--) and non-volatile chlorides built up steadily in

the dectrolyte (CaC!,. NaCI. KCI. etc 1. Sincc the order of the expenments was not

randomized as indicated in Tables II and 12. these non-random vmables may have had a

significant impact on the rcliability of the results. More statistically rcliable results

would have been obtaincd using a statistically designed expenmental plan (c.g. Box

Behnken)" and then randomizing the ordcr in which the experiments were conducted.

7.2 Effcct QfTotal Flow and ParticIc Size

ln order to dctcrrnine the cffcct oi total gas flo\> ratc and partiele sizc on thc chlorinatirn

rate of thc MgO. the rntio of CO/Cl. was maintaincd at III and the total gas now was- - -
increascd from approximately 1 to 6 Llmin (at S.T.P.). in separatc cxpcrimcnts. at an

avcragc of823 °C:.md 1004 R.P.M.. and two separate partielc sizc ranges (106-150) !-lm

and (212-300) !-lm.

A total of 10 experiments were conducted at 5 different gas flow rates (E\:periments 3. 5.

6. 8. 9. 13. 15. 18. 19. and 20) and have been plolted in Figure 36. The reaction rate of

the MgO was found to increase with increasing gas flow rate and was found to be

independant of the size of the MgO partieles. The results in Figure 36 have been

summarized by two correlations one linear and one nvll-linear:

Rate = 0.33 + 1 X 10'" (Q.).

Rate = 5.3 X 10.3(Q.)063.

R~= 0.760

R~ = 0.866

[42]

[43]

•
It is weU known that bubble size increases \~ith increasing gas flow rates. due te

coalescence and the reduction in impeUer power. One would thcrefore assumc that there
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sh,'uld b~ a kss than al" ro"~r rdali'lllship b~t"~~n r~a~til)n rat~ and gas 110". as

d~arly indi~at~J by E<.juatillI1 1':31.

Equations 142) and 1431 indi~at~ that th~ r~action rat~ of lh~ ~lgO incr~:J$~s "ith

incr~J.Sing gas :10\' rat~. This is a furth~r indication that th~ o\"~rall r~action r.lt~ \\'J.S

controlled by a diffusion process taking place al the surface of the gas bubbles.

The rdationship bet"een the reaction rates for the t"o MgO partiele size fractions at each

gas 110" rate. appear to be r:mdom from the data plolled in Figure 36. At sorne gas

injection rates. the smaller size reacted t'aster and at others the larger size reacted t'aster.

Both Q:lta sets arc :ldequ:ltcly described by on,;: correlation. le:lding to the conelusion th:lt

the MgO partiele size hJ.S no imp:lct on the reaction rate.

It should also be noted that if the re:lction rate is independant of the concentration of

MgO (as shown in Section 7.1). then it should also be independant of the physical

properties of the MgO such as: size. porosity. actual and apparent surtàce :rrea. etc..

7.3 Effcct of CO/CI2 Ratio

The bulk of the experimental work presented here. \Vas eonducted \\ith a stoichiometric

mixture of CO and Cl:. The results ofO.V. Prunskov et. al:" (sho\\n in Secùon 2.1.2.2)

suggested that the chlorinaùon of MgO (formed from magnesite) is controlled by the

diffusion of CO through the liquid MgCI: and that an optimum CO/Cl! ratio exists. at

whieh the overall rate of reaetion is ma'timized (shown to be bel\veen 1 and 2 in Figure 5

for a shaft reactor). Five experiments (15. and 30-33) \Vere therefore eonducted at CO/Cl:

ratios bel\veen 0.67 and 1.56. at 824 oC. 1004 R.P.M.. using the (106-150) !J.m partiele

size fraction. in order to determine if such an optimum value existed. Thcsc l\.'Sults are

presented in Figure 37.
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•
R"t • ~ , 1 (l' l' 1:'';' Il' l' \ '1 - R:.... c.: -_. (n l':. ..- Cl! ,:,' - _. -~. 1.... 1

•

The optimum CO'CI, r.llio Wa~ eakulated tl1 he l,:" l'rom the 1" deri\'ati\e of Equation

[4.+]: howe\'er. gi\'en the few data poin~ and high degree of unc<:rtainty ~hown in the data

in Figure 3i. the only tïrm conclusion which can he reached. is that an optimum COTt,

\'alue exi~t~ and lie~ at a COTI, r.lli,) ~ome\\'hen: hetween l,a: and lAi,

The fact that the optimum ratio is in the CO rich domain and that the reaction rate

decreases \'ery quickly in the CI, rich domain. indicate that the rate of dit1'usion of the CO

gas from the gas bubblcs was the rate controlling stcp in th<' chlorination of MgO in a

stirred tank reactor. Further confirmation \\ill oc gi\'cn in thc follo\\ing section.

7.4 Effect of Diluti(}D with an Inert Gas (NJ

Experimcnts were conducted in order to determine the effect of diluting the CO and CI,

gases with an inen gas (N,). These experiments werc intended to determine whether the

gas interfacial area or the concentration of the reagent g:lSl.'S. has a greater effect <'n the

chlorination rate. If gas surface area has a more significant impact it wouid imply that a

species diffusing from the bulk of the electrol)1e to tl ~ surface of the gas bubbles

controls the rate of chlorination. If the concentration of the Cv and Cl, were more

important then it wouid indicate that diffusion of gas from the gas bubbles into the bulk

of the electrol)1e was rate limiting.

ln the first set of e:-.:periments (15-1 i, 21 and 33). the total gas f10w rate \\";1$ held constant

at an average value of 3759 mUmin. and increasing amounts of N, werc added to a 1f1

mixture of CO and Cl,. at about 823 ·C and 1004 R.P.M. using the (1 06-150)~ particle
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• SIZ~. :\ total of four mixtures ranging From 0% tO 75% N, were tested and the results are

given in Figure 38. The rcaction rate data has been extremcly weil correlated by a Iinear

correlation:

Rate = 0.943 - 0.011 (%N,). R' = 0.942 [45]

•

The average CI, and CO reaction efficiency data have also been correlated as follows:

Efficiency = 66.66 - 0.21 (%N,). R' = 0.605 [46]

In this series of experiments. the gas interfacial area wouId be almost constant. since the

same total gas volume was injected in each experiment. If the rate controIling $lep was

diffusion of a species From the electrolyte to the gas bubbles. it would be e"..pected that

the efficiency of the utilization of the CO and CI, wouId increase, with increasing

dilution. Equations [45] and [46] indicate that both the efficiency and reaction rate fall

with increasing dilution, indicating that diffusion From the bubble into the bulk of the

electrolyte, must be the rate limiting step.

A second series ofexperiments (18-20) were conducted at the same flow rates of CO and

CI" as those used in experiments (16-17 and 21). While the gas flow rates of CO and Cl,

were the same, the total gas flow rates in t.iese second cxl'enments varied from 947-2908

mUmin, since no N, was used. The ratio of the reaction rates of the experiments diluted

with N, and those without N" have been plotted in Figure 39. The graph must have a

ratio of 1, at 0% N, dilution and this point is also shown. A fifth point bas been added,

representing the ratio ofExperiments 4 and 5. Experiment 4 was accidentally conducted

with a fIow of 2827 mUmin of N" being added to a fIow of 3695 mUmin, of a 111

mixture of CO and CI,. Experiment 5 was conducted as a repeat of Experiment 4, but

without N,. These five data points were regressed to give:

RJR., =0.988 - 0.0067 (%N,), R' =0.91 1 [47]
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Equation [47] dearly indicatcs that the reaction ratc fell with respect to the equivalent

flow of undiluted reagent gases. even though the total volume of gas injected was

increased using N=. This is proof that the rate of the chlorination reaetion was controlled

by diffusion from the ",ithin the gas bubbles. to the bulk of the electrolyte. This aIso

cIearly illustrates that under no circumstance would there be any advantage in using a non

reactive gas in the reaction mixture. as is sometimes done in the alurninum industry (see

Section 3.1).

7.5 Effect of!mpeller Speed

The rate of a reaction controlled by diffusion from the gas to the liquid phase. normally

increases at higher impeller speeds. Given that the liquid side mass transfer coefficient

(kJ. is considered to be independant of impeller speedS7 (also implied by Equation

[Br'). the increase in reaction rate. is due to the decrease in bubble size and increase in

gas-liquid interfacial area (see Section 3.2. Equations [I0)-[22)). The reaction rate will

normally increase by greater than the 1~ power of impeller speed. since the un-gassed

impeller power increases to the 3n1 power of speed (as indicated by Equation (24)) and the

gassed power increases proportionately even more (according to Equation (35)) due to the

lower aeration nurnber at higher speed.

Four experiments (22-25) were conducted at four different impeller speeds (609. 804.

1004, and 1156 R.P.M.) to examine this effect, using the (75-106) J.lIIl size fraction. at an

average of 824 oC and using 3695 ml/min ofa 111 CO/Cl= mixture. The results ofthese

experiments are shown in Figure 40.

Figure 40 indicates that the reaction rate increased as the impeller speed was increased

from 609 to 1004 R.PM.; however, it would also appear that somewhere between 1004

and 1156 R.P.M. the reaction rate began to decrease. This result was not e:-.:pected.
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Il was observed during walcr modcling lhal in lhe absencc of gas injcction. lhe impdlcr

was abie 10 draw gas from lhc frccboard of lhe reaclor al high impeller speeds. This

phenomena bcgan at aboul 700 R.P.M. and rapidly incrcascd abo"c 900 R.P.M.. It is

likcly thal al cxtrcmcly high powcr inputs in MgCI, (e.g. 20 kW/m' at 1156 R.P.M.). the

impcIler begins to draw in gas from the freeboard. This gas had a "ery 10'," partial

pressure of CO and consisted mainly of N, (from the purge gas) plus Cl, and CO,. The

mixing of these gases with the new gas being injectcd into the reactor would have an

eITect similar to that alrcady shown for direct dilution with N,. Therefore it is concIuded

that an opùmum power input exists somewhere between 12 and 20 kWlm' (1004-1156

R.P.M.). for this particular reactor.

ln order to obtain a power or linear regression it is necessary to excIude Experiment 23

(at 1156 RP.M. and correspondingly high powcr input as explained above). ùle

remaining results in Figure 41 have been regressed to give the following correlations:

Rate = 0.001 1 (RP.M.) - 0.03. R' = 0.756 [48]

Rate =9 X 10" (R.P.M.)uo. R' =0.693 [49]

7.6 Effect ofTemperature

Normally, reacùons which are diffusion controlled, increase only slowly in rate with

increasing temperature, due to higher diffusivities and are typified by an activation

energy of about 100 kJ/mol'6. A series of five experiments (10-14) were conducted at

temperatures between 743 and 908 ·C, at an average of 1005 RP.M., and 3699 roUmin

(at S.T.P.) ofa 111 rnix"tl1re ofCO and CI,.

The temperature range was constrained by the freezing point (714 ·C") and boiling point

(1318 ·ClS
) of the MgCI,. The practical range was further restricted by the necessity to

maintain sorne degree of superheat and the maintain a very low partial pressure of MgCI,
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to pre\'ent excessi\'e e\'aporation (the \'apour pressure of MgCI, inc~eases rapidly abo\'e

900 "c. reaehing 10 Torr at 934 "C'').

The results ofthese 5 experimcnts are shown in Figure 41 and ha\'e been summarizcd by

a sccond ordcr polynomial regression:

Rate =-4.293 X 10" T' + 0.097 T -53.7. R' =0.955 [50]

Figure 41 indicates that an optimum temperature exists. whieh \\;l! ma'(imize the

chlorinaùon rate. This was an unexpected result. The optimum temperature is 856.6 "C.

based on the 1g derivaùve of Equation [50]; however. given the uncertainty in the data

and the few data points. the only firm conclusion which can be made. is that the rcaction

rate reaches a maximum at sorne temperature between 824 and 908 oC.

The evidence supporting the increase in gas solubility in liquid MgCl, is not extensive'·.

If the solubility of the gases (particularly CO) decreases in the liquid MgCl, at higher

temperatures (as is the ease with most liquids). then the increase in the diffusivity at

elevated temperature, will be off set by a corresponding decrease in the mass lransfer

driving force and could easily explain a decrease in the overaii reacùon rate at very high

temperatures.

A regression was made of the reacùon rates (belWeen 743 oC and 824 oC) with the inverse

of the absolute temperature in order to obtain the activation energy using Arrhenius's

equation as indicated below:

Rate = 7491 e(0803801(RT)), R' = 0.999 [SI]

Equation [SI] indicates that Reaction (14) (the chlorination reaction), had an activation

energy of 80 kJ/mol, with a 95% confidence interval of +1- 30%. This magnitude of

activation energy is typical of a diffusion controlled reaction, as mentioned previously.
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ï.ï EffcctofIron

Iron has been used as a catalyst in another similar chlorination process. as discussed in

Section 2.1.2.1. Two experiments (26 and 27) were conducted where 300 and 600 P.P.M.

of iron \Vere added as ferric chloride (FeC!,). to the bath of Mgel,. to determine if small

amounts of Fe have a catalytic effect on the chlorination rate. The bath of MgCl, had a

background levcl of Fe in the 200-400 P.P.M. range.

The additional Fe added in these two experimcnts resultcd in lcvcls of 444 and 560

rcspectivcly. Ferric chloride is an extremely volatile chloride \\ith a normal boiling point

of 652 oC". The very high vapour pressure of the FeCl, resultcd in a significant loss of

Fe before it could be assimilated into the bath ofMgCl,.

The rcsults for Experiments 26 and 27 are compared in Figure 42 with the result of

Experiment 22. These experiments were conducted using the (75-106) J-lm size fraction.

at an average of824 oC, 1005 R.P.M. and 3699 mUmin. at a III ratio ofCO and Cl,.

The rcsults shown in Figure 42 have been correlated by the follo\\ing equation:

Rate =0.99 - 5 X 10" (p.P.M. Fe), R' =0.839 [52]

According to Equation [52] the MgO reaction rate is negatively impacted by the

concentration of iron. This should not be surprising, given that the Fe increases Cl, mass

transfer and il has already been shown that the rate of reaction is ::ontrolled by the rate of

CO diffusion. The sIight negative correlation may be due to counter diffusion of FeCI3;

however. the correlation between Fe and reaction rate was not statistically significant and

thus no firm conclusion was drawn.
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7.S Overall Correlation

It was decided to summarize as many of the results as possible in the form of an o\"erall

correlation, using rr.uItiple regression and those results in the following ranges:

1) temperature = 820 oC +/- 5 oC.

2) impeller speed =609 to 1006 R.P.M. (10.5-15.6 kW/m').

3) total gas fiows (including N,) from 941 to 6522 mL/min (0.3 cm/S> v, <2.2 cm/s).

4) using aIl particle sizes from 53 to 300 Ilffi. and

5) 0.67> CO/CI, <1.05.

25 experiments were regressed: I. 3-9. 13. 15-22.24-30. and 33. It was necessary to

restrict the ranges. due to the strong curvature in sorne of the data (e.g. relationship with

PcofP0) and this curvature can not be modeled using either a linear or power type

regression. The power regression is the mode! of choice. because it usually provides the

greatest level of physical significance.

The 25 e.'(periments were correlated against the foIIowing independant variables:

1) total gas fiow rate at S.T.P. (QJ

2) ratio ofCO/CI,.

3) partial pressure ofcarbon monoxide (Pco).

4) impelIer spced (N).

5) average MgCO, particle size (~.

6) initial melt height to tank diarneter (H/T) ratio,

7) initial MgO content (wt. % MgO),

8) arnount ofMgC03 fcd, and

9) the initial Fe content.

A multiple non-linear (power) regression was performed using Excel Version 7.0. by

regressing the logarithm ofthe reaction rate, against the logarithm ofthe above variables.
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• ln the initial regression. only those \'ariablcs which wcn: fOllnd tl) bc signiticant at the

90% kvd. using the P value outputtcd by the sotiwarc. wcre retained for further analysis.

Those pararneters found to be signilicant included:

1) N (S").

2) Q, (Llmin.).

3) Pco(atrn.). and

4) MgO (\\t. %).

The four remaining parameters were re-regressed and only those significant at the 95%

level were kept. This included ail four parameters.

Rate = 0.0166 NI.1S Q,o", (Pco)'" MgOo.,.

The results ofthis are given below:

R: =0.784 [53]

•

The 95% confidence intervals for the exponents are as fo11ows:

low hioh
'"

1) N 0.25 2.11

2) Q, 0.34 0.78

3) Pco 0.82 1.45

4) MgO 0.03 0.93

The e:-.:perimentai results are p10tted as a function of the regression parameter

(N1.I8 Q,o,so (Pco)··'J MgOO.4S) in Figure 43.

When Equation [53] was used in conjunction with Equation [51] it was possible to

estimate the reaction rate at temperatures'between 743 and 824 oC.

Equation [53] predicted the experimentai rates to within + or - 44%. with 95% confidence

and while this is not as good a correlation as was desired. it represents the only

information in the public domain regarding this reaction conducted in a stirred tank

reactor.
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Th.: w'::lk ':c'rrd:ltion of th.: r'::lctinn r.lt.: with th.: inilial quantil: nI' \I~O :Incl the

ind.:p.:nd.:nc.: of th.: r'::lctinn r.lt.: with th.: r.:sidua' quantit: <II' \I~O :llt.:r tim.: z.:w.

sugg.:st.:d th:lt th.: initial quantity of :'lgO was substituting fnr :In unmc;l.'urccl par.lmctcr.

It is proposcd that th.: unm.:asurcd paramctcr is an impurit: ;l.,sociat.:d with thc \lgO

(csscntially thc sourcc of ail thc impuritics in thc systcm 1. Th.: initial con.:cntr.ltion <'f

this impurity. would havc incrcascd with incr.:asing ;'\lgO cont.:nt and must ha,·c had a

positive impact on the rcaction ratc. Ifthis hypothctical catalyst cxists. this could hav.: a

dramatic impact on the economics of a chlorination process using a stirred tank reactor.

Given that the reaction rate is detcrrnined by the mass translcr of CO into the MgCl,. it is

further assumed that the hypothetical impurity enhances the mass transfer of CO. by

incrcasing its solubility in the MgCl~ and thercby incn:ases the rate of the chlorination

rcaction. Nickel is an obvious candidate. based on its proven ability to complex with CO.

It is thercfore recommended that if these experiments are ever repeated. reagent grade

MgO should be used in conjunction with a varie~' of metals (including nickel). to

deterrnine which metal if any. has a catalytic eflèct on the rcaction rate.

An equation using P/YI (kW/m3
) and v, (crnls) is of more use than Equation [53] in the

scale-up of a chlorination system. based upon a stirred tank rcactor. Taking a power

number of2.76 (from Section 6.1) and using Equations [24] and [36]. it was possible to

calculate the P/y, for each combination of gas injection rate and impeller speed in these

experiments. When this was done and the data was re-regressed. the follo\\ing equation

\Vas obtained:

Rate=0.321(P/y,)"-" (v,f'" (Pco)'" (MgO)o.••• +1- 44%. R:=0.781 [54]

The 95% confidence intervals for the various e.'(ponents are:

low high

I) (P/y,) 0.07 O.~

2) (v,) 0.40 0.88

3) (Peo) 0.82 1.46

• 4) (MgO) 0.04 0.92
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The exponents of (P[V,) in Equation [54] \Vere compared \Vith those in the literature. (sec

Section 3.2); however. the literature values varied glcatly and the poss:ùlc range of values

as indicated by the 95% confidence intervals given above. \Vere 100 large to make a

comparison meaningful.
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Chapter 8 Discussion

Thc results prcscnted in Chapter 7 can be used to design gcomctrically similar industrial

scale. continuous reactors. Thc ultimate limitation on thc sizc of the reactor is probabJy

the length of shaft which can be practically produced from commercial grades of

graphite. based on available sizes and mechanical properties. The maximum practical

size for a unit cell. is about 1 m in depth (and width). given that the maximum length of

commercial graphite available to produce impeller shafts. is about 6' (1.83m)".

A full scale plant based on this technology. would require either many small reactors. or

more practically. a series of large reactors. each with many rotary injectors. A square

reactor can be produced based on a cellular approach. as shown in Figure 44. The reactor

would be fed with calcined magnesite (MgO) to remove the thermal burden trom the

reactor and prevent the introduction ofexcess CO! gas into the reactor. Feeding would be

through graphite tubes and rectangular graphite electrodes would be used as baffles on

line and to make up for heat lost during down time. A multiple of3 electrodes is required

to use 3-phase AC heating. A refractory lined steel shell would be used to contain the

magnesium chloride bath. The type of refractory used would have to be optimized to

prevent chlorination of the refractory or contamination of the MgCI2• The sheU would

probably require cathodic protection to prevent corrosion by chlorine gas.

ln Figure 44. each cell would he assumed to act as a single CSTR. There is no Joss in

efficiency or conversion using the reactor design shown in Figure 44. given that the reaction

has been shown to be independant of the MgO concentration (cascading the reactors is not

required). Gas utilization efficiencies and reaction rates will he the same at 0.5% MgO as at

5% MgO (as shown in Figure 34) and the reactor can therefore operate at a steady state value

of 0.5% MgO or less. A small polishing section. operating with less MgO (as Iinle as 0.1%)

may he required depending on the type of electrolysis cell chosen (sec Table 3 and Figure 3).

The polishing section would also serve to volatilize unwanted impurities such as Fe.
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The impaet of the dependaney of the reactÎon rate on the initial MgO. mUSl be further

investigated in order to accuratcly predict behavior on scale-up. It will be possible to

optimize the rcaction rate. if the impurity respo::sible for this behavior is identified:

however. for the purposes of discussion. Equation [54] v-ill bc evaluated using the

average initial MgO (4.02%) of the 25 cxperiments used to derive the equation:

Rate = 0.609 (P,/Vl';' (v;;o,.. (Pco)!." [55]

Care must be taken in applying Equation [55]. since it is bounded in ~everal ways. The

possible combinations of gas injection rate and power per unit volume are restricted by

flooding at low power and surface aeration at high power. The rate is also restricted by

gas efficiency, which obviously can not exceed 100% for either CO or Cl~ (i.e. very high

P'/vi and Vs can not incrcase the gas rcaction efficiency to more than 100%).

If the goal of the scale-up is to achieve a constant volumetric rcaction rate, then obviously

the simplest way ofachieving this is to maintain a constant P'/vI' Vs' and Pco (as indicated

by Equation [55]). It is also logical to assume that the same volume of gas mU be

injected per liquid volume (QN1). Unfortunately, the surface arca of the vessel incrcases

to T~, while volume incrcases to T3
, 50 Vs incrcases with a !inear scale-up. Therefore, to

achieve the same rcaction efficiency, P,/VI must decrcase by reducing the impeUer speed

(it is normal for P,/VI to decrcase on scale-up); however, it is important to respect the

limits of flooding (Equation [26]) and to suspend the largest (300 f.Ull) particles (Equation

[29]).

The simplest way to deai mth the actuaI complexity of scale-up is to use a commercial

software package, such as Th Solver Version 2.0, to simuitaneously solve the appropriate

equations presented in Chapters 3.0, 6.0, 7.0 and 8.0. Using Th Solver, mth T=1.0 m,

Temperature =856.6 oC, and CO/CI~ = 1.24 and using the design shown in Figure 44, 9

chlorinators could produce 20,000 mtpy of magnesium, at a rcaetion rate of 1.0 mol/Llh

and 90% chlorine rcaction efficiency (see Appendix C for details).
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Chapter 9 Conclusions

9.1 Conclusions - Experimental Part 1

ln MOLTEN MgCl~ the impeller power number was found to be 2.76 ± 10% at impeller

Reynolds numbers above 70,000.

Gassed impeller power in MOLTEN MgCl~ was corre1ated by the following cquations:

p/P0 = 0.452 (QIND3)"".21 R~ = 0.885 [35]

P/Po = 0.922 - 1.444 (QIND3
) R~ =0.893 [36]

The exponent in Equation [35] will be influenced by the exact impeller/tank geometry

used: however. the magnitude of the exponent in Equation [35] does fall \vithin the

published range (-0.22 to _0.3860
•
68

) for flat six blade turbines.

The gas dispersion pattern was found to be in the gross rccirculation bubble regime.

9.2 Conclusions - Experimental Part II

Magnesite can be chiorinated in a STIRRED slurry reactor, using chlorine and carbon

monoxide, onder conditions, which can be rcproduced on the industrial scaie.

The chiorination rate of the MgO forrned from magnesite was found to be independant of

the MgO concentration present in the reactor (or Zero order \vith respect to the

concentration of MgO).

115



(mollLlh or kgmoIlm'!h). R' = 0.760 [42]

(mollLlh or kgmolfm'Ih). R' = 0.866 [43]

• The reaction rate was found to increase with incrcasing gas injection rate according to the

following empirical correlations:

Rate =0.33 + 1 X 10-1 (Q,),

Rate =5.3 X 10" (Q,)"6'.

The reaction rate was found to be independant of the MgO particle size.

The chlorination rate increased with increasing levels of CO according to the folIr-wing

empirieal correlation:

Rate = -2.1 (PCc!PCl,)' + 5.2 (Pec!PCl,) - 2.13. R' = 0.897 [44]

The optimum CafCl, ratio was found to be between 1.02 and 1.47 and \Vas estimated to

be 1.24 from Equation [44].

The rate limiting step in the chlorination of magnesite in a slurry reactor \Vas found to he

CO mass transfer from the gas to the liquid phase.

The addition of an inert gas such as N,. was found to decrease the rate of the reaction as

indicated below:

Rate = 0.943 - 0.011 (%N,).

~IR. = 0.988 - 0.0067 (%N,).

R'=0.942

R' = 0.911

[45]

[47]

Impeller speed was found to increase the rate of the chlorination reaction up to a

maximum located between 12 and 20 kWfm'. after which the rate was found to decrease

(probably due to surface aeration). Bet\veen 600-1004 R.P.M. the following empirical

correlations were obtained:

•
Rate = 0.0011 (R.P.M.) - 0.03.

Rate = 9 X 10.5 (R.P.M.)'.3o.

R' = 0.756

R' = 0.693
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The reaclion rate \Vas found to increase al higher lemperatures. unlil a ma'(imum located

belween 824 and 908 oC was reached. The ma'(imum raIe \Vas estimaled 10 be at 856.6 oC

from lhe following cmpirical correlation:

Rate =-4.293 X 10" T' + 0.097 T -53.7. R' =0.955 [50]

Thc rcaction ratc \Vas correlated using an Arrhenius relationship between 743 and 824 oC:

Rate = 7491 e(.s038of(Rn). R' = 0.999 [51]

with an activaIion energy of 80 kJ/mol. which is typical ofa diffusion controlled reaction.

Iron was found to have ne significant effeet on the reaction rate at levels up to 560 P.P.M.

Fe.

An overall correlation was obtained which related rcaction rate with impeller power.

superficial gas velocity and the partial pressure of CO:

Rate = 0.609 cP;Vl·3S (V;)"-64 (PCO)1.I4 [55]

Using the overall correlation it was estimated that 9 chlorination reactors each containing

16 impellers (0.48 m in diameter) would he suffieient to produee 20,000 mtpy of

magnesium.
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Chapter 10 Recommendations for Future Work

In order to obtain more aeeurate mixing power and power number data. an impeller of at

lcast 6" or O.15m. should be used in any future work.

Gas hold-up was not adequatcly determined during these expcriments and should be

further investigated using a largcr reaetor with better aeecss for measurement.

It was hypothesized that an impurity was present in thc MgO. whieh positively affeeted

the rate of CO mass transfer. Experiments using pure MgClo' reagent grade MgO and

various potential catalytic metaIs (e.g. Ni). should be eonduetcd to verify this hypothesis

and quanti!)' the cffee!.

To eliminate the cITeet of segregation within a sarnplc. whole pin tube sarnples should be

analysed.

The homogeneity of the MgO suspended within the reactor should be verified during any

future test program and multiple sarnpIes should probably be used to oblain a good

average assay from which the reaetion rate can be eomputed.

In order to minirnize the uneertainty in the caiculated reaetion rates. sarnpIing frequeney

should be increased for those experiments expected to react quickly.

A randomized statisticaily designed experimentaI plan (e.g. Box-BehnkenBS
) should be

used to oblain the most statisticaiIy significant results in the Ieast number ofe:-.:periments.
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Appendix A - List of 8uppliers

Supplier Item Address Phone Fnx
A.P. Green G·26, G-28 Fireelay Drick 514·493·4·100
Anaehemia FeCl, 5002'· Ave., SI. Pierre, Q.C. 514·489·5711

Daymag Magnesile 800, 10655 Soulh Port Rd., S.W., Calgary, Alberta 403-271-9400
Canadian TIlermix EF 444 Crueibles 20 Induslrial Parkway N, Unil2A ,Aurora, ON 416·841-6633

Cole Pamler Mac 14 Daia Logger 7425 North Oak Park Ave., Niles, IL. 800-323-4340 708-5·19·1700
M.D.S. Seal Masler NPI6 C Dearings 500 rue Hodge, Monlreal, Q.C. 514-748-8383 514-748·1575
M.D.S. TL 18 ,H200, timing pulley 500 rue Hodge, Monlreal, Q.C. 514·748-8383 51·)·748·1575
M.D.S. TL 36 ,H200, timing pulley 500 rue Hodge, Monlreal, Q.C. 514-748·8383 514·748-1575
M.o.S. 2", "66, H200, timing beU 500 rue Hodge, MOnlreal, Q.C. 514·748·8383 51·)·748·1575
M.D.S. SK, 1" Dushing, QD 500 rue Hodge, Monlreal, Q.C. 51·1·748·8383 514·7·)8·1575
M.o.S. 1215,7/8", Dushing, QD 500 rue Hodge, Monlreal, Q.C. 514·748·8383 51·1·748·1575

M.E.G.S. H.P. Chlorine 5601 Chemin. SI. Francois, SI. Laurenl Q.c. 514·956·7503 514·956·750·)
M.P.D. Quartz Ladies 1725 N. Service Rd., T.C., Dorval, Q.C. 514·694·8751 514·695·7492

Medigaz Carbon Monoxide, Type K, C.P. 4830 rue COllrsers, SI. Lallrent, Q.C. 514·337-3854 514-337·3295
Grade

Medigaz Liqllid Nilrogen, 225 P.S.L 4830 rue COllrsers, SI. l.aurenl, Q.c. 514-337·3854 514-337·3295
Omega CN 9000 Temp. Conlrol. One Omega Dr., Dox 4047, Slamford, Connectic III 800·826·6342
Omega D.P.F.60 RaIe Meler One Omega Dr., Dox 4047, Slamford, Conneclicllt 800·826·6342

R.D.C. Controle Type K Thermocouples, 118" X 61 00111. de la Seigneurie, OIainville, Q.C. 514-434·0216 514·434·0219
24" SS Shealh

Raycon, Les Conlroles Deublin Rolary Union, Model 2890 Sabollrin, SI. Lallrenl, Q.C. 514·334-0931
"1102070081

S.T.A.S. Drive Shan and Coupling 1846 rue Oularde, ChicOillimi, Q.C. 418·696-1951 418-696·1951
Speer Carbon 890·S Graphile 3200 Sartelon SI., SI. Lallrent, Q.C. 514·332-9602 514·332-5232

UCAR ATJ Graphile 123 Eglinlon Ave, E., Toronlo, On 416·488-1444 416"188·1937
UCAR C·34 Graphite Cement 123 Eglinlon Ave, E., Toronlo, On 416·488·1444 416-488·1937

Williarns+Wilson Fibre Frax Dlankel1J3oard 514-939- 1300

119



• Appendix B - Analysis of the Variance of Experimental Data

Duplicate star! samples \Vcre taken prior to beginning each experiment. A laboratory
analysis \Vas perforrned on each. Duplicate assays \Vere also perforrned on one sarnple
from each test. This duplicate assay was not necessarily perforrned on a star! sarnple.

Each pair of sarnples was averaged and the absolute and percentage difference of the two
samples tTom the mean was calculated as shown beIow:

Sample 1: 5% MgO. Sample 2: 4% MgO
Average: 4.5% MgO. Difference 0.5% MgO. % Difference Il.1 %

The various assays arc given in Table B.1.

Plots were made of the absolute and percentage difference of the duplicate sarnples
(Figure B.1 ) and dup1icate assays (Figure B.2).

ldeally. the errors should be randomly distributed with respect to the average MgO assay.
In Figure B.1. it would appear that both the percentage and absolute error increases at the
higher levels of MgO; however. the percentage error is more random. In Figure B.2. it is
clear that the percentage error is random. .vhile the absolute error increases at higher
levels of MgO. lt is therefore concludcd that the percentage error is more representative
of the actual accuracy of the data and that only the variances in the percentage errors can
be used to compare the magnitudes of the sources ofvariance (sarnpling + analysis).

The total variance (sarnpling + anaIysis) has been calculated to be:
S2 -1?8?-S2 +S2fOCal - - -- - samplinil; mJl!"SÏs

and the analysis variance has been calculated to be:
S\..I>';. = 20.7
therefore:
S2....Plin• =128.7-20.7 =107.5
and:
S2....Plin.' S2'0101 = 107.5 /128.2· 100% =84%.

[B.1]

•

Therefore. approximately 84% of the total variance in the data is due to sarnpling and
16% is due to anaIysis. The 95% confidence intervals for the total can be calculated from
the degrees offreedom (31) and the total standard deviation:
S''''I = (l28.7t.5 = 11.3 %.

From the student"s T distribution at the 95% confidence level. the limits are:
+/- 2.04 • 11.3 % = +/- 23.1 %.
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:\ppcndix C - Rcactor Dcsi~n Equations

RULE SHEET
S Rule

QCO=QCI2*1.24
Qt=QCI2+QCO
Q=Qt*CTernp+273.15)/273.15
p=C(1.976-0.302*.001*CTernp+273.15»)*1000)*(1-X/100)+X/100*1000*3.5S
O=0.4S*T
PO=Np*p*NA3*O'5/1000
Na=Q/N/OA3
Pg/Po=(0.922-1.444*(Na))
vt=TA 3
a=TA2
vs=Q/a*lOO
PV=Pg/VI
VI=Vt*(l-E)
Tf=(7~91*expC-S03S0/S.314/CTernp+273.15))/C7491*expC-SO3S0/S.314/CS23+273.15))

PCO=QCO/CQCO+QC12)
R=0.609*CPg/VI)'0.35*vsAO.64*PCO'1.14*Tf
Production=R*VI*24.30S*24*36S*.9/1000
Prodtotal=n*Production*13
MgC03=Prodtotal*(40.30S+44)/24.30S/.9
Eff=R/60/60*Vl/(QC12/22.4)*100
u=0.204*exp(19361/S.314/(Temp+273.1S))/1000
v=u/p
pl=C1.976-0.302/1000*CTemp+273.1S))*lOOO
Nj=s*vAO.l*dAO.2*(g*(ps-pl/1000)/(pl/lOOO))AO.4S*XAO.13/OAO.SS
Q/NfloodA3/0A 3=30*(0/T)A3.S*0/g
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VARIABLE SHEET
St Input-- Name--- output-- Unit Comment

1 T m Reactor Diameter
a 1 m..... 2 Tank Area
D .48 m Impeller Diameter
Vt 1 m'3 Total Reactor Volume
VI .904 m'3 Liquid Volume

856.6 Temp Deg C Reactor Temperature Deg C
N 117.31595 min ..... -l Impeller Speed
Nflood 100.18382 min ....-l Speed to Just Flood
Nj 102.61369 min ....-l Speed to Just Suspend Solids
QC12 374.99259 L/min C12 Gas Flow at S.T.P.
QCO 464.99081 L/min CO Gas Flow at S.T.P.
PCO •55357143 atm • CO Partial Pressure
Qt 839.98341 L/min Total Gas Flow at S.T.P.
Q 3474.1763 L/rnin Gas Flow at reactor temperature
vs 5.7902938 om/s Superficial Gas velocity
Na .26777565 Aeration Number

.096 E Fractional Gas Hold-up

.0003 d m Diameter of Solids
3.58 ps g/cc Density of Solids
5 X fraction weight ~action of Solids
90 Eff % Chlorine Reaction Efficiency
2.76 Np Power Numl:>er

Po .91054057 kW Un-gassed Mixing Power
Pg .48744146 kW Gassed Mixing Power
PV .53920516 kW/m'3 Power Per Unit Volume
pl 1634.8155 kg/m'3 MgCl~ Liquid Density
p 1732.0747 kq/m'3 Slurry Density
v 9.2526E-7 m'2/s Kinematic Viscosity
u .00160262 PaS Viscosity in PaS
Tf 1.2999374 Temp Correction Factor

1 R kqmol/m'3 Reaction Rate
Product 173.22504 mtpy Magnesium Production Per Impeller

20000 Prodtot mtpy Total Magnesium production
n 8.8812884 Numl:>er of Chlorinators
MqC03 77080.619 mtpy MgC03 consumption

9.81 q m/s'2 Gravity
5 S Geometrie Parameter
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