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SUMMARY 

Synthetic resins have, so far, been universally produced 
by batch processes, A continuous process however is shown to 
have some general advantages which make it desirable in 
commercial production, 

The physical properties of the resin systems have 
resulted in the choice of a tubular reactor for continuous 
operation and the urea-formaldehyde resin system is selected 

for detailed examination, 

To account theoretically for the performance of the 
tubular reactor two mathematical models are developed, The 
first model, which ignores all but the bulk transports, is 
a plug-flow model catering for good radial mixing in the 
reactor, The second model, involving a parabolic velocity 
profile with inclusion of radial and axial diffusion is a 
complex model and caters for laminar flow in the reactor 
tubes. The physical data necessary for the solution of the 
models are estimated using standard procedures. The chemical 
kinetic data available are shown to be inadequate for use at 
the elevated temperatures employed in the reactor. A novel 
technique is therefore developed for evaluation of the high 
temperature urea-formaldehyde reaction data, The data are 
then described mathematically with postulation of chemical 
reaction mechanisms, followed by optimisation of the rate 
constants for the proposed reaction schemes to give good 
mathematical fits. 

To test the models, an available rig is modified. The 
problems of sampling under reactor conditions are overcome 
by the introduction of a novel design of a sampling valve 
and sample collection technique which avoids physio-chemical 
change to the resin, The experimental results are discussed 
with regard to the performance of the reactor as affected 
by various parameters, The best conditions for production 
of the addition products of the urea-formaldehyde reaction 
with a minimum formation of the condensation products are 
shown to be high formaldehyde to urea molar ratios, high 
temperatures, low concentrations and low residence times, 

The plug-flow and complex models are solved using both 
a Honeywell 316 and an ICL 1904S computer. A novel numerical 
solution technique, in conjunction with the use of computers, 
is introduced for the solution of the complex models. 

The simulation results show excellent predictions by 
the plug-flow models, and poor accuracy of prediction by the 
complex models. The reason for the good plug-flow predict- 
ions, at comparatively low Reynolds numbers, is attributed 
to the shape of the reactor which also explains the short- 
comings of the complex models, 

Mathematical Modelling 
Key Words Tubular Reactors



  

ACKNOWLEDGMENTS 

In recognition to the help and advice received, 

the author wishes to extend his gratitude to: 

Mr, A.F. Price for his encouragement, optimism, 

moral support and valuable supervision during the 

various stages of the project and his patient review 

of the manuscript. 

Mr, A.R. Cooper for his direction and critical 

review of the work through its development and the review 

of the manuscript. 

Professor G.V. Jeffreys, Head of Department, for 

providing the research facilities, particularly in 

terms of workshop expertise and computation. 

Dr, G, Inverarity for his support of the project 

and Mr. R.W. Yates for his cooperation in making the 

time and equipment available. 

Mrs. S.G. Williams for her valuable assistance 

with the analytical work. 

Mr. J. Ferriday and BIP Ltd,, Chemicals Division, 

for their flexibility in the research time schedules, 

some financial support of the computer costs, supplying 

the raw materials, making available the equipment for 

modification and experimentation and permitting the 

analytical work. 

Miss S. Mehrali for her diligent typing of this 

thesis,



TABLE OF CONTENTS 
  

BIST Or TABLES : } is c.5058 oc ee ‘baa ee te as 

Bist OF FIGURES vei i ee cas hs ta eh 0 vb 0b o'e's 0 8 gene 09% 

NOMENCLATURE sigs ss ee obs see oh We 6) alle oe vis. eile oi sit elie s 0 

CBAPTER. OND + INTRODUCTION... 50 cwin'snc 00 techs we see 

eg Oss 

CHAPTER 

Historia -Backeroun dai. sas: cise !s ois. ssc 

Ther Traditional Batch Production 2-....8. 

Disadvantages of the Batch Production 

ROUT o:0 -ccipieiin. 6-4 Wie Gum Beko, wore hue ath wea into, meeie 

Desirability of a Continuous Process ... 

Choice of a Continuous Process rete eee 

Statement of the Objectives of the 

RESearen = oo. eS... s ba Seber eee Mnede ole lois ie ceuemebars aha 

Choice of the,Chemical. System 0. oc. aes ; 

Areas of Research ect 2 eek sePetala otis 

TWO - THE MATHEMATICAL MODELS,......-+.-- 

Mathematical“ Modelling (0. 2) Soto soe 

2 4. DERCTMINIStiC MOdClAInNg: 0. eee 

itematvune SuUPVOye sae. . Rare 6 ce 3 6 oe betes 

2.2.1. Continuous Polymerisation Reactors 

2.2.2. Continuous Reactors for 'Ordinary 

ROEBOCTCVON SE ais sc eo ike « the oak ee «cess wis 

2.2.3. Summary of the Literature Survey 

Mathematical Models: .% 2... Bee ioe ele ce Tk. witaee ene 

2 Ged Plug—t LOWsMOCEMIS] ode sco. es « ailhiet ss 

Mass® Mo@eh*. itaer oa. sieldieloaseuiels a 

-V- 

11 

tt 

12 

15 

20 

25 

26 

27



CHAPTER THREE - THE CHEMISTRY OF UREA-—FORMALDEHYDE 

3.2, 

a 

Hnerey MOGGL seo. ec wc ae aes ae sae 

Auxiliary Mass Models ..... hc el che ae 

. Dispersed Laminar Flow (Complex) 

MOGe PS oss 6 2 ies See ae er evhne seer one's 

Energy MOodediy. 2h ices aie’ Rdeltere OB eae Ss keto 

Mass Model. ies else. ec be 6 oa 1c alot 

Auxiliary Mass Models ..45.... ones 

‘Momentum Model <..2.0.%.%. Ss Noose. 5 

Dimensionless Complex Models ..... 

Dimensionless Energy Model ....... 

Dimensionless Mass Models ........ 

Dimensionless Momentum Model ..... 

Summary of Mathematical Models ... 

(at): REACTIONS ©o~ eens es eee eine ws 

PA ECOUUCT LOM ie. oe. ore Higie Siri Siitn sc Gee tise cise 

The Kinetics and Mechanisms of the Inter- 

action of Urea with #ormaldehyde’ so... 22. 

Ws eek 

So. ae. 

Addition Reactions: of Uh 2. .:..: 

Chemical Mechanism of Methylolurea 

HOME LON o..46 0 sce ees bla Sie ete oes Bede « 

Condensation Reactions in Alkaline 

OK WG MONG E y iii es ew sierere ees Se wee ite al sues 

Condensation Reactions in Acid 

SOTUCPONS! ce uke Se teteus) s 6 o ehetenare oe 

Phen UR RESINS oe Ss. are ce cicdi ce ere 2 coete 

-vi- 

28 

29 

29 

31 

33 

34 

35 
38 

39 

40 

41 

41 

44 

45 

45 

47 

52 

55 

56 

57 

61 

 



CHAPTER 

4 a, 

Theories of UF Resin Formation 

The Chain Growth Theory 

The Trimerisation Theory 

The Azomethine Theory 

3.2.4. Summary of UF Reactions 

Evaluation of Rate of Reaction at Low 

PeMDeroGULCS se. a id gis ides os ; 

3.3,1. Development of Concentration-Time 

CUP VOR: ci ua iis g Uy. + epee atk hs ; 

3.3.2. Mathematical Representation of 

Concentration-Time Curves 

3.3.3, Results and Discussion of Results. 

Investigation of High Temperature UF 

Kinetics 0 Ce C6 COR 8 eee. Tee ee 

Hed, 

8.4.2. Results and Discussion of Results 

Representation of Kinetic°*Data over the 

cei 64. 8e See, } 

See a SU We ee 

entire Temperature Range ... 

3.5.1. Non-Linear Regression Analysis 

The Experimental Techniaue 

coes ee 

The Optimisation Routine .. 

3.5.2. Results and Discussion of Results. 

Discussion of Results 

FOUR - SOLUTION OF MATHEMATICAL MODELS 

Solution of Plug Flow Models 

Effect of Choice of Step Length on 

Accuracy of Results 

Solution of Complex Models 

-vii- 

coeewreeeee 

. 

eoesoe eee 

PAGE 

62 

64 

65 

66 

68 

70 

73 

80 

84 

85 

93 

95 

98 

103 

iil 

112 

112 

aut 

Lat



CHAPTER 

5.5 

CHAPTER 

Giele 

FIVE - EXPERIMENTAL ...... FINGER Ns vega 

Description and Operating Procedure for 

Ge OF Sina lh sD dea tae. sae ais. opcie so eae is ote 01 ee 

Necessity, of Moditucatrons . 73.02... searer ene 

5.2.1. Investigation of Feed to the 

ROGCCOR: vine ies we reste is erste cere ie st 

5.2.2. Sampling from. the Reactor: we. on. . 

the Modified Plant Deserd ptaon os cares. ce 

Plant Operation and Experimental 

PEOCCGUEG: vices c on SHE bbe eles cele Wee hee 

5.4.0. the Sampling Technique’ to. . tc 3 

ihe Analytical Mechnt quer cic me eden oo ove 

5.5.1. The Quantitative Analytical 

MOUGOU ose etine ees ewes e eee p Thea wed 

5.5.2. Free Formaldehyde Analysis ....... 

Scope and Range of Experimental 

TNVES CUBAT LONE oo Ree i. «hie cael eh silo ei oe ves Gua: 

Experimental Hrrov's2) oF. es ogee: ete nak: 

So. eAnadytieal TEechnigquess.c. ss .3.. 1. crs 

Detede MOSSULOUORL os. obs ewe 00.6% see ae ee 

Oi cteae GCAICULRUIONS 6 cu be mee s Vien cree wees 

ExXperni mental RESWLts: <o, .2c cece s eel oes se eters 

SIX - DISCUSSION AND COMPARISON OF RESULTS 

Discussion of Experimental Results ..... ‘ 

6° 1512) Reproducitbility-of Results .4....64 

6.1.2. Effect of Variation in Steam 

MOEMDETOAGUNC 2. sco s.. bcs ene sas eie eee tere 

-viii- 

PAGE 

126 

126 

129 

130 

134 

138 

148 

151 

153 

155 

158 

160 

163 

163 

164 

166 

166 

176 

176 

Li? 

179 

 



6.5. 

CHAPTER 

taxes 

6,129. 

6.1.4. 

6.1.6% 

Hifect of : Variation 

Ratio © .¢: 08.2: Ore 2.4. 6 2.08 

Effect of Variation 

Concentration ..:.... 

Effect of Variation 

TAMG ovibe cece se tews 

Some Conclusions of 

in Molar 

in Residence 

e@eeoeoeeeoeaes4«auseoeseees @ 

Examination of 

Experimental: Results. sivcee se sip s0 . 

Comparison of Experimental Results with 

Plaig=t low Modeds Predd CtLOnsS 6. mete. sere cxeseie 

Comparison of Experimental Results with 

Complex Model Predictions 

6 abel. 

eoeweoreeee ee eee ve 

Calculation of Average Reactor 

Coneentrations «..% oeeeeoeer ees ee eve 

Discussion ‘of: Model Predictions: 2. sve... 

6.4.1. Plug-Flow Model Predictions ...... 

6.4.2. Complex Model Predictions .. +.......: 

Possible Improvement of models .......... 

SEVEN - CONCLUSIONS AND RECOMMENDATIONS . 

CONCIUSLONS ss cee ee oie 6 ot 

Thies 

eoeeorvr eevee e ee ee 

PAGE 

185 

190 

194 

194 

196 ~ 

205 

206 

222 

222 

229 

233 

234 

234 

Conclusions relating to the Chemical 

Investigation ..... 

Conclusions relating to the 

Experimental Performance of the 

REACTOM: toe. wee ee ce 

Conclusions relating to the 

Mathematical Model Predictions 

-ix- 

234 

237



WD = “RECOMMENOALLONS (56% « cimitets 6c Fieve sa@ens odorous oe 

weak 

APPENDICES 

Appendix 1 

Appendix 2 

Appendix 3 

Appendix 4 

Appendix 5 

Appendix 6 

Appendix 7 

Recommendations with regard to the 

Improvement of the Chemical Kinetic 

INVESTUSA GEOD ie wares. ciple oe rame ce S 

Recommendations with regard to the 

Extension of the Experimentation 

PPO QAM: 6. 6: ce te sb oes: pacer ctod Gish eae ts ele ea 

Recommendations with regard to 

Improvement of Mathematical 

MOC GS ree Stra Sa Sey silat as alah ov onthe so eueiee's 

Validity of Basic Assumptions .... 

Evaluation of Heat Transfer 

COS Et ORO w0seis <6 opis hk «00. e @ 6 

Physical Data and Evaluation of 

Diffusion EBifects oé.s vs grerepece 

Evaluation of Boundary Conditions 

for Complex Energy Model ......... 

Estimation of Equilibrium Con- 

centrations of Urea-Formaldehyde . 

Reaction Mixture wivecencicccvces <s 

Specification of Raw Materials and 

CHOML COALS «.0'0 Gye eet 0 ke Memes ca oe 6 

Listing of Computer Programs: ..... 

PAGE 

238 

238 

239 

240 

241 

248 

250 

257 

263 

269 

274



PAGE 

Appendix 8 - Calculations and Calibration 

CRETE: ota « pa a kc eS Fo whats 6.6 thy. | NOR 

Appendix 9 - Quantitative Analysis .......... a ome 

BIBUTOGRAPHY =. 2.2045 os ene Fe aw Seg cine. shot ears Hees totes ona OE. 

-xi- 

 



TABLE 
  

3,4; 

3, ed. Bi 

ap hOa ie O15 

G5. 

6,4. 

615.-6.11;, 

6.12.=-6.18, 

LIST OF TABLES 

PAGE 

Stratum of detail of physio-chemical 

BPA NCIDUGM S6 bie od a eNO ee ae ee 

Formation and decomposition of MMU 48 

Equilibrium and rate constants in UF 

Sdntt ihn react tones es oh ves pares vs 52 

Rate constant values for possible 

CONUGNGELLON: POACETODS. os Ob oe ee ccm es 

Coane te tkan Ala data for 

forma ldehyG@e. 6 oe ees peewee via oe 

Concentration-time data for UF 

mixtures Oc cae ac byes pecan sk bust Oo aeee 

Chemical mechanisms for description of 

UPC POAGCIGORG © Wiis Pon Os Pees eee ye Cee 

Comparison of experimental and predicted 

results 105-110 706 4 

Adequacy of mixing for the modified feed 

SVGCOM bs. hoi ficba sa eo er as sla ce eet eee 

Experimental results, ...46 35 ive Ce vee 

Heproducibilitg of resul’s ... ices cues Ett 

Effect of variation in steam 

COmGETA CUS. 75 Gi 55 ie © oe: + ce ee ee eee 

Effect of. variation in. molar: retio .....,. +96 

Effect of variation in concentration ., 191 

Plug-flow model predictions .,....... 198-204 

Complex model predictions @....0e.secs0 215-221 

-xii-



TABLE 

  

Bene ks 

AiSsas 

Rid, 

Bo Wiss 

Time required to reach steady state 

Densities of feeds to reactor 

Equilibrium concentrations 

Formalin specifications 

-xiii- 

ee 

ae. 

PAGE 

243 

250 

267 

271



LIST OF FIGURES 

FIGURE PAGE 

ake Plug-flow incremental element ........ 27 

Sie wh Co-ordinates of the reactor tube ,,.,.. ,30 

233: Complex model incremental element ,,., 30 

a4. eg A aes es «oe 

Sei Tauromeric Tmi0ol” Tories. es a cheese Ae 

3.3. Definition of rate.of reaction *.:..... «69 

3.4, Concentration-time curve for 

forma ldehyde sys. 28 Be cia ac sehen ete a le 

SO. Logic diagram for solution of kinetics 79 

SiGurad.7s Prediction of low temperature UF 

Bi netics ss ses eh ba ss woe ee iKecrerer. (bees 

3.8), Reaction vessel for investigation of 

high temperature UF Kinetics ..,cce::, 86 

3. os Nelder and Mead Logic diagram .,.,..... 99 

3410, Logic diagram for subroutine to 

define objective function for 

WIiMSMIL ORO coe. va oc a +s eee re, oe 

4.1. Logic diagram for solution of plug-flow 

MOGOLS Gi ag be cee ee ee ates Oe Mee bee 

4.2. Classification of grid points used for 

solution Of compiex models... ices. ces eee 

4.3. Logic diagram for solution of complex 

WOCOLS foes ee cs tesa fa eee et ere an 2G 

Oe: Origine: O1eut Layee. ese es wees Lae 

Da Bs Concentration and temperature history 

| curves for the feed to the reactor ... 131 

D, oe Reactor: sampling VOlLve .o+ 6) sCpcawe cio toe 

-xXiv- 

ee —C .CC(i(tN(Ctét(U(OtitétC(UOit#tC(N(#éé#é#w#wwNNN__ eee



FIGURE 

6:..4:, 

@un,--6ci1. 

6.12. 

6.15. 

Av4 1h, 

A.8.1. 

A.8.2, 

Experimental plant flow and 

instrumentation diagram .,,.. 

Tube reactor arrangement \.".... 

Sample valve arrangement .,,.. 

Thermocouple arrangement ,.... 

Sample collection arrangement 

Reproducibility of results 

Effect of variation in steam 

WEMPS TALUS cS. se sate + ds "see o 6 e898 

Hrtfect of variation in, molar ratio. .... 

Effect of variation in concentration . 

Comparison of experimental and 

OTGGLECGR FEMI . ..6 cuswia « cle o> 

Best plug-flow concentration 

WLGGT CULO vo 0 ihe Baden pee eos 

Worst plug-flow concentration 

DRECGRCULOMG: soy ies eke see aso 0 oe ; 

Best plug-flow temperature 

DPOGLOCLOR: 565 tisk se awe eb ease 

Worst plug-flow temperature 

DEMULCEAGU Geca ten becuse i hes 

Worst complex model temperature 

PrCCLCELON ssc La) oe ie RL carmen | 

Best complex model temperature 

DYOGIGULOS. Gi 6 Hen a wel «tis 

Shell-tube heat transfer .....%. 

Urea pump calibration chart 

Urea pump calibration chart 

  

oe ee 

PAGE 

139 

142 

146 

147 

152 

178 

181 

188 

192 

208-214 

223 

224 

226 

227 

230 

231 

258 

318 

319 

 



FIGURE PAGE 

ASS. 3k Formalin. pump ‘caiibration chart”... .3, 320 

AT 84. Zormalin pumpcalibration chart: 3 °,..%, 921 

-Xvi- 

 



TH 

e
e
e
 

Oh
 

OL
 
A
 

rx
 

cs 

Ao
 

D
e
e
 
D
e
e
 G

l 
= 
A
e
n
 

NOMENCLATURE 

Cross sectional area of reactor tube, om” 

Outside tube diameter, cm 

Inside tube diameter, cm 

Molecular diffusion coefficient, om?s~? 

Thermal diffusivity coefficient, én“as 

Formaldehyde in stoichiometric equations and 

text (Chapter 3) 

Formaldehyde concentration in Mathematical 

equations, g cm 

Mass flow rate, g ‘ot 

Heat transfer coefficient (Chapter 2), cal em7*g7tx-} 

Convective heat transfer coefficient, cal case ee 

Film heat transfer coefficient, cal om” “67 *x7* 

Reaction rate constant (first and Second order) 

time units, a. concentration units, mol em? 

Reaction equilibrium constant 

Thermal conductivity of mixture, cal ems ok 

Reactor length, cm 

Radial position on complex model solution grid 

(Fig.4.2..) 

Axial position on complex model solution grid 

(Fig.4.2.) 

Variable reactor radius, cm 

Internal tube radius, cm 

' A a a7 

Rate of reaction, g cm 3 s 

1. ,-1 
Specific heat, cal g ~k 

Variable reactor temperature, K 

-xvii- 

 



T4 

TW 

TS 

UF1 

UF2 

UF3 

a 

max 

< 

Cr) 

* 

Reactor temperature on grid point closest to 

wall (Appendix 4), K 

Reactor wall temperature, K 

Reactor steam temperature, K 

Urea in stoichiometric equations and text 

(Chapter 3) 

Urea concentration in mathematical equations, 

g em™ 3 

Monomethylolurea concentration, g¢g em? 

Dimethylolurea concentration, g om? 

Trimethylolurea concentration, g om? 

Incremental element volume, em? 

Average inlet velocity, cm giv 

Maximum velocity at tube centre, cm we 

Variable velocity as function of radius, cm s7t 

Variable distance in the direction of flow, cm 

DIMENSIONLESS GROUPS 
  

Da 

PET Ta 
Nu 

Re 

Pe 

Pe 

Pr 

Sc 

DamkShler number group I 

DamkdShler number group III 

Nusselt number 

Reynolds number 

Peclet number 

Peclet number for heat transfer 

Prandtl number 

Schmit’ number 

-xviii- 

   



GREEK LETTERS 

AE Activation energy, cal mo1~+ 

AEr Error 

AHR Heat of reaction, cal gv 

Ar Radial grid dimension for solution of complex 

models (Fig,4.2.), cm 

Ax Axial grid dimension for solution of complex 

models (Fig.4.2.), cm 

u Viscosity, g areas 

0: Density, g em73 

t Shear stress, dyne em™2 

cw Shear stress at the tube wall, dyne emis 

crx Variable shear stress, dyne om? 

® Ratio of external to internal diameter 

SUBSCRIPTS 

EQ At equilibrium 

EXP Experimental value 

£ At fluid property 

any At average fluid properties 

F Formaldehyde 

M Mixture 

Max Maximum 

° Inlet 

PRE Predicted value 

Cr) In radial direction 

U Urea 

-xix- 

   



UF1 Monomethylolurea 

Ge) In axial: direction 

SUPERSCRIPT 

Dimensionless quantity of variable 

Some of the symbols having localised meaning are 

defined in the text at the appropriate places. 

  
 



CRA De ee ee 2 

INTRODUCTION 

Chapter one describes the background from which the 

need for this research has arisen, The conventional 

batch manufacture of synthetic resins is described with 

emphasis on the shortcomings of this method of operation. 

Hence the potential advantages of a continuous operation 

are identified and the research for this change of 

operation specified. The chapter is terminated with a 

section on the choice of the reaction media for detailed 

examination. Although the work is described with 

particular emphasis on the chemical system chosen, it is 

considered that the principles established have wider 

application to other resins as well as to reaction media 

with similar physical properties. 

1.1. HISTORICAL BACKGROUND 
  

There are a number of commercial processes in exist- 

ance which still rely on the traditional batchwise 

methods of production. The majority of synthetic resins 

fall into this category with the typical example of 

Amino resins (1). In those cases where volumetric product- 

ion rates are small or where a large number of different 

end products originate from a common intermediate, the use 

of continuous methods may not be attractive. . In other 

tea



cases, the process chemistry may preclude the continuous 

production of a required product. Lack of knowledge of 

the chemistry or a detailed engineering background may 

also prevent serious consideration of employing continuous 

means of production. 

However, in the case of products with high volumetric 

output, modern industry favours continuous operation 

where possible. All such continuous processes in exist- 

ence today have, at some time, been operated in a batch 

mode, either on a commercial scale or a research 

laboratory scale prior to the design of a continuous 

facility. Examples of successful conversion from tradi- 

tional batch to continuous production of synthetic resins 

are polyesters of both thermoplastic(2) and thermosetting(3) 

types. 

Since the commercial introduction of such resins in 

the 1920's, in the majority of cases the basic batch 

manufacturing technique has changed very little from that 

developed by its originators (4,5,6,7,8); these references 

are by no means exhaustive, Efforts since then have been, 

essentially, concentrated on the establishment of a 

better understanding of the reaction schemes and to the 

application of the product resins to a more diverse 

market. Some fundamental understanding of the system 

behaviour in the early stages of the reaction schemes has 

been established but the nature of the more complex later 

stages remains speculative in most cases. 

 



1.2. THE TRADITIONAL BATCH PRODUCTION 
  

In general the batch procedure for the manufacture 

of synthetic resins consists of three major stages. The 

mixing stage.-is followed by the reaction stage which 

yields the product. The product is then further 

processed into a suitable form for the end-user. 

The first stage entails the mixing in correct 

proportions of raw materials. Due to the diverse nature 

and chemical properties of, the raw materials, various 

means have to be employed to complete this step in the 

process. 

Examples of these are: 

(i) The batch manufacture of phenol-formaldehyde 

resins, wilebe solid paraform is added to a high viscosity 

phenol-cashew-oil mixture. In this case adequate 

agitation is of prime importance. 

(ii) .In the case of melamine-formaldehyde resins, 

temperatures of between 90-100 degrees Celsius must be 

provided for the dissolution of melamine in aqueous 

formaldehyde (Formalin) to produce the reaction mixture 

which yields the desired product at these temperatures. 

(iii) With urea as the coreactant, dissolution of 

urea in Formalin can be endothermic or exothermic, 

depending on the molar ratios employed. Hence heat has 

to be provided or removed as required to produce the 

reaction mixture at approximately 60°C for manufacture 

of this type of resin. 

On completion of mixing the chemical properties of 

ae



the mixture are adjusted before passage to the next 

stage. As an example in the case of phenol-formaldehyde 

resins the pH of the mix is adjusted with sodium 

hydroxide. 

In the second stage the reaction mixture is allowed 

to react under the required conditions of temperature, 

pressure and residence time. For the case of the thermo- 

setting resins of the types described above, temperatures 

are of the orders given above and atmospheric pressure 

is invariably employed. Residence times vary according 

to each process, but are designed to allow the preliminary 

stages of the reaction only. This usually entails the 

methylolation of the various raw materials with formal- 

dehyde, known as ‘Addition reactions', However the 

methylols so formed are believed to condense to a slight 

extent in this stage of the operation. 

The reaction is in general terminated by a combinat- 

ion of temperature and pH manipulation. 

The products so formed could then take a variety 

of routes before despatch to the end-user. The phenol- 

formaldehyde resins, for instance, possess a very high 

viscosity at the end of the reaction stage and are there- 

fore diluted with a suitable solvent. Conversely, urea- 

formaldehydes are vacuum concentrated to remove excess 

water, which is present in the system as a result of 

using aqueous formaldehyde. 

 



1.3. DISADVANTAGES OF THE BATCH PRODUCTION ROUTE 

The relative merits of batch and continuous methods 

of production are well established. Those disadvantages 

of the batch route of processing which have a particularly 

detrimental effect on the cases under consideration are 

listed below(9). 

Ci) The raw materials for manufacture of the 

majority of synthetic resins are comparatively 

cheap and abundant. However the process is 

highly labour intensive with high unit labour 

costs. 

(ii) The labour has direct involvement in making 

judgments to anticipate and implement various 

adjustments in the process. This resultsin a 

non-uniform product between batches due to 

variations in the operators' judgment especially 

when production extends over two or in some 

cases three shifts. 

(iii) As a result of quality variation from this 

method of manufacture, a quality control team 

is required to ensure that specification 

limits are maintained, Additional personnel 

with higher unit cost are required for this 

function, 

(iv) Economical production necessitates high volu- 

metric outputs. As a result, the use of 

massive 'batch kettles' and equally large 

supporting platforms becomes unavoidable. 

a ie 

 



This consequently restricts the most economic 

use of floor area for further expansion to 

meet market demand, 

Cv) To use the reactors for ‘reaction time' only 

and therefore more efficient production, 

masSive auxiliary equipment has to be provided 

for the intermediate hold-up of the resins as 

well as pre-dispatch processing. Even more 

floor area has to be used for this purpose, 

which makes the, process highly disadvantageous. 

1.4, DESIRABILITY OF A CONTINUOUS PROCESS 

One of the major facets of continuous production is 

its suitability for automation, Automatic operation 

reduces the use of labour, avoids its involvement in the 

process and significantly reduces the necessity for a 

quality control team, Hence the disadvantages of the 

batch route described in parts (i), (ii) and (iii) of 

Section 1.3 are remedied to some extent if not altogether. 

Furthermore, continuous operation will not require the use 

of auxiliary hold-up equipment referred to in Section 1.3 

part (v), relieving the disadvantages associated with the 

use of large floor areas considerably. A comprehensive 

study of the relative merits of continuous and batch 

processing can be found elsewhere(9).



1.5. CHOICE OF A CONTINUOUS PROCESS 
  

Of the three stages involved in the production of 

Synthetic resins, described in Section 1.2, that of the 

reaction is the most important. Hence the choice of a 

continuous reactor becomes the prime task. Obviously 

there are a number of ways of achieving continuous 

operation, The criteria for the choice, however, should 

be based on the chemical features of the materials 

processed, together with maximum versatility for product- 

ion of as many different resins as possible. Furthermore, 

any other improvements to be gained on the batch process, 

as a result of this conversion, should reinforce the 

choice. These improvements could be in the form of 

savings in space or reaction time. The reaction time can 

be reduced in most cases by elevation in temperature, 

The reactions producing synthetic resins generally 

take place in a 'carrier' material. Should this material 

be water, such as in urea-formaldehydes and meltamine- 

formaldehydes, the resins are termed ‘Aqueous synthetic 

resins'. The presence of water gives rise to vapour 

pressure problems at higher temperatures. Non-aqueous 

resins usually exhibit higher boiling points than water, 

at atmospheric pressure. Hence exploitation of elevation 

in reaction temperature for a reduction in reaction time 

necessitates the introduction of pressure, 

The choice of a continuous tubular reactor will 

accommodate the above improvements while providing the 

versatility required for the production of the majority 

Tas



of synthetic resins. The problems of vapourisation 

associated with aqueous as well as some non-aqueous 

resins can be overcome with the provision of the required 

pressure. This can be done by the choice of a feed pump 

and a controlled orifice outlet. 

The choice is made in preference to the possible use 

of a continuous stirred tank reactor (CSTR) as an alter- 

native. The main reason for this is the extremely low 

residence times which satisfy the extent of reaction 

required under conditions of high pressure and temperature. 

This infers large throughputs in conjunction with low 

process volume which further precludes the use of CSTR. 

Furthermore tubular reactors are less costly for operation 

under pressure, occupying less space which are further 

advantages. 

1.6. STATEMENT OF THE OBJECTIVE OF THE RESEARCH 

The object of the research is to develop mathematical 

models for a tubular reactor producing synthetic resins 

with the specific task of testing the models on one 

particular chemical system. 

Although the work is presented in connection with 

this chemical system, the models are developed in the most 

general manner and it is considered that they will have 

a much wider application to all resins and chemical media 

with similar physical properties. Furthermore, such 

models as well as predicting the performance of the 

reactor would also be beneficial in design, optimisation 
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and control of a continuous facility. 

1.7. CHOICE OF THE CHEMICAL SYSTEM 

The criteria governing the choice of the chemical 

media for detailed investigation were industrially 

orientated. 

In the first instance it was essential to choose an 

industrially established synthetic resin. This would 

have the benefit of permitting comparison with the derma 

batch product, both in terms of ease of production and 

economic evaluation. Furthermore, the resin so produced 

could be tested in established markets for viability 

assessments. 

The resources available to satisfy the above criteria 

restricted the choice to that of urea-formaldehyde systems. 

The disadvantages of such a choice may not be apparant 

at this point. However, two important disadvantages are: 

(i) That almost invariably products of industrial 

Significance are of highly complex natures. 

(ii) Lack of data, due to commercially restricted 

publication. 

The choice of urea-formaldehyde suffers from both of 

these disadvantages, but not as extensively as some other 

systems Since there is some kinetic data published. 

1.8. AREAS OF RESEARCH 

Having specified the type of reactor, the objects of 
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the research and the chemical system to be investigated, 

the work was divided into the following five areas:- 

(i) Mathematical modelling of the reactor. 

(ii) Evaluation of data and specification of operat- 

ing conditions for solution of models. 

(iii) Mathematical solution of models. 

(iv) Modification of available equipment for practical 

testing of the models. 

(v) Analysis and.comparison of experimental and 

theoretical data for verification of the models. 

Areas (i), (iii), (iv) and (v) are self-explanatory. 

Area (ii) of the research includes the chemical investi- 

gation of the urea-formaldehyde system which is presented 

in detail in Chapter 3. 

ato 

 



oo we ee 8 

THE MATHEMATICAL MODELS 

In Chapter Two, a short intoduction into various 

concepts of mathematical modelling is followed by a 

critical review of the available literature. The 

procedures for setting up mass, momentum and energy 

balances are then presented with particular émphaieis on 

underlying theories. This gives rise to the generation 

of plug-flow and complex field equations which describe 

the two extreme possibilities for the general performance 

of a flow system through a tubular reactor involving 

chemical reaction. The assumptions applicable to the 

case under consideration are highlighted and used to 

adapt the models for this particular investigation. The 

chapter concludes with sections summarising the mathe- 

matical models. 

2.1. MATHEMATICAL MODELLING 
  

A mathematical model can be defined as a unified 

explanation of a physio-chemical phenomenon by means of 

mathematical equations, 

The various techniques employed to describe any 

physio-chemical process mathematically fall into the 

following three categories (10,11,12,13): 
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> : Deterministic 

oi > 2 Propabilistic 

Tties Empirical 

Deterministic mathematical modelling, although not 

always possible or adequate, is the most desirable 

modelling approach to a given problem. This is because 

deterministic models use for their description the basic 

laws of transport of mass, momentum and energy. 

The equations of change describing the conservation 

of mass, momentum and energy are examples of deterministic 

modelling(10). 

Probabilistic mathematical modelling is generally 

applied to those cases where deterministic models are 

only capable of describing a local region in the process 

and not the whole system. A classical application of 

probabilistic modelling can be found in the "kinetic 

theory of gases"(12). The general chemical engineering 

use of such models is associated with batch and continuous 

stirred tank reactors. 

The application of empirical mathematical models 

is confined, to a large extent, to representation of 

experimental data. Examples of typical empirical models 

are the polynomials used to fit empirical data by the 

method of "least squares" (Chapter 3). 

2.1.1, DETERMINISTIC MODELLING 
  

The scope of deterministic mathematical modelling 

is presented in Table 2.1. which is adapted from 
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Himmelblau & Bischof(12), 

  

  

Stratum of ‘ 

piysiovchemical —_Betent gree 
description 

Molecular & Fundamental Treats discrete entities 
atomic Background Quantum mechanics 

Statistical mechanics 

Microscopic Applicable only to Laminar transport 
special cases phenomena. Statistical 

theories of turbulence 

Multiple Applicable only to Laminar & turbulent 
gradient . Special cases transport phenomena; 

transport in porous media 

Maximum Used for continuous Laminar & turbulent 
gradient flow systems transport phenomena; 

"plug flow" reactor design 

Macroscopic Very widely used Process engineering, unit 

operations. Classical 
kinetics and thermo- 
dynamics     

TABLE 2.1 

STRATUM OF DETAIL OF PHYSIO-CHEMICAL PRINCIPLES 

As can be deduced from table 2,1. a tubular reactor 

can be described deterministically by microscopic, 

multiple and maximum gradient models. 

The use of microscopic models is hindered by their 

extreme complexity, vondedine them practically incapable 

of mathematical analysis. 

The multiple gradient models are the next most 

complex, yet managable descriptive forms which can be 

used for analysis of a tubular reactor, The modelling 
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is based on the velocity profile of the fluids flowing 

through the tubes with the inclusion of dispersion 

effects for both mass and heat transport. On this basis 

the multiple gradient models can vary in complexity 

from those which include an assumed velocity profile 

together with radial and axial dispersion to those which 

assume a flat velocity profile ignoring all dispersion 

effects (plug flow models). This simplest form of a 

multiple gradient model can also be classified as a 

maximum gradient model. 

The velocity profile in the multiple gradient 

models is generally represented by the Ostwald-de Waele 

equation or the 'power law model' which is capable of 

accommodating 'non-Newtonian' and 'Newtonian' fluids. 

Assuming a power index of unity the equation will repre- 

sent a laminar velocity profile through the reactor 

tubes. However different dispersion mechanisms are 

possible with the same laminar flow profile depending on 

its velocity. These can be described as follows:- 

a Under high velocities in the laminar flow 

region, dispersion occurs solely as a result of bulk 

flow since molecular diffusion is negligible . Sucha 

flow is called a 'segregated' flow. 

C1 i») Under moderate velocities in the laminar 

flow region, dispersion is by way of convective and 

molecular diffusion. The flow is therefore ‘partially 

segregated’. 

(iii) Under very low velocities in the laminar flow 

regions, convective diffusion resulting from the velocity 
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profile is much smaller than molecular diffusion. There- 

fore dispersion is controlled by molecular diffusion 

alone. 

Particular attention is drawn to the terms in 

inverted comas. This is for the purpose of clarifying 

definitions used in the review of the published litera- 

ture which follows. 

2.2. LITERATURE SURVEY 

Published literature on the analysis of the perform- 

ance of continuous reactors appears to naturally fall 

into two main subject areas, namely "ordinary" and 

"polymerisation" chemical reactions. This is confirmed 

in the case of tubular reactors where there is a définite 

tendency to differentiate between ‘continuous poly- 

merisation reactors' and ‘continuous reactors for ordinary 

chemical reactions'. 

The reason for this differentiation seems to lie in 

the chemical reaction mechanisms which take place in the 

reactor. In polymer chemistry, reactions result in 

chain growth, chain branching and cross-linking, Further- 

more, steps such as initiation, propagation and 

termination have to be considered, As a result, techniques 

for analysis of polymerisation kinetics differ widely 

from those of ordinary chemical reactions. In this 

context, ordinary chemical reactions are exemplified by 

those of general order forward, reversible, simultaneous 

and consecutive reactions, 
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Since the applications of the mathematical models, 

derived in this chapter are general and inclusive of 

both polymerisation and ordinary chemical reactions in 

a tubular reactor, both areas have been surveyed in 

detail. However for purposes of clarity each review will 

be presented separately. 

2,2.1. CONTINUOUS POLYMERISATION REACTORS 
  

A review of the literature describing the process 

models of polymerisation reactors is now presented. 

The broader field of chemical reactor engineering 

is itself relatively new, with the pioneer modern texts 

appearing in the late 1950's (14,15). 

Of the literature published since, only a recent 

few deal with polymerisation reactors, hardly sufficient 

recognition of their commercial importance. 

The new surge of interest seems to have been 

triggered by the availability of more general reactor 

theory, advances in mathematical modelling techniques and 

the advent of computers which permit the highly complex 

problems of polymerisation reactors to be treated 

quantitatively. 

Chappelear and Simon(16) carried out a survey on the 

general work connected with the analysis of polymerisation 

systems and found that the greatest effort has been put 

into batch or Continuous Stirred Tank Reactors (CSTR) 

for mass/solution polymerisation. As they confirm, this 

is undoubtedly due to the relatively simple mathematical 
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formulations as well as the commercial importance of the 

above systems. 

Of the recent moderate interest in the modelling of 

polymerisation reactors much has been chanelled into the 

analysis of batch (17,18,19) or CSTR's (20,21,22, 23,24, 

25,26), these references by no means being exhaustive. 

Chappelear and Simon refer to, in all, seven references 

published in connection with mass/solution polymerisation 

in a tubular reactor, However, only a few of these 

references deal with mathematical modelling of such 

reactors. 

It can be concluded that there is little develop- 

ment in the modelling of polymerisation in tubular reactors. 

The following discussion of relevant literature cited 

will confirm the above conclusion, 

Lynn and Huff(27) developed models for anionic 

polymerisation in a laminar flow tubular reactor. Assum- 

ing constant density and neglecting radial velocities 

and the axial diffusion of mass and heat, their models 

predicted axial and radial variations in composition, 

temperature and velocity, Profiles highly distorted 

relative to the predictions were obtained experimentally. 

The distortion in the velocity profile suggested 

deviation from the parabolic mode and the distortions in 

the temperature and concentration profiles were as 

serious. It is interesting to note that they confirmed 

the reason for reluctance in use of tubular reactors for 

solution polymerisation processes, namely, large radial 

temperature gradients. However, their conclusion seems 
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to be more governed by their choice of geometry than the 

actual polymerisation process. 

The large tube diameter (2.9 inches) used in 

combination with their choice of relatively high wall 

temperature caused runaway polymerisation at the reactor 

wall. The material at the centre of the tube had not 

yet increased in temperature, so the polymerisation rate 

was much slower and consequently the solution far less 

viscous. The lower viscosity caused a large increase in 

velocity along the centre line of the reactor. When the 

heat finally reached the centre of the tube, thereby 

increasing the polymerisation rate and hence the viscosity, 

the velocity profile in the tube returned to parabolic 

shape even though the temperature gradients were still 

relatively large, This indicates that concentration has 

a large influence on viscous properties. The above 

authors, however, did not extend their analysis to include 

the effects on conversion or the molecular weight of the 

product. 

The above work suggests that a good choice of tube 

geometry and wall temperature is therefore imperative to 

the successful operation of a tubular reactor for poly- 

merisation reactions. 

An investigation by Merrill and Hamrin(28) reports 

the numerical solution to a set of similar but simpler 

partial differential equations which are comparable to 

the complex models developed later in this work. Their 

main relevant conclusion was that radial diffusion had 

little effect on conversion, 
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Wallis(29) discussed the bulk polymerisation of 

Styrene by Azobisisobutyronitrile in a tubular reactor. 

His models for constant and variable density situations 

predicted molecular weights and conversions which compared 

favourably with the experimental results, but were between 

two to six per cent higher depending on whether a complex 

diffusion model or a plug flow model was used, From his 

studies he concluded that: 

Gi) Radial diffusion of the monomer and initiator 

had little effect on the model predictions of conversion 

and molecular weight. 

(ii) Increased wall temperature, initiator concen- 

tration and reactor radius caused broad molecular weight 

distributions. 

(iii) For a minimal molecular weight dispersion 

the reactor should be operated at a wall temperature five. 

to ten degrees centigrade below that required for optimal 

conversion, 

His results(29) seem to confirm deductions made 

from Lynn and Huff's paper(27), but it should be noted 

that the assumption that radial diffusion of both 

monomer and initiator can be neglected may well only 

apply to Styrene polymerisation, 

Cintron-Cordero and co-workers(30) used for 

Simulation a hypothetical free radical polymerisation 

process with zero order initiation and chain termination 

by radical disproportionation into two polymer molecules. 

Besides assuming negligible radial diffusion and 

constant wall temperature, they further assumed that the 
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velocity profile conformed to a fluid of a consistancy 

which could be approximated by a power law. From their 

results they concluded that the pseudo-plastic flow 

behaviour as characterised by the power-law flow index 

had an indirect influence on the product. This assumpt- 

ion in fact provided an explanation for the distorted 

velocity profile or in other words deviation from 

parabolic flow. 

Biesenberger and co-workers(31) carried out 

simulation studies on homogenous free radical polymeri- 

sation of styrene initiated by azobisisobutyronitrile, 

Assuming constant density, no axial diffusion, no radial 

diffusion and a plug flow velocity profile their models 

presented molecular weights and conversions in the form 

of dimensionless plots. No experimental data ware! 

presented, Their use of higher initiator concentrations 

resulted in low molecular weight polystyrene which they 

note is of no industrial value, 

They also listed a set of partial differential 

equations, but no results, for a more rigorous model(31). 

This more elaborate model included radial gradients but 

neglected axial mass and heat diffusion. 
4 

2.2,2, CONTINUOUS REACTORS FOR ORDINARY REACTIONS 

-When diffusion is neglected, the amount of reaction 

taking place inside a tube of a tubular reactor is 

determined solely by the velocity profile. A fluid element 

moving down one of the annular spaces can be considered 
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as behaving exactly like a batch system. The average 

composition of the fluid at the reactor outlet can be 

obtained by a process of averaging over the residence 

times corresponding to the infinite set of annuli. This 

segregation effect in laminar flow tubular reactors is 

on the molecular level, so that residence time distribution 

and the kinetic rate information are adequate to deter- 

mine the reactor conversion for any reaction order, 

Edwards and Salettan(32) reviewed the studies on 

segregation effects in pseudo-laminar or truly-laminar- 

flow reactors. They presented results which show the 

separate effects of reaction order, degree of radial 

transport, velocity profile and extent of conversion 

upon conversion loss attributable to segregation effects. 

Bosworth(33) derived the residence time distribut- 

ion function for a Poiseuille velocity profile. He 

deduced approximate limits for which diffusional effects 

on the residence time distribution may be neglected. 

Johnson(34) collected the results for n-th order 

Single and first order consecutive reactions. The effect 

of flattened velocity profiles caused by non-Newtonian 

flow has been investigated by Novosad and Ulbrecht(35) 

for various reaction orders and complete radial segre- 

gation, using a power-law model, 

Ulrichson and Schmitz(36) studied numerically first 

order reactions in the entrance length of a viscous-flow- 

tubular reactor. They concluded that the entrance 

effect is negligible for most practical purposes. 

Cleland and Wilhelm(37) solved numerically the 
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equations describing first-order chemical reaction 

coupled with radial diffusion and radial distribution of 

residence times in tubular reactors accommodating 

viscous flow. Experimental results for the hydrolysis 

of acetic anhydride were found to be described by their 

models for tubes less than 0.5 inch in diameter, 

Hsu(38) and Lauwerier(39) formulated analytical 

solutions for the Cleland and Wilhelm equations. 

Weisler and Schechter(40) also presented the above analy- 

tical solutions and extended it further to include first- 

order consecutive chemical reaction cases. 

Vignes and Trambouse(41) and Hovorka and Kendal(42) 

independantly investigated numerically and experimentally 

the single second-order chemical reaction in the laminar 

flow region, They (42) concluded that the effect of 

reducing the baffle spacing in a reactor on the con- 

version level is to increase the efficiency of the reactor 

until a limit of conversion equal to that obtainable in 

an equivalent plug flow reactor, 

Wan and Ziegler(43,44) in two papers investigated 

the effects of rate constants and mixing parameters on 

yield loss, for distributed laminar flow, Using Taylor's 

expression for a dispersive Peclet number, they developed 

solutions and criteria for simulating laminar flow in 

the case of irreversible and consecutive reactions. 

Their results were presented in dimensionless form and 

physical explanations were offered in support of their 

conclusions as to the validity of their results and 

criteria, 
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They report (44) solutions for both first-and second- 

order sequential reactions in segregated laminar flow by 

Gianetto and Berbetto(45,46,47), 

When the diffusion effect is taken into account, 

the residence time distribution functions will be modi- 

fied by the diffusional transport of molecules between 

different annuli. Farrel and Leonard(48) developed a 

general solution for the residence time distribution 

function with regard to laminar diffusion-convection 

models. For these cases the residence time distribution 

function can no longer be used directly to predict the 

reactor performance for reactions other than those of 

first-order, 

Felder and Hil1l(49) found that when radial mixing 

in a tubular reactor has an effect, it is to enhance 

fractional conversion, regardless of the nature of the 

residence time and local reaction rate distribution. 

This can be compared to a batch system where mixing 

either increases or does not have any effect on the 

overall conversion at a given time. 

2.2.3, SUMMARY OF THE LITERATURE SURVEY 
  

Among all the simulation studies discussed with 

regard to those concerned with polymerisation reactions, 

the following general deductions of prime importance are 

evident: 

Cin) Only in two instances is the theoretical work 

compared with experimental data, 
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(ii) There seems to be little emphasis on the 

effect of various operating conditions on the physical 

properties of the products or conversions in the reactors. 

(iii) The work carried out by Lynn and Huff(27) and 

Wallis(29) suggests that there exists an optimum tube 

radius-wall temperature combination for each particular 

case. Increases in the radius coupled with high 

temperatures result in runaway reactions, 

(iv) The work of Wallis(29) confirms that the radial 

diffusion of monomer has little effect on the model. 

predictions of conversion. 

(v) The Cintron-Cordero studies(30) suggest that 

it is justifiable to assume that moderately distorted 

velocity profiles have little effect on average polymer 

properties and consequently make use of a parabolic 

velocity profile for model simplification, 

With regard to the literature reviewed in connection 

with continuous tubular reactors for ordinary reactions, 

the following important deductions are listed:- 

ci} The predominant approach has been “that of 

probabilistic modelling with emphasis on analysis of 

residence time distributions, This is due to the fact 

that convection effects have been considered of more 

importance in comparison with molecular diffusion by 

most authors, 

The convective mechanism causes broad profiles and 

therefore residence time distributions have to be 

considered. This necessitates probabilistic modelling. 

(ii) Much work has been chanelled into the 
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analytical solution of the simpler cases which are of 

little industrial use, 

(iii) Studies by Ulrichson and Schmitz(36) suggest 

that entrance effects are negligible for viscous flow 

tubular reactors. 

2.3. THE MATHEMATICAL MODELS 

Two types of deterministic mathematical models are 

developed to describe the performance of the tubular 

reactor. 

Maximum gradient models describe one limiting case 

of the reactor behaviour, These models assume a plug- 

flow situation where all reactants spend exactly the 

same time in the reactor, In physical terms this system 

behaves in the same manner as a batch reactor. There- 

fore the performance of the reactor approaches the limit- 

ing condition where all reactants have the same 

opportunity for reaction under exactly the same conditions, 

irrespective of their radial position in the tubes and 

with the reactor being devoid of any mixing effects. 

Multiple gradient models describe the other limiting 

case of the reactor behaviour. For this case an assumed 

velocity profile, based on the Reynold's number, represents 

the more realistic flow of the fluid in the reactor, The 

Suitable velocity profile is then modified to account for 

the mixing mechanisms which exhibit themselves in such a 

system. These include the convection and diffusion of 

the reactants both axially and radially, 
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Therefore the performance of the reactor approaches 

the limiting condition where the state of each particular 

element is a function of its axial and radial position 

in the reactor tube and the prevailing conditions in 

that particular position, This limiting condition also 

accounts for all probable mixing mechanisms. 

It has been emphasised that the models developed are 

for general use, The technique of modelling described 

above is aimed to serve this purpose. The plug flow and 

complex models in their final form can cover a wide range 

of operating conditions. In fact the models are 

universal if it can be assumed that the flow is not 

turbulent and that there are no natural convection effects 

in the reactor tubes. 

If the above two assumptions can be justified, then 

the proximity of experimental results to either model 

prediction will indicate the more appropriate model and 

therefore the more likely physio-chemical mechanism taking 

place, for a particular system operating under a given 

set of conditions, in a tubular reactor. 

2,3.1. PLUG-FLOW MODELS 

The mass and energy balances can be develoned from 

basic principles by considering an incremental element 

in the tube (Fig.2,1.), with the following assumptions: 

Ci) Steady-state conditions prevail so that all 

time derivatives are zero, 

(ii) Flow takes place only in the axial direction. 
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(iii) The fluid is incompressible and therefore has 

a constant density. 

(iv) Dissipation of energy through viscous flow of 

fluid is negligible. 

Cv) Heat effects caused by radiation are negligible. 

The justifications for the above assumptions are 

presented in Appendix 1. 
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PLUG FLOW INCREMENTAL ELEMENT 

MASS MODEL 

With reference to Fig. 2.1. and using the law of 

conservation of mass which states, at steady state: 

Mass input = Mass output - Mass generation 

The Mass Model for the component F can be written as: 

oF a1’. AVF _ AV, (F + t 6x) = RP,ASx 

On simplification equation 2.1. reduces to: 
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with the boundary condition: 

Re =e F at. ix =2..0 
Oo 

ENERGY MODEL 

Considering the same element and with the aid of 

the concept of heat transfer coefficient between the tube 

wall and the reacting fluid, the energy model can be set 

up as follows: 

Energy into element : 2 

Oy V SIR 7 
by bulk flow 

Energy out of element 2 A 2 
Z = PyV SIR Lo + aot PyV SIR TiO 

by bulk flow 

Energy into element 

= 2IRh(TW -— T)6x 
by convection 

Energy generation = AHR RP pIR7 $x 

Balancing the inputs with the outputs according to the 

law of conservation of energy and simplifying: 

on a. See 
Ss (TW - T) - AHR,RP 2.0. SV FePp PMP’ Ox 

with the boundary condition - 

P=. T ate x S20 
° 

The analysis can be taken a stage further by evaluating 

the film heat transfer coefficient from the following 

equation (Appendix 2), 

4,364 Ky 

2R 

h 
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Incorporating equation 2.3. in equation 2.2, results in: 

oT _ 4,364 Ky 

AUXILIARY MASS MODELS 
  

The kinetics of urea-formaldehyde reactions necessi- 

tates the inclusion of two more mass models for urea and 

monomethylolurea in order that the equations become 

numerically solu ble (Chapter 4). 

These are: 

  

3 
v  " -RPL Pe 

JUF1 = -RP 216% Vig TS UFI1 

with boundary conditions 

Ui =U at x7 = 40 
Oo 

0 at x Se 70 UF1 

2.3.2, COMPLEX MODELS 

The complex field equations can be developed from 

first principles(10) with the following assumptions: 

(Gia) Steady-state conditions prevail so that all 

time derivatives are zero, 

(ii) Bulk flow is taking place in the axial 

direction only so that all velocity terms except Ver) 

are zero. 

(iii) Dissipation of energy through viscous flow of 

fluid is negligible, 

(iv) The fluid is incompressible. 
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(v) Heat effects caused by radiation are negligible. 

(vi) Natural convection has no effect on the models 

and does not cause distortion in the velocity profile. 

The above assumptions have been justified in 

Appendix 1, With reference to figures 2.2 and 2.3, 

considering the incremental element in the tube, the models 

can be set up as follows; 

  

  

  A E*
 

ey
 

NI
N 

f 
Pie aes 

CO-ORDINATES OF THE REACTOR TUBE 

   
ms 

x 

mane annular area = 2Irdér 

<n cylindrical area = 2firdéx 

volume = 2irdéré 

FIG 2.3), 

COMPLEX MODEL INCREMENTAL ELEMENT 

wabe



ENERGY MODEL 

The energy input, output and generation terms on 

the element can be listed as: 

Energy input 

by radial conduction = ~2llrSxKy (1.5 (). 

by axial conduction = ~2rérky (x) (2). 

by axial enthalpy transport = air orp ys¥ Hy? 

Energy output 

by radial conduction = ~2TrdxKy (5 ee), 

Fe (-2Mréxky: (St) }6r 

by axial conduction = nee ) (4), - 

== ont 2 rorKy x ) ( =). }6éx 

by axial enthalpy transport = atror py Vcr) fe 

Roig 
a {alrdroySV, (.)TISx 

Energy generation = 2IIr Sr 6x RP, (AHR) 

The law of conservation of energy can be written as, at 

steady state: 

Energy Output - Energy Input = Energy Generation 

Substitution of the terms according to the above law 

results in: 

  

2 2 
Yx(r)st a SE Ei) ee Pet RPPAHRF 

Soy ox Soy or ~ os Soy 

2.8%. 
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eee sm Now Sy OTH (x) 

u(y, 8 
Sey TH(r) 

where OTH (x) is the thermal diffusivity coefficient axially 

and DTH (r) is the thermal diffusivity coefficient radially. 

Hence equation 2.6 becomes 

2 2 “ar Ss. o“7 “ate SOF RP,,AHR, 
Vicoyox. Dita) spe? Comte ee OS 5st eee 

Bytes 

Equation 2.7, is the most complex field equation describ- 

ing the energy effects on the system. This equation 

makes provision for all variable parameters except those 

considered to have a negligible effect in the original 

assumptions, 

However the energy model can be further simplified 

as follows: 

(i) The thermal diffusivity coefficients are not 

functions of radius and axial length so that DTH (r) = Dr 
H 

and D Dayz: This assumption is justified by the THCXY OTH 
order of magnitude of these coefficients, which is in 

the region of 107 (Appendix 3) and any variations will 

not affect their magnitude significantly. 

(ii) Axial diffusion of heat is negligible compared 

with the sensible heat arising from the bulk flow, where- 

as radial heat diffusion has to be included (Appendix 3). 

This reduces the equation to: 

2 oT _ a“T _ 1 9T, ° RPyAHRE 2.8; 
yer yox - Dog ts? er ar? Pus 

~ias



Equation 2.7. is first-order with respect ot 'x' and 

second-order with respect to 'r*. Hence three boundary 

conditions are necessary for its solution. These can be 

arrived at from considerations at the entry to the tube, 

tube centre and tube wall, 

thus: 

T = Ts QE xe = Oa for ally r 

One = ; 
of 0 at 2 =-0 for all x 

IW = D5o ap or = R 

“x DIT4s + ohcs: TS ue 
TW = “ht oithea, =) at r=R Bar 

where 

LS Temperature of steam in shell 

TW Tube wall temperature 

hf Tube side film coefficient 

hes Outside film coefficient 

> Ratio of external to internal diameter 

T4 Temperature closest to the wall on the Mesh 

grid used for solution of model (see Chapter 4) 

The reason for the necessity of specifying two boundary 

conditions at the reactor tube wall is presented in 

Appendix 4. Appendix 4 also includes the derivation of 

equation 2.9. and the numerical evaluation of all the 

necessary variables. 

MASS MODEL 

The concentration model can be developed by analogy 
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to the energy model. These will be identical except for 

the fact that concentration replaces temperature, molecular 

diffusivity replaces thermal diffusivity and terms for 

generation of heat are replaced by terms for the rate of 

reactions, 

Hence the mass model predicting the bahaviour of 

formaldehyde becomes: 

2 2 : 
oF _ °F sO oF 1 oeR 

V(r yx PMcx) ord . Puce) tor? a. ar) ~ RP» 

SAG 

The assumption ot Dye x) = Dur) = Dis and negligible axial 

diffusion of mass (Appendix 3) can be made in a similar 

manner to those for the energy model, 

Hence the final equation is: 

8 
Hs, One 1 OF 

V(r) ee Durr om te > a = RP, elees 

with the boundary conditions: 

F=F 2G ox =- OF “tor all r 
Oo 

Obes = . 
ara QO. 20, Ti = Oe tom alilisx 

F=F ate Toa RR forall x Pees 3 Ae 

Appendix 5 presents a technique for evaluating the 

equilibrium concentration of formaldehyde which has been 

used in boundary condition 2,12, 

AUXILIARY MASS MODELS 

The kinetics of urea-formaldehyde reactions 

necessitate the inclusion of two more mass models for 

the



urea and monomethylolurea in order that the equations 

become numerically solu ble (Chapter 4), 

These are; 

  

  

2 
au. aU 1 0U 

x(a 2 Duy {sy2 iF ar) + BG 2,13, 

5 ott ga ket Doe bes 
Rig): ox MUF1 ar Ser UF1 as 

with the boundary conditions: 

U = Uo: UF1 = 0 ‘at Kem Oc Lor sadly 

a0: OUR a a eS Oy et ee. for. als 

U = UEQ? UF1 = UF lag atucrm = Re,for ali x Zo on 

The equilibrium values of urea and monomethylolurea 

are evaluated in Appendix 5, 

MOMENTUM MODEL 

The momentum model is primarily developed to express 

a relationship for the velocity profile as a function of 

viscosity and radius. In the light of findings by 

Cintron-Cordero (30), which are discussed in the 

literature survey, it can be assumed that moderately 

distorted velocity profiles have little effect on average 

product properties and hence use can be made of the 

parabolic velocity profile associated with laminar flow 

(Appendix 1), so that, 

PZ: 
Ver) V Max (1 - (@) ) 

and since V. Max, =<: 2 XY 

Then V =o ¥) ¥172-(2)?) 2,16. 
x(Cr) ° R M 

~ 35m



This model will provide adequate description although 

non-Newtonian Viscous effects have been neglected, 

However a more elaborate model is developed in the 

following pages and can be used in cases where equation 

2.16 proves to be inadequate. 

Assuming that the fluid behaviour corresponds to a 

Newtonian model whose viscosity is a function of 

temperature, pressure, polymer concentration, time and 

molecular weight, then one can write: 

oV av 
as oe x(r) + 

a: . crx ‘ee oe =) RL; 

where Poe = TCE Pec, t saw) 

oVy 5 
The term zx «Can be neglected due to its small magnitude 

compared with the term oNx(r) , SO that. 

rrmia sy ROL) 2.18. 
or 

Equation 2.18 gives the variation of shear stress 

with velocity and suggests that shear stress is zero 

at the centre of the tube where r = 0 and varies 

linearly with r, assuming a value cW at the wall i.e. 

crx = cwe R aiads 

Equating equations 2,18 and 2,19 gives 

-cW r 

Of). eet dr 
dav 

which on integration of the L,H,S, yields 

r=r 
_ ~cW = oh) eR fie 7 dr 2°20; V 

Considering the incremental element in the tube, Fig.2.3,, 

the mass flow rate for the element is given by 

2iiroyV dr 
xCi) 

SB a



The total mass flow rate is.then 

r=R 
Ge ef 2IIro,,V dr 

ad M x(r) 

Since the total mass flow rate is constant at any cross- 

section, then, 

2 r=R 
G = 2imR Pye Ma tif ‘ alr pw (pot Seal 

r=0 

rewriting eauation 2.21, 

2 r=R 
= . d Lae R2 Higa Ve(rj rar 2622. 

and substituting for V(r) from--eqvation 2.20. “intd 2.22. 

r=R r=r 
vo = ow CRD re or rE arar 2,23 

r=0 r=R 

Hence finally the relationship between velocities can be 

established by dividing 2,20. by 2.23, and simplifying, 

  

so that, 

ee 
f gw dr 

Re r=R 

V(r) ve aes Yr=R Par. 2.24, 
f er E 7 dr dr 
r=0 r=R 

The momentum model given in equation 2.24. is 

capable of predicting the velocity profile once the 

viscosity is known as a function of position in the tube. 

If viscosity is treated as a constant, 2.24. reduces to 

2.16. on integration. It is interesting to note that 

even for non-Newtonian behaviour the equation will hold, 

once the dependance of viscosity on shear stress has been 

aidtowed for in 2014, 

kT wn



2.3.3. DIMENSIONLESS COMPLEX MODELS 

In this section dimensionless and normalised 

complex models are developed, This exercise serves 

two important purposes, Normalisation of the models 

will bound the range of all variable parameters, except 

temperature, between the numerical values of zero and 

one, This results in reduction of round off error on 

the computer when numerical solutions are attempted, 

In cases where the numerical value of numbers used are 

very high or very low, round off error could effect the 

accuracy of results significantly. Making the models 

dimensionless introduces the use of accepted groups which 

can be valuable in generalising the results, 

With the above in mind the dimensionless variables 

can be introduced as follows: 

Reactor Radius 

rigs B where 123r'30 2s 

Reactor Length 

x!o= zt where 12x'30 2326", 

Formaldehyde Concentration 

Pius = where 13F'30 2.27. 
Oo 

Urea Concentration 

t= = where 12U'30 2.28, 
Oo 

Momethylolurea Concentration 

. wrk 
= OFL where 13UF1'30 Deeg: 

E 

UF1' 

Q 

= 38%



Velocity 

Oo mete) fa Vers... whats tan se 2.30, 
Vins 2Vo 

Reactor Temperature 

Tl =_ where NaT!2s1 2,31. 
oO 

where N is a value of the ratio greater than one. 

DIMENSIONLESS ENERGY MODEL 
  

Substituting the appropriate dimensionless variables 

for the dimensional variables in equations 2,8, results 

  
  

aris 

2 
One eine Om eo 1 AHRFRPP L 

’ ieee = ao aataieahoniens 2 Siaeaieaes 

V(r) dx" OR a (3372 : Ty art Oy : 2V5%5 

2.02% 

Rows Dee gas yet 
2R2V, Pe RePr 2,33 

vc 

where 

Pe, is Peclet number for heat transfer 

5 

Re is Reynolds number = 2puee Yo 

Lu 

: 2 Seu 
Pr is Prandtl number = : ag 

Ana. SOoRSE Pe Da 2,34 
20,.SV_T = 

Me .0 70 

where Darry = Damkohler number group III (50) 

So that the dimensionless energy model becomes, 

Ve Gay Qtr eee ert Ls Spry ae Ee 
or! Pe, ori2 re ort ae Tt ; 

365



  

with dimensionless boundary co 

t= 7 “a xe 0 

2 a 

TW' = = ee ee 

oO 

ag! « Dth4' + ¢hes 18/7, 
hf + ohes 

where TW! = aa and T4! = T4 

° oO 

DIMENSIONLESS MASS MODELS 

Similarly the dimensionless forms of equations 2. 

2,13, and 2.14. become: 

oF! Po ee | 
Va(r). Sate Pap 8 yaa tae 

2 eS el ae 
Vietr) Ox" ™ Pe, ' B (srr2 * 

eign EL a ge ae 
xGr), oxc' Peury ren or. 

where 

Pe is Beclet number for m 

Da, is Damkohler number g 

nditions: 

at rl ps1 

oF! 
Srv) ~ Dare 

oF | 
art) ~ P@ry 

1 9UF1! 
iat ot 

ass transfer 

roun 2 C50) 

Ge is the initial concentration of F, 

depending on the equation used 

).- 

U 

Daryri 

2VoR 
DM 
  

G 

RPGL 

2V CoG 

and: UBD 

—~-pubscripts ,. Ucand 

UF1 refer to formaldehyde, urea and monomethylolurea 

respectively, 

values of parameters change according to each equation 

to account for the particular reactant, 

~40= 

Subscript G denotes the fact that the 

asats 

2.38,



The boundary conditions for the above models become: 

  

Pl s.U! =) 1b at xt = 0 

UF1' = 0 at x' = 0 

Fi = EQ at r! =1 
Bo 

u' = EQ at rt = 1 
US 

UPD = sy arom act 

oF! du! duF1' : 
i Cy an ane eo me ep 

DIMENSIONLESS MOMENTUM MODEL 
  

Substitution 

the dimensionless 

Vil eee eee rt 

2.3.4. SUMMARY OF 

Of: 4,40. end: 2.50,:;Into 2.16: 

momentum model as: 

2 
) 

MATHEMATICAL MODELS 
  

1. PLUG FLOW MODELS 
  

3F 
O 0x 

au 
On 8x 

dUF1 

Ons ax 
  

aT 
ou S WG Ox 

4,364 Ky 
—— 5 (TW-T) - AHR>PRE 

with boundary conditions: 

Det, Pome Ss 
oO oO 

gives 

= Us: Url =.0 “at x =°9. Yor all «r 

SBte 

2,40, 

2,41. 

2,43.



2. COMPLEX MODELS 
  

  
  

  

OT... oo a ola RP.AHR 

Vcr) ox ~ Pry (Sy? a or! . Py 2.44, 

Pe ek. pa ok td OF) ake, fe 
XG) Ox Mi Por ot F : 

Vv oe D (ou ee eo op 2,46 
x (ay) ox MU ‘or Tet U anion 

2 dUF1 f cURL POUR 
V(r) Ox Dyurii zea oe RP ori eo! 

* Be 2 : 

Vo = BV g(h ae /R)*) 2,48 

with boundary conditions 

T = To: F = Fy? U = Us) URL =20 at x. =0 

aT OP SA + omen “ 
Sr "or " Sr ar 0 eee eS = OC 

F = FEQ 

U = UE 

_ hfT4 + ¢hesTS 
re hf + hes 

TW = TS 

3, DIMENSIONLESS AND NORMALISED COMPLEX MODELS 

37 1. ote ES 5a: 
x(r) Ox" Be, Cjpr2 + Fr Bet) — Darr wine 

arr a4 oy (AcE! a ee ey we 
SEQ). ax icy Pe R or] r' or’ a : 
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2 a ee Ba tae 
Vx(rjogn’ Penh “eran beets at 

e el ood B (Q2UFL 5 ee 
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With boundary conditions: 
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Ginck PalrE R 3 

THE CHEMISTRY OF UREA-FORMALDEHYDE (UF) REACTIONS 

In Chapter Two, mathematical models describing the 

limiting conditions of the reactor behaviour are 

developed. The values of the physical data, required 

for solution of the models are reported in Appendix 3. 

In this Chapter the kinetics of the reactions acungn 

urea (U) and formaldehyde (F) are examined to complete 

the information required in order to apply the models. 

A survey of published research into UF reactions is 

followed by the postulation of a tentative reaction 

mechanism taking place under the reactor operating 

conditions. The representation of experimental data 

over the investigated temperature range is attempted on 

this basis and the discrepancies highlighted. The need 

for research into high temperature reaction between 

urea and formaldehyde is subsequently emphasised and a 

novel technique developed to carry out the investigation 

required, 

Finally, non-linear regression analysis is applied 

to the results to provide a mathematical description of 

the rate of reaction over the temperature range. 

Incorporation of the kinetic data, in this final form, 

into the ractor models completes the reactor description, 

yy



3.1, INTRODUCTION 

Perhaps the first research on the reaction of 

formaldehyde (F) with urea (U) was reported by 

Tollens(61) in 1884, where he isolated monomethylolurea 

(MMU), the first addition product of the UF reaction, 

Dimethylolurea (DMU) was isolated by Einhorn and 

Hamberger(62) who conducted further pioneering research 

in this field, John(63) achieved practical application 

of UF resins about 1920, causing much interest in the 

commercial exploitations of these products. This was 

followed by more vigorous research which includes the 

work of Pollak(64), Walter(65), Ellis(66), Henkel and 

Cie(67), Dixon(68) and others. 

Although many papers have been published in this 

field, the contributions on kinetics and mechanisms have 

been rather limited, probably due to the complexity of 

the reactions involved and the lack of advanced 

analytical techniques for the chemical analysis of the 

various components. However, as new analytical tools 

have been developed, research on kinetics and mechanisms 

has progressed, 

3.2, THE KINETICS AND MECHANISMS OF THE INTERACTION OF 

UREA WITH FORMALDEHYDE 

Of the research reported on the reaction of U and 

F, much has been Confined to the early stages of the 

reaction, 
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De Jong and de Jonge(75-82) made extensive 

research into UF reaction mixtures in the early stages 

of the reaction. Landquist(83-87) substantially 

confirmed the work by de Jong and de Jonge(75-82) and 

further contributed to the literature by developing a 

spectrophotometric method of following the reactions 

(88-91), His latter work confirmed the findings of 

de Jong and de Jonge over a wide range of conditions. 

In 1961, . Ito(92) introduced a paper chromotographic 

technique for isolating and measuring the rate of . 

development of the condensation products of a UF reaction 

mixture, thereby contributing to a better understanding 

of the mechanisms and kinetics. 7 

The more general findings reported in the above 

literature can be summarised as follows:- . 

ct The initial interaction of U with F is by 

addition reactions which can lead to condensation 

reactions under the correct conditions. 

(ii) The rates of reactions are pH dependant. 

(iii) The rates of reactions are temperature 

dependant. 

tes The extent of reaction is dependant on F to 

U molar ratio, 

(v) Concentration has little effect on the rate 

constants over a wide range of conditions. 

(vi) The reactions are reversible and are generally 

second order forward and first order reverse. 

(vii) While the addition reactions are both acid 

and base catalysed the condensation reactions are subject 
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to specific hydrogen-ion catalysis. 

The literature is therefore presented with particular 

reference to the above and under the individual sections 

of addition reactions, condensation reactions and UF 

resins formation, 

3.2.1. ADDITION REACTIONS OF UF. 

The rate of reaction between urea and formaldehyde 

was investigated extensively by de Jong and de Jonge (75) 

who followed the reaction by determining the consumption 

of F. In neutral, acidic and basic solutions the forward 

reaction for formation of MMU was found to be bimolecular. 

The reverse reaction causing dissociation of MMU proved 

to be monomolecular, Data were obtained over a pH range 

of 2-11 in 0.045 to 0.2” solutionsat 25-59°C, 

Reaction conditions were so chosen to minimise 

condensation reactions. The total F content (unreacted 

F + Methylolated F) was determined using the alkaline 

Iodine method. The free F was detected using the 

acidimetric sulphite method and the extent of methy- 

lolation was thus obtained by difference, The use of 

this technique served to confirm that condensation 

remained. small, 

They(75) evaluated the equilibrium level of F at 

59°C by sustaining a 0.045M phosphate buffer solution 

at pH 7.0 for twenty hours. 

The reversibility of the reaction was studied by 

using pure MMU (M.P. 109° - 110 C, 99,7% theoretical 

4.



methylol content) which was placed in aqueous solution. 

F was formed and the equilibrium reaction 3.1 was 

demonstrated. 

k1 

er <A NOONTCR On 
oe 2 2 

k2 

kl 

AEE EPA MMU 54 siperipaiiinl 
k2 

H,NCONH gNCONH, + HCHO 
or 

Second order characteristics were established for 

the forward reaction and first order kinetics shown for 

the reverse reaction. The rate and equilibrium constants 

evaluated over a range of conditions are presented in 

  

  

              

Tape Sal" 

Temp. | pH Forward Rate Reverse Rate | Equilib.Const. 
1,5 kl exp k2 exp K = k2/k1 Exp. 

(lit/mol s) (s-1) (mol/1lit) 

25 71 0.6 x 107 1,2 x 10° 2.0 x 1072 
a 1 44 1.6 x 1077 5.5 x 107° 3.7 x 1077 
35 7 1.1 x 107 3.2 x 107° 3.7.x 107° 
35 2 1.5x10° 4,2 x 107° 
42 7 1.9 x 1077 6.8 x 107° 4,1 x 1077 
59 7 | .98.7-% 107 3.1 x 107° 5.6 x 1072 

TABLE 3.1. 

FORMATION AND DECOMPOSITION OF MMU(75) 
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Good agreement between experimental equilibrium 

constants and theoretical equilibrium constants 

evaluated from k1 and k2,obtained from the isolated 

forward and reverse reactions, was noted over a wide 

range of conditions, The rate of reaction was shown to 

be independant of pH over the range of 4-9, while the 

equilibrium constant demonstrated no dependance on pH 

over the range of 2-11. In more acid solutions the 

equilibrium was affected by the condensation reaction 

between U and MMU according to equation 3,2, 

H NCONH, + H,NCONHCH,OH ——————~ H,NCONHCH 2 2 2 2 2NHCONH, *- HO 
2 

Boas 

Corrections for this effect were applied to kinetic 

data obtained at pH ~ 2.0 for calculation of equilibrium 

constants. According to de Jong and de Jonge(75) the 

rate constants had also to be corrected to account for 

further addition of F to MMU to produce DMU, 

Both the forward and reverse reaction rates were 

shown to be catalysed by hydronium ions and hydromyl 

ions and affected by ionised salts acting as buffers. 

Neutral salts had very little effect on reaction rates. 

The activation energy for the forward reaction 

was estimated at 13 Kcal/mol and in the case of the 

reverse reaction a value of 19 Kcal/mol was obtained, 

The heat of reaction is thus -6 Kcal/mol, The 

activation energies were calculated from Arrhenius plots 

and it was further shown that the equilibrium shifts 

neo.



to the left in equation 3,1. with increasing temperature, 

therefore confirming conclusions which could be reached 

by the application of Le Chatelier's rule. 

De Jong and de Jonge(77) later repeated the above 

investigations in more concentrated solutions, 4M. 

The small differences they observed were explained by 

the influence of formation of hemiformals and the effects 

of the influence of the dielectric constant of the 

reaction media. Otherwise the effect of concentration 

on rate of reaction was concluded to be négliai bie | 

Since U is a tetra-functional compound and possesses 

four reactive points, F can add from one to four 

molecules to U to give mono,, di., tri., and tetra- 

methylolurea, The extent to which the addition reactions 

can proceed depends on the molar ratio of F to U. While 

conflicting results regarding isolation of tetra- 

methylolurea (TEMU) have been reported, there is general 

agreement(92,93) that DMU and trimethylolurea (TMU) 

formation occurs quite readily under the correct conditions. 

De Jong and de Jonge(76) followed the formation 

and dissociation of DMU in depth and elucidated the 

kinetics of the reaction as: 

k3 
HCHO + H,NCONHCH,OH ———~ HOCH,NHCONHCH,OH 3.3. 

2 2 re 2 2 
k4 

The conditions were again chosen to minimise 

condensation, The reaction scheme in 3.3. was investi- 

gated using the same techniques as for 3.1. and the 

results seemed to follow the same pattern. 
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The forward reaction was second order while the reverse 

reaction showed first order characteristics. The 

reaction was both acid and base catalysed and its rate 

did not depend on pH within the same limits as found for 

MMU. Their results for equilibrium and rate constants 

over a range of temperature were presented in the form 

of Arrhenius plots(76), The heat of reaction for this 

case was estimated at -5 Kcal/mol, 

(Forward 14 Kcal/mol - Reverse 19 Kcal/mol) 

The reaction of F with DMU to produce TMU was 

investigated in a similar manner and reported by de Jong 

and de Jongein (78), In order to ensure the formation 

of TMU, molar ratios of F to U of 4:1 were employed. 

The equilibrium constants for this reaction, were estimated 

algebraically and the data is given in Table 3,2. The 

calculations assumed no formation of TeMU. 

It would appear that TeMU is extremely unlikely to 

be formed even at U:F ratios of up to 1:20. The only 

account of TeMU formation has been reported by Ito(92), 

who used paper chromotographic techniques to detect this 

compound from a solution of U and F reacted at 60°C and 

under highly alkaline conditions. 
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Constant . ie TU ese and ot 7.0. U+F <3 MMU | MMU+P —DMU |DMU+F — 

Forward, kl (lit/mol s) 0.9x107* | 0.38x107* | 0.1x1074 

Reverse, k2 (sv) 2.5x10-6 | 0,69x107° 

Equilibrium k2 
Experimental, Kexn = jy imol/1id) 0.036 0,22 LZ 

ABLE GO. 2is 

EQUILIBRIUM AND RATE CONSTANTS IN 

UF ADDITION REACTIONS (76) 

From the above studies it can be concluded that the 

reaction proceeds step-wise with increasing difficulty. 

Thus the ease of formation of nitrogen methylol derivatives 

is in the order 

U > MMU > DMU > TMU > TeMU 

Landquist, in a series of papers(83-91) confirmed the 

findings of de Jong and de Jonge at g0°C, using both 

quantitative chemical analysis and a spectrophotometric 

technique, He further investigated the effect of the 

presence of methanol in commercial formalin (Appendix 6). 

This was found to retard the rate of reaction considerably 

9G): 

CHEMICAL MECHANISM OF METHYLOLUREA FORMATION 

In aqueous solution F is present largely as the 
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monohydrate, methylene glycol (Appendix 6), As it is 

unlikely that the hydrated form of F can react directly 

with U, then the dehydration of methylene glycol must 

precede the UF reaction according to Equation 3.4. 

CH, (OH). wn tie CH,O + H,0 Sia: 

It is generally believed that the addition react- 

ion then takes place by U contributing an electron pair 

which provides the carbon-nitrogen link with F. This 

suggests that F has an electrophilic tendency for 

reaction with U as shown in Equation 3,5. 

H NCONH, + CH,O ranean H NCONHCH, OH 3.5 

The detailed reaction mechanism of Equation 3.5, is 

different in alkaline and acid solutions, Two theories 

by Smythe(69,70) and @e Jong and de Jonge(75) have been 

suggested for the formation of methylolureas in alkaline 

solutions, 

Smythe(69,70) has suggested that in alkaline solutions 

Ueiney change its. form from: Fig.3s.1.. to Fige.3,2, 

  

H 7 H 

H—N H —N 
~~ go moe Ooo cee elas OH 

H —N H —— N a 

H 
UREA TAUTOMERIC IMIDOL FORM 

SIG 3.1, BIG, 3.2. 
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The latter known as the Tautomeric Imidol form of 

U possesses a U anion (Imidol urea anion) which Smythe 

suggests is the active specie in the UF reaction, 

De Jong and de Jonge on the other hand theorise 

that the base itself is involved in the reaction 

mechanism, According to their theory the base takes 

up a proton from U, leaving it in the anionic form. 

In this form U then has the opportunity of becoming 

activated for electrophilic attack by F. The mechanism 

then proceeds as in Equations 3.6, to 3.8,, where ‘Bt 

represents the base which is usually either sodium 

hydroxide or hexamine, 

H,NCONH, + B pasties ell HNCONH + BtH 3.6. 

HNCONH + CHO: H NCONHCH,0~ a 7. 

H NCONHCH,O + Oy ee H,NCONHCH,OH + B arg: 

The de Jong and de Jonge theory for methylolurea 

formation in alkaline solutions can be extended to 

describe the mechanism in acid solutions. By a com- 

parative mechanism the F becomes activated by addition 

Of a proton: in acid solutions... # in this-state should 

attack U more readily than the un-ionised F, thus 

providing an explanation for the vigour of the reactions 

in acid solutions, 

The scheme as given in equations 3.9, tor SeAl & 

where 'AH' represents the acid, is suggested by de Jong 

and de Jonge(75), 

CH. 0° + AW te C08 + A” 3.9. 
2 2 

aoe. * Con On NH,CONH, . CH OH 3,10. 
2 2 2 2 
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OH + A —————> N,NCONHCH,OH + AH Ome H 2 2 2 oNcoNH, CH 

3.2.2, CONDENSATION REACTIONS OF UF 
  

Condensation reactions in aqueous UF solutions 

follow different paths depending on the pH of the 

mixture and are reversible in nature during the early 

stages of reaction, 

The condensation mechanism in acid solutions follows 

a different course to that in basic or neutral solutions 

due to the different reactivities of the chemical 

groups involved, 

Generally, there are two possible routes for 

condensation in aqueous. solutions of U and F, In the 

first instance combination of a methylol group with 

urea would result in condensation products as outlined 

in equation 3,12. 

-NHCH,OH + H,N- ———— -NHCH,HN- + H,O Dena 
2 2 2 2 

Methylol group Amide group 

The other possibility for condensation is the react- 

ion between two methylol groups thus: 

R-CH,OH ¥ R-CH,OH ———> RCH,OCHR * H,0 Saha s 

The preference in choice of routes is governed by the 

acidity or alkalinity of the solution, For this reason 

the condensation reactions in alkaline and acid solutions 

are presented separately in the following sections. 
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CONDENSATION REACTIONS IN ALKALINE SOLUTIONS 
  

In neutral or alkaline solutions condensation 

occurs almost exclusively by interaction of methylol 

groups as outlined in Equation 3,13, Equation 3.13, also 

shows that the link between the two methylol groups is 

a "-CH,.0,CHo-" formation known as a "methylene ether 

bridge". 

As an example, DMU condenses in mildly alkaline 

solutions to give: 

HOCH, NHCONH . HpC-O-CH NHCONHCH,OH 1 3,14, 

and MMU under the same conditions produces two compounds 

with structures as shown in 3.15, and 3.16, below: 

H,NCONH . H)C-O-CH HNCONH, Sea. los 

~NHCONH .H,,C-O-CH 

2 

HOCH HNCONH 3.48. 
2 2 2 

These compounds were isolated by Zigeuner(94,95,96) 

who developed degradative techniques which enabled him to 

distinguish between methylene ether bridges which are 

described above and the methylene bridges which have a 

formation Ce and are the linkage groups for 

condensation products of methylol and amide groups as 

outlined in equation 3.12, Having developed the above 

technique he was able to confirm that condensation in 

neutral or alkaline solutions was mainly by mutual 

reactions of methylol groups. 

As will be shown in the following section, in acid 

solutions however, condensation occurs almost exlusively 

by the mechanism of Equation 3.12, 

ee.



CONDENSATION REACTIONS IN ACID SOLUTIONS 
  

While methylolureas condense in alkaline solutions 

almost exclusively by mutual interaction of methylol 

groups to form methylene-ether bridges, in acid solutions 

the exclusive condensation reaction is that of 

Equation 3.12, where methylol and amide groups combine to 

produce methylene bridges. | 

Zigeuner(94,95,96) continued his studies of "linkage 

groups" to cover weak acid solutions pH 4-7, and acid 

solution pH less than 4, His main conclusions were 

that although in weak acid solutions the slight possibility 

of methylene ether linkage existed, in acid solutions 

methylene bridges alone are formed, De Jong and 

de Jonge(78) confirm this in their extensive kinetic 

study and add that the reaction mechanism suggested in 

Equation 3.12, is bimolecular, On this basis they 

studied five possible reactions between U, MMU and DMU. 

‘If -M- denotes the methylene bridge ~CH,- and with 

MMU = UF,, DMU = UF, 

Ke 47 
U + UF; ————> U-M-U + H,0 3.17. 

Ke 18 
U + UF, ———— U-M-U-F + H,0 3,18, 

Ks 19 
UF + UF ————> U-M-U-F + H,0 3.19. 

K3 20 ; 
UF + UR, ————> F-U-M-U-F + H,0 3.20. 

and finally 

K3 21 
UF, + UF, ————> F-U-M-U-F, + H,0 3.21, 

te



The F,U, methylene bridge and extra hydrogens at each 

end of the chain can be distinguished as before. 

De Jong and de Jonge believe that the mechanism for 

all of the above reactions is the same and suggest the 

following scheme(78), 

=N-CH,OH + HA. ——-—->. -N-CH," + H,0 + A” ee 

-N-CH," + HN. ———> -N-CH,-N"H- 3.23. 

-N-CH-Nii- Sr ie ee ee -N-CH,-N- + HA 3,24. 
I Z 

Experimentally the reactions were followed by 

measuring the decrease in methylol group concentration, 

This enabled them to establish the order of the reactions 

and evaluate the rate constants which are given in 

Table 3.3, 

The techniques used for detection of methylol groups 

involved analysis for combined F by iodimetric evaluations. 

The conditions under which the reactions proceeded were 

so chosen that dissociation of methylolureas was relatively 

small and its effects could be neglected, 
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RATE CONSTANT VALUE AT 35°C pH.4 
k 1/MOL $s 

oe #3 °x. 107° 

eae 2.0 x 1074 

‘> e, 0.85 x 1077 

‘a G.5:x 107 

Ke 04 less than 0.03 x 107%       
TABLE 3.3. 

RATE CONSTANT VALUES FOR POSSIBLE 

CONDENSATION REACTIONS 
  

From Table 3.3, and under the experimental 

conditions of de Jong and de Jonge(78), it can be con- 

cluded that the reaction of Equation 3.21. is either 

extremely slow or does not occur at all, indicating that 

methylol groups do not readily combine with a substituted 

amide group. Furthermore, the methylol group in MMU is 

seen to be more reactive than in DMU, while the -NHo 

group in MMU is less reactive than in U. 

‘The other Significant result from this inveltavat ion 

was that while the UF addition reactions are generally 

acid-base catalysed; the condensation reactions, or 

more specifically the rate constants for these reactions, 

are only subject to specific hydrogen ion catalysis(78), 

Experiments showed that elevation in temperature in 

ee



each case caused an increase in the rate of reaction, 

as can be expected, and activation energies of about 

15 Kcal/mol for each of the reactions 3,17 to 3.21 were 

found. 

To add to the complexity of the situation, the 

chemical reactions so far described are not the only 

ones involved, in fact all the condensation products can 

undergo further changes in the solution with increased 

time. Taking the simplest condensation product, 

methylenebisurea (U-M-U) as an example, it can Cnaetce 

hydrolysis in solution in accordance with equation 3.25. 

3.25. H,NCONHCH,NHCONH, + H,O + H,NCONHCH,OH + H,NCONH 2 2 2 2 2 2 2 2 

and, in solution, also behaves in a manner analogous to 

U, forming addition and condensation products with F 

and MMU(97,98). Following the same pattern as in the 

previous case the addition reactions are subject to general 

acid-base catalysis while the condensation reactions are 

subject to specific hydrogen ion catalysis. The rate , 

constants for these reactions are identical to those of 

the corresponding reactions of U, 

Detailed examination of equation 3.25. has shown it 

to be first-order, the rate constant being directly 

proportional to hydrogen ion concentration. From this 

it can be concluded that the condensation reaction 

between MMU and U and probably the process of methylene 

link formation in general is reversible in acid solutions. 

The activation energy for the reaction in 3,25, is 

19.5 Kcal/mol (81). This shows the condensation 
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reaction to be exothermic to the extent of 

-19.5 + 15 = -4.5 Kceal/mol., 

One of the major deductions from analysis of these 

systems is that the state of progress of condensation 

reactions in aqueous solutions can be closely controlled 

by adjustment of pH and temperature of the system and 

this is important and invaluable in terms of process 

conditions. for production of UF resins, 

3.2.3, THE UF RESINS 

UF resins are produced by a solution of U in formalin 

containing between one to three molecules of F to one 

molecule of U, Under mildly acid conditions the solution 

is boiled under reflux and polymerisation is characterised 

by the following changes(99). 

"initially on cooling the solution, white amorphous 

sOlids are precipitated, As heating proceeds, the 

temperature at which the solids separate falls until a 

voint is eventually reached when the condensation 

products remain dissolved at room temperature. The cold 

solution at this stage is thfintéely miscible with 

water, On further heating, the syrup diminishes in 

water tolerance, increases in viscosity and in due course 

sets to an insoluble and irreversible gel", "However, 

prior to gelation the reaction can be arrested at any 

convenient stage by addition of alkali in excess of the 

acid present", The syrup in this form is then vacuum 

evaporated to remove water to any required degree and the 
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resin used for application, 

The above sequence of events can be explained in 

the light of the chemistry of UF reactions discussed in 

the previous sections. The excess F to U ratio is to 

ensure the production of methylolureas and the acidity 

of the solution to render condensation possible, The 

high temperature speeds the reaction and the progress of 

the polymerisation reaction can be observed by the increase 

in viscosity and eventually gelation, The adjustment 

of pH so that it falls in ‘the alkaline range ecient 

stops the polymerisation at any required stage and there- 

after water removal is achieved under vacuum so that low 

temperatures are dominant and the possibility of further 

reaction is reduced, 

Industrially, the resins are produced in two stages. 

In the first stage the UF mixture mentioned above is 

heated under neutral of mildly alkaline conditions to 

ensure methylolurea formation. Thereafter the solution 

is made slightly acid and condensation to the required 

degree effected, The resin is then vacuum concentrated, 

if necessary, as described above. 

THEORIES OF UF RESIN FORMATION 
  

The theory of functionality (100) states that, three 
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dimensional networks can only be formed when, at least, 

one of the constituent molecules has three or more 

reactive points, in order that molecular chains can cross- 

link. Since the production of thermosets' requires 

cross-linking between molecular chains, then it follows 

that UF resins which exhibit thermosetting characteristics 

must possess initial constituents with three or more 

reactive points. 

The same theory states that where molecules have 

two reactive points each, straight or branch-chained 

formations are the only sobhiha vite From the addition 

products of U and F, MMU has four reactive points, 

However, the reactive points in all methylolureas are 

the hydroxyl groups and the hydrogen atoms attached to 

the nitrogen, Therefore, the MMU system is not truly 

4,4 since each hydroxyl group must have a corresponding 

hydrogen in another molecule to react with, 

This suggests therefore that MMU is only capable of 

producing straight or branched chain polymers which 

generally exhibit thermoplastic rather than thermosetting 

characteristics(101)., 

DMU on the other hand contains two reactive hydrogen 

atoms and two reactive hydroxyl groups per molecule 

rendering a true 4,4 system and therefore the mutual 

interaction of its molecules provide ample opportunity for 

cross-linking. The formation of DMU is achieved by 

increasing the F to U ratio to above 1:1 and therefore 

U F mixtures with these molar ratio characteristics 

produce cross-linked and hence thermosetting resins. 
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The exact nature of the chemical reactions and 

progress to complex cross-linked structures from low 

molecular weight products is far from understood, The 

several theories put forward are based on a knowledge 

of structures at the early stages of the reaction, the 

behaviour of apparently similar chemical systems and the 

experimental measurement of the rate of water and F 

liberation and consumption during the reaction. 

The theories put forward to date can be divided 

into three categories, in general, These are described 

briefly under different headings, It will become 

apparent that the theory of "chain growth" has most 

support and gives the best explanation of the sequence 

of observations made in the preparation of this kind of 

resin. 

THE CHAIN GROWTH THEORY 

This theory is based on the work of many investigators 

(65,102,103) who performed their studies senarately and 

in different periods. The recent work of Zigeuner( 94,95) 

and the extensive studies of de Jong and de Jonge tend 

to support it, providing the most widely accepted 

explanation of the practical observations made during the 

preparation of the resin, 

The theory postulates the initial growth of molecular 

chains of varying lengths, consisting of condensed 

methylolurea molecules with the structure of 3.26.. 

HO(CH,.NH,CO,.NH), ,CH,OH 3,26, 

264%



A detailed discussion of this theory can be found elsewhere(9). 

The principles of the theory are similar to the 

methylene and methylene ether bridge formations discussed 

in: section. 3.223 

THE TRIMERISATION THEORY 
  

This theory now little supported, was first put 

forward by Marvel(105), in 1941. It postulates that U 

acting as both amine and amide, first condenses oth F 

to give a cyclic trimer, which on further condensation 

with F yields a spatial network. 

Alternatively, Thurston(106) suggests cyclisation 

of MMU and DMU, followed by cross-linking of hetero- 

cyclic rings by condensation of N-methylol groups with 

-NH- groups. 

Conceptions such as these would adequately account 

for the high degree of branching and cross-linking which 

exists in cured UF resins, but are speculative and lack 

rigorous experimental proof(106). Moreover, the recent 

work of Zigeuner(94,95), de Jong and de Jonge and others 

provide considerable evidence confirming the presence 

of molecular chains in the early stages of condensation 

and absence of ring structures, 

THE AZOMETHINE THEORY 

This theory postulates that methylol compounds 

dehydrate to unsaturated azomethine or methylenemine 
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groups as in 3.27., from which branched or cross-linked 

structures build up by addition polymerisation (104), 

xNH,.CO,NH.CH,OH ————> (NH,CON = CHo), =p x50 SO ks 2 2 

The above concept suffers from the same limitatians as 

that of the trimerisation theory, namely, lack of 

experimental evidence, In fact, as mentioned before, 

the experimental evidence so far gathered seems to point 

towards the "chain-growth" theory as the most plausible 

explanation of the mechanism of UF resin formation. 

3.2,4. SUMMARY OF UF REACTIONS 

The reaction between U and F can be summarised in 

the following way. 

In the first steps of the reaction, F can add from 

one to four molecules to one molecule of U to form the 

methylolureas in the stepwise manner shown in equations 

3.28 46.59.31. 

U+F —— MMU 3525., eae 

MMU + F —— DMU one, San 

DMU + F —— TMU Bro0): ic 

TMU + F —— _ TeMU Sr Sa eneaiatio 

The addition reactions possess the following properties: 

(i) The reactions proceed with increasing difficulty 

such that the formation of methylolureas will 

have the order of ease of 

MMU > DMU > TMU > TemMU 
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(ii) 

(izd) 

(iv) 

(v) 

(vi) 

(vail) 

The extent of reaction is dependant on the 

U:F molar ratio, 

All reactions are second-order forward and 

first-order reverse, 

All reactions are acid and base catalysed. 

All reactions are exothermic. 

The rate constants are independant of pH in 

the pH range 4-9. 

Rate constants increase with temperature 

following the Arrhenius law, 

(viii) Concentration has little effect on the value of 

rate constants, 

The UF condensation reactions can take place between 

any two of the constituents of equations 3.28. to 3.31, 

The condensation reactions investigated possess the 

following properties: 

(i) 

cid) 

@ oi B| 

(iv) 

The mechanism of condensation in acid solutions 

is by way of methylene bridge formation. The 

mechanism of condensation in alkaline solutions 

is by the way of methylene ether bridge 

formation, 

The methylol group's reactivity is in the 

order MMU>DMU>TMU while the reactivity of 

-NH, group is in the order of TMU>DMU>MMU. 

Reactions are second-order forward and first- 

order reverse, for the early stages of the 

reaction, 

The reactions are subject to specific hydrogen 

ion catalysis, 
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(v) Reactions are exothermic, 

(vi) Equilibrium constants are independant of pH. 

The UF resins are produced by allowing the above reactions 

to take place under suitable conditions, The chain-growth 

theory provides the most generally accented explanation 

of the observations which can be made during preparation 

Or Uh resins. 

3.3. EVALUATION OF RATE OF REACTION AT LOW TEMPERATURES 

The rate of reaction can be defined mathematically 

as: 

RP = t= Cte a. 

where c is the concentration of a reaction constituent 

in a reaction mixture. The negative sign denotes the 

consumption of a species and the positive sign denotes 

the production of a species. 

The numerical value of the expression 3.32. can be found 

from a plot of concentration versus time (c-t curve) 

where the gradient of the resultant curve at any given 

time is a measure of the rate of reaction (Fig. 3,3.) 

en.
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DEFINITION OF RATE OF REACTION 
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Therefore the steps required for the evaluation of 

rate of reaction are as follows: 

Cie) Observations of c-t curves under the required 

conditions, 

(ii) Representation of the c-t curves mathematically. 

(iii) Evaluation of the rate of reaction from the 

mathematical expression by differentiation of 

concentration with respect to time, 

It may be suggested at this point that if the curves are 

available, it would be possible to evaluate the gradient 

at a given point either graphically or by approximation 

techniques, However, in most cases c-t curves are of the 

exponential form and graphical or approximation techniques 

would prove to be inaccurate. The above three steps 

therefore, provide the best approach to the investigation 

of the kinetics.. 

3.3.1, DEVELOPMENT OF CONCENTRATION-TIME CURVES 

Details of c-t data which were made available are 

given in Table 3.4. and Fig. 3,4,(107). 

Concentration of F was evaluated using the acidimetric 

Ssulphite method described in Appendix 9. The experiments 

en performed in standard open glass reactors, equipped 

with a stirrer for agitation and a condenser to prevent 

escape of volatile materials. 36% formalin of industrial 

specifications (Appendix 6) was used in all experiments, 

The experimental investigation covered a temperature 

range of 20°-80°C at a U:F molar ratio of 1:1.33, See Fig. 3.4, 
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TEMP., T TIME :t CONG..4F) F 
06 MIN L 

0 23.40 
60 73.10 

25 120 9.90 
240 6,60 
360 4.75 

0 23.40 
15 14.50 
30 i180 

40 60 7.60 
120 4.70 
240 2:35 
300 ‘ 7a 

0 23,40 
10 8.80 
20 5,40 

60 30 3.75 
60 1.90 

120 1,00 
240 0.50 
360 0.25 

0 23.40 
5 7.40 

10 3.75 
20 io 

80 30 1.00 
60 0.70 

120 0.60 
240 0,50 
360 0.50 

TABLE 3.4. 

CONCENTRATION-TIME DATA FOR FORMALDEHYDE 

et. 
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3.3.2. MATHEMATICAL REPRESENTATION OF CONCENTRATION - 
  

TIME CURVES 

There are several techniques which can be applied 

to fit mathematical equations to the c-t curves. Since 

the curves exhibit exponential form, equations of the 

type 3.33, to 3,36, may be used for fitting the data. 

  

F = +ae%t where t>0 343; 

F = +at7° 384. 

. 
loglog >= A- loglog’ t +B Do. 

loglog oe A loglog t + B 350; 
F-Fro 

~ 

Plots of log F versus t from equation 3.33, gave a 

number of straight lines which possessed sharp discontinuities. 

Plots of log F versus log t from equation 3.34, 

resulted in straight lines covering the middle region of 

each set of data, turning into sharp curves at extremes, 

Plots of equations 3,35, and 3,36., which were used 

by Landquist(87) to present his data at 20°C: resulted 

in straight lines covering 85-90% of the range covered 

by each set of data, However the range of applicability 

fell with increase in temperature, Furthermore, use of 

equations 3.35. and 3.36. can be criticised on the grounds 

that the effect of employing a loglog scale is to reduce 

the relative magnitude of the divergence of data from 

straight line plots, In fact the above plots at 80°C 

were so inaccurate that a back substitution of time into 

the final equation produced free F concentrations which 
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were approximately 50% in error, 

A second approach to this sort of problem is the use 

of approximation techniques and elementary curve fitting 

principles. In this connection the method of least 

squares was applied to equations 3.33. and 3.34, to 

force a mathematical fit. Again the result, evaluated on 

a Honeywell 316 computer was to achieve fits over 

regions of data at each temperature, The method generally 

failed in attempting to cope with the sharp turn towards 

equilibrium in the c-t curves at high temperatures. 

Polynomial fits of the forms of equations 3.37, and 3,38, 

were also examined on the same computer. 

Fo = Se Hebe + oho dt tt + 3,37, 

a -mt 
F a + bt + ct. 4.2 6 3.00, 

By using terms as high as t*. im equation 3.97, Lets 

were obtained which covered the data range at 20°C and 

40°C with an average accuracy of 4% difference between 

experimental and predicted values of free F. However 

the accuracy dropped sharply with rise in temperature. 

Examination of equation 3.38, proved somewhat more 

successful giving 1.5% maximum difference at 25°C, with 

the difference rising to 5% maximum at 80°C, 

In conclusion of the above investigation the following 

points became evident, 

Ci) Comparatively poor accuracy in the equations 

developed to describe the data, 

(ii) Absence of any temperature dependance in the 

equations so that each temperature examined 

ee



was represented by a single equation, 

(iii) Increasing inaccuracy of developed equations 

as reaction temperatures are elevated. 

(iv) The fits being -confined to prediction of 

c-t curves for F only. 

The above considerations resulted in a search for a 

technique for providing better fits to the data, This 

was achieved by considering the reaction mechanism 

between U and F. | 

With reference to the literature on the chemistry 

of UF the following relevant points can be deduced: 

Ci) The combination of F with U begins with a 

series of addition reactions followed by condensation 

reactions. 

(ii) The speed and extent of reaction are dependant 

on the temperature, pH and the U:F molar ratio, 

(iii) In the pH range 4-9 the reaction rate remains 

constant at any given pd ie. 

(iv) U and F in the ratio of between 1:1 and 1:2.5 

react to produce only MMU and DMU as the addition products, 

the amount of TMU being negligible. 

In addition to the above points it should be 

emphasised that the function of the reactor is to effect 

the methylolation of U with F thereby achieving the first 

step in the manufacture of the industrial resins 

(Section 3.2.3.), The bulk of condensation reactions 

is achieved in later processing. With U:F molar ratios 

of interest being 1:1.33 and 1:2,2 and with pH range of 
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operatiionbeing well within the band 4-9, it is 

reasonable to suggest that the reactions taking place 

are: 
k1 

Re oO ee UF, 3.39, eoreniae 

k2 

k3 

UF, + FO —— UF, 3.40: 
ee J 

k4 

where 

UF, = MMU = Monomethylolurea 

UF, = DMU = Dimethylolurea 

ky and Kk, are rate constants for second-order forward 

reactions. 

Ko and k, are rate constants for first-order reverse 

reactions. 

From equations 3.39. and 3.40. the rates of reaction for 

F and U can be written as: 

dF RP, = -gp = k1.U.F- k2,UF, + k3,F.UF, - k4,UF, 3,41, 

Seu; RPy = -qp = k1.U.F - k2,UF, 3,42, 

where U,F,UF, and UF, denote concentrations of U,F,UF, 
1 2 

and UF, respectively. 

A mass balance on the system can also be written as: 

F 3.43, F + UF ‘ a2 2UF, 

2 UF, + UF, = a5 3.44, 

where UF, in this case denotes the concentration, in 

moles per unit volume, of F in UF, etc, 

Solution, of 30:40.,.and 3, 44:7 for UF, and UF, in terms of 

Uo and FS gives: 
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ry
 ui 2(U,-U) - (ie - F) 3,45, 

Cc x ll (U-F) - (U,-F,) 3.46. 

Substitution, of 3:45. and 3. 46. «into 3. 42 .. and 3442, 

results in: 

Be RP a “one RL SUGE = k2{2.(U,-U) - (a - Fy 

+ k3.F{2,(U,-U) - (FoF) 3.47, 

- k4{(U-F) - (Usk: ),} 

Lao J fies i nn eel % RP * a Kea, Usabes k2{2(U, U) (rs F)} 3,48. 

For solution of equations 3.47, and 3.48. values of 

k1, k2, k3 and k4 have to be specified. These were 

obtained by evaluating the data of de Jong and de Jonge 

using the Arrhenius (75,76) pnlotted as log k versus m 

equation as in, 3.49. sand: 3-50. 

-AE/ 
er, 3.49, 

AE 
A as Ln k 3.50, 

y
]
R
 

The slopesof the curves were calculated from a knowledge 

of the activation energies. This helped to reduce the 

error in estimation of the intercept (Ln A). 

The values obtained are: 

kt = 10°°9! gexp(-e542.5/T)* 1it/mol s S515 

’2 = 10°93) Exp(-9562,15/T) s~t 3.52, 

4.26 k3 = 10 EXP(-7045,8/T) lit/mol s 3.53. 

M4 = 10°. “exp(_9562°15/7) “oo 3.54, 

Using the above values for the rate constants, the 

System of second-order non-linear simultaneous differential 

are.



equations 3.47. and 3.48, were integrated on a Honeywell 

316 computer using the computer package, ASTON 

SIMULATION PROGRAM (ASP)(108) and the Runga-Kutta fourth- 

order routine(130). Details of the program and the 

package can be found in Appendix 7, A flow sheet is 

Siven dn Fig... 3. 5. 

This provided values for F and U concentrations 

versus time. 

a7e..



SET TEMPERATURE 

  

SET INITIAL 
CONCENTRATIONS 

CALCULATE RATE 
CONSTANTS 

    
      

  ¥ v 

INTTLALISE ASP © 
SET INDEPENDANT 
VARIABLE = 0 

  

      

      
DEFINE AND CALCULATE 

DIFFERENTIAL EQUATIONS       

   
   

CALL ASP 
STOP 

? 

  

   

    
     

    

  

    

  

PRINT 
PREDICTED RESULTS 

CALL ASP 
PRINT 

?     

  

  NO   

  
  

CALL ASP 
IDENTIFY INTEGRATION TECHNIQUE 
  

    
CALL ASP 

SPECIFY INTEGRATION STEP LENGTH 
    y 

C)}—__ CALL ASP 
INTEGRATE DIFFERENTIAL EQUATIONS 

        

FIG +3 5’, 

LOGIC DIAGRAM FOR SOLUTION OF KINETICS 

Fon



3.3,3, RESULTS AND DISCUSSION OF RESULTS 
  

The results are shown graphically in figures 3.6. 

and 3.7. The experimental curves are those described 

in section 3.3.2, 

As can be seen in Fig. 3.6,, excellent prediction 

of the experimental c-t curves are produced at 20°C and 

40°, However, as can be seen in Fig. 3.7. at 80°C 

there is originally close agreement between experimental 

and predicted results but divergence in the middle region, 

the curves converging again towards equilibrium, 

The discrepancies in the middle regions of Fig. 3.7, 

can be explained by consideration of the following points. 

Cay The unreliability of experimental results at 

higher Wea erec eee due to possible losses of formal- 

dehyde from 'open' reactions. 

(ii). Mode of operation i,e. charge reactor, heat 

to required temperature, then sample at chosen intervals, 

Reaction during the initial heating period cannot be 

avoided and must affect the results, particularly at 

higher temperatures, 

(iii) Possible inadequacy of the reaction mechanism 

hypothesised at higher temperatures including the omission 

of any of the side reactions taking place. 

Furthermore, Sato(109), in a paper published in 

1967 studied the thermodynamics of the reaction between 

U and F. The kinetics confirmed that the constancy 

range of the rate constants is, in general, confined to 

narrow conversion limits, This, he concluded, was due to 
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the change in the functionality of U with progress of 

the reaction. 

U reduces its functionality as the reaction 

progresses on reaction with F and the loss of ats 

reactive points. 

The above finding by Sato could explain the reason 

for the divergence in the mid-regions of Fig. 3.7. A 

sensitivity analysis on the rate constants at this point 

showed that in fact the predicted curves could be shifted 

to represent the experimental data at the higher 

temperatures with the same orders of accuracy achieved 

for the curves at 25° and 40°C, 

however, the main conclusion from this exercise was 

that confident extrapolation to the temperatures of use 

in the reactor operation was still not possible, 

It therefore became evident that the high temperature 

reaction between U and F under the conditions of interest 

had to be investigated, 

Shi.
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3.4, INVESTIGATION OF HIGH TEMPERATURE UF KINETICS 
  

In Chapter One, it was emphasised that in order 

to be able to use high temperatures for the reaction of 

U with F, the vapour pressure problems, presented by the 

presence of water in the system, have to be overcome. 

The same problem is encountered in the kinetic invest- 

igation of high temperature UF reactions. 

There is virtually no previous work published in 

this domain. Gorbunov et, al.(110) described a crude 

experimental technique for evaluation of the UF reactions 

in the temperature range 140°-160°C, 

A solution of urea in water was prepared in a test 

tube. A calculated quantity of Formalin with a set pH 

value was added to the U and some of the mixture 

transferred into an ampoule. The ampoule was sealed and 

immersed in a heating oil bath. The reaction time was 

measured from the time the ampoules were immersed in 

the bath, - On completion of the reaction the ampoules 

were removed and cooled in a stream of cold water. The 

ampoules were then broken and analysed for extent of 

reaction, The above work can be vigorously criticised 

on the following points, 

(i) The reaction times can be extremely inaccurate. 

No allowance was made for the temperature of the reaction 

mixture to reach that vol the.bath,. Obviously this could 

not have been possible with the technique used. 

Furthermore, as the reactions went to completion in 

between 2-4 minutes, the heating time and the cooling 
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time compared to the reaction time could introduce 

errors of the order of 300-400% in the timing. 

(ii) There was no agitation in the ampoules so that 

their results were not compatible with the published 

data, 

It was therefore necessary to develop a novel 

technique for investigation of the kinetics of UF at 

high temperatures. The technique would ideally possess 

the following features, 

(i) The reactions have to be examined in sealed 

vessels, 

(ii) Provisions should be made to allow accurate 

determination of the reaction time. 

(iii) Provisions should be made for adequate 

mixing. 

3.4.1. THE EXPERIMENTAL TECHNIQUE 

The reactor designed for this purvose is shown in 

Fig, 3.8, It is a Y-shaped glass vessel with two 

charging arms. Formalin solution of a chosen pH value 

is charged through one arm, while prilled urea is 

charged through the other, This has the effect of 

keeping the reactants separate until they reach the 

reaction temperature upon immersion in the constant 

temperature bath, On completion of charging, the arms 

are sealed by a flame, The seals are produced on very 

small areas so that the pressure force on the seal 

points remains small and therefore the possibilities of 
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leakage and breakage are reduced, The sealed reactor is 

then held by a clamp which also acts as the shaft to a 

suitable electric stirrer. The stirrer motor is 

repositioned carefully such that the reactor is well 

immersed in the constant temperature bath. Sufficient 

time is allowed for U and F to reach the bath temperature, 

during which, a very small portion of formalin solution 

evaporates so that the vapour pressure in the small 

volume keeps the rest of the reactants in the liquid 

phase; hence one reason for the small size of the reactor, 

  DIMENSIONS IN CM 

FIG.3.8., 

REACTION VESSEL FOR INVESTIGATION 

OF HIGH TEMPERATURE UF KINETICS 
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The motor is started at the same time as a stov-watch 

used to monitor the reaction time, The vessel at this 

stage is rotating around the axis projected by the 

stirrer shaft (clamp) and behaving as a 'Y-cone mixer’, 

After the required reaction time has elapsed the motor 

is stopped, The reactor is removed and immediately broken 

into a quantity of ice-water which helps to kill the 

reaction. (The ice-water serves as part of the water 

which has to be used in the analytical technique: See 

Appendix 9). The resultant mix is then directly analysed 

by the acidimetric sulphite method for free F (Appendix 9). 

The weight of reactants are chosen to suit the 

analytical method, this being the other reason for the 

small size of the reaction vessel. The round ends of 

each limb of the reactor are designed to stand the high 

pressures which could be generated in the system at the 

higher temperatures. 

3.4.2, RESULTS AND DISCUSSION OF RESULTS 

The above experimental procedure and technique proved 

successful in the first part of the experimental 

investigation(111) even though minor modifications were 

made to the reaction vessel for ease of operation. 

Investigation of the reaction between U and F at 25°C 

and 80°C, \idsees condi ttohs of able es A’ and Fig. 3.4. 

produced comparable results for free F which were on 

average 1% higher than those in Table 3.4, 

This was explained by the fact that use of sealed 
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vessels prevented any possible loss of free F. Having 

proved and perfected the technique, further work.was 

done(112) to produce c-t curves for molar ratios of 

1:1.33 and 1:2,2 in the temperature range 20° to 160°C, 

with the pH in the band 4-9, The results are tabulated 

in: Table 3.5. to 3.8, 

Examination of the results shows good agreement 

between Tables 3.5, and 3.6, and in comparison with 

Table 3.4, thereby confirming that the technique used 

was successful in concept and operation, The data at 

100°C in Table 3,8, show signs of inaccuracy near 

equilibrium which can also be seen in some other tables. 

This could be due to the decreasing accuracy of the 

analytical technique at low concentrations of free F. 

It also seems evident from Table 3.8, that the equilibrium 

concentrations at 160°C show higher values than those 

at 120°C, This clearly establishes that the 

Le Chatelier's principle does apply to the case of UF 

reactions. The reason this effect cannot be seen through- 

out the data can be attributed to the fact that not 

enough time was allowed for the equilibrium to be 

reached at lower temperatures. 
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RESULTS FOR U:F MOLAR RATIO 1:1.33 
  

  

  

  

  

          

TEMP., T TIME, t CONG. Fa; F CONC. Fo, F 
9C MIN % MOL/LIT 

0 23,32 9.1867 
60 12,98 5.1052 

25 120 10.04 3.9490 
240 6.75 2,6549 
360 5.78 2,2733 

0 23.32 9,1867 
60 17,87 3.0953 

40 120 . 5.43 2,1357 
180 3.47: 1.3648 
240 2,45 0.9636 
360 4G 0.6411 

0 23.32 9 1867 
10 8.75 3.4415 
20 6.15 2,1489 

60 30 4,50 1.7699 
60 2.57 1.0108 
90 1.42 0.5585 

120 Ls Bk 0.4759 
180 0.58 0.2281 

TABLE 3,5. 

CONCENTRATION-TIME DATA FOR UF MIXTURES 
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RESULTS FOR U:F MOLAR RATIO 1:1.33 
  

  

  

  

  

        
  

TEM Oo T) TING, t "| CONC; T5971 CONC, F., FP 
oc MIN % MOL/LIT 

0 23,32 9.1867 
5 6.38 2.5093 

10 3°68 1,4199 
80 20 1.88 0.7394 

30 1.36 0.5394 
60 0.98 0.3854 

120 0.86 0,3382 

0 23.32 9.1867 
27 2,96 1.1642 

2°55 1.49 0.5860 
120 5 0.60 0.2160 

10 0.33 0.1284 
20 0.38 0.1259 
30 0.15 0.0590 

0 23.32 9.1867 
1 0.95 0.3736 

160 5 0.82 0.3325 
10 O72 0.2832 
20 0.62 0.2438 
30 0.62 0.2438 

TABLE 3.6. 

CONCENTRATION-TIME DATA FOR UF MIXTURES 
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RESULTS FOR U:F MOLAR RATIO 1:2.2 
  

  

  

  

            

TEMP, | 21 TIME St 4c CONG. Foo PT CONC: FF 
oC MIN % MOL/LIT 

0 a7 12 10.4970 
5 21.96 8.4998 

10 21.10 8.1669 
40 20 18.29 7.0793 

60 14.10 5.4575 
90 19.35 4.3931 

120 10.95 4.2383 

0 27912 10,4970 
5 20.17 7.7988 

10 15.89 6.1439 
60 20 18:20 5.1038 

30 11.44 4.4233 
60 7.92 3.0623 

120 7.97 3.0816 

0 a7 19 10,4970 
5 6.24 a 4427 

80 30 5.29 2.0454 
60 3.91 1,5118 

120 4.10 1.5853 

TABLE 3.7. 

CONCENTRATION-TIME DATA FOR UF MIXTURES 
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RESULTS FOR U:F MOLAR RATIO 1:2.2 
  

  

  

  

  

          

TEMP, | Ge | PINE Ee CONC ROR PCONG, Pa, F 
oc MIN % MOL/LIT 

0 97 12 10.4970 
1.25 5.78 2.2348 
5,50 i792 0.6651 

100 10 1.19 0.4600 
20 1.19 0.4600 
30 1.9% 0.4524 
60 tae 0.4600 

0 27 19 10.4970 
1 1,92 0.7424 

5 0:77 0.2977 
120 10 0,47 0.1817 

20 0,32 0.1237 
30 0,19 0.0657 

0 27,19 10.4970 
1 3.73 1.4412 

160 5 2,77 +: O72? 
10 2:20 0.8492 
20 1,60 0.4470 
30 0.92 0.3577 

TABLE 3.8. 

CONCENTRATION-TIME DATA FOR UF MIXTURES 
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3.5. REPRESENTATION OF KINETIC DATA OVER THE 

TEMPERATURE RANGE 
  

The; final curve’ fitting technique of Section 3.3.2. 

was applied. to.-the results of tables $3.5. to 3.8. It 

became evident that the descriptions were not adequate 

for representing the entire temperature range. This 

could be attributed to two main factors: 

(i) Inadequacy of the reaction mechanism hypo- 

thesised, especially at higher denperamires 

(ii) The variation in the value of rate constants 

with reaction time as well as reaction 

temperature as suggested by Sato(109). 

The first problem was resolved by including the 

third addition reaction to the reaction mechanism such 

that the reactions became: 

kl 
U+F —— UF, 3.096 

k2 

k3 
UF, +F ——— UF 3.56. 

ee 2 
k4 

k5 
UF, + F ——— UF Seo. 

2 — 3 
k6é 

where UF, = TMU 

Hypothesising the reactions as such results in the rate 

equations being: 

dF RP, = -S> = k1.U.F.- k2.UF, + k3.F.UF, - k4.UF, + KS.F.UF,- k6.UF, 

3.58. 

RD cece aw eT OF ko oue 3.59 y = -ae ntl UF, 59.



Ke auFy 
— KL Uy, f+, RS. FSO. t= £4 OF D = = RP upd = + k2.UF, 1 -UF, 

OE OO. 

with the mass balance: 

U + UF, BE UF, + UF, = Uy oe Ole 

F + UF, + 2.UF, + 3.UF, = ¥. o462% 

so that 

UF, = 3(U,-U) + CEE? - 2.UF, 3. Gor 

UF, = 2(U-U,) + (FOF) + UF, 3.64. 

Suveci tution or 3.64. and 37/64. into, 3.58. «.3.59,.-and 

3.60, would nrovide the necessary rate equations for i 

U and UF. The inclusion of a rate equation for UF, is 

necessary for solution of the above system of differential 

equations. 

To comvlete the above description, it remains to 

specify values for k5 and k6 in equation 3.57. Due to 

lack of data it was not possible to calculate kK5 and k6 

in the same way as for the previous rate constrants. 

However de Jong and de Jonge(78) give anproximate values 

Lor KS and the equilibrium constant of equation 3.57. 

ot. gee, 

Using these values k5 and k6 can be written as: 

12 gy 3.65. kS 5 

k6 
1 ; 
5 * k1 : 3.66. 

The value of the equilibrium constant (k = 3) THOM. 3.60. 

and 3.66. will always remain at 1.2 although k5 and k6 

change with temperature. The above is not strictly 
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correct thermodynamically (i.e. the equilibrium constant 

must change with temperature since AE # 0) but as will 

become apparent from the Pe set of rate constants 

which follows, the above values will be adequate as 

apvroximate starting points for the calculation of more 

accurate constants which would represent the experimental 

Gata: 

3.5.1. NON-LINEAR REGRESSION ANALYSIS 
  

Dealing with the problem of variation in the value 

of the rate constants over the temperature range is 

more complex. Solution to this problem necessitates a 

simultaneous search for 4 to 6 rate constant values at 

each temverature. This search must therefore go on 

until the values found give the closest prediction of 

the experimental data. Such a search is called a 

multivariable unconstrained non-linear ontimisation 

vroblem., The object of the ontimisation is therefore 

to minimise the difference between the predicted and 

experimental values over the prediction range by varying 

the values of the 4 or 6 rate constants simultaneously. 

This exercise is also sometimes referred to as "Non- 

linear regression analysis" or curve fitting to non- 

dinear daca. 

Therefore use of the above technique should be made 

at each particular temperature to find the best values 

of the rate constants which would predict the exnerimental 

data within a specified limit of accuracy. 
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It must also be assumed that a fit provided for a 

particular temnerature will also be accurate in predict- 

ing the c-t data over a band around that temperature, 

For instance it may be assumed that the equations 

predicting the data at 40°C will hold in accuracy over 

the temperature range 30°-50°C, With the above in mind 

the steps which would have to be taken towards a solution 

are: 

(oie) Use of either equations 3.47. and 3.48. or 

equations 3.58. to.3.60, to predict the c-t 

data. 

(ii) Comparison of predicted and experimental data 

to find whether the specified accuracy is 

satisfied, 

(ild)* Tt accuracy is not satisfactory; use or 

optimisation routine to calculate new values 

for rate constants. 

(iv) Repetition of the cycles (ii) and (iii) until 

the required accuracy is reached. 

Investigation-of points (1) 7and Gili): above Lead to 

tne results of Table 3.9, which were obtained on a 

Honevwell 316 computer. 
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MOLAR RATIO | TEMP. REACTION MECHANISM PROVIDING 
U:F Oc ADEQUATE PREDICTION 

k1 
Ve > UF 7 aceon 

k2 
4°. Se 25 

k3 
UF,+F ——— UF 

i? ee 2 
k4 

1:3 saa 40 " 

Lai 233 60 u 

t:1.33 80 " 

K1 
it UF, 

k2 

k3 
1:1.338 120 U+UF, ——— UF 

1 <= 2 
k4 

k5 
UF5+F aon UF. 

k6 

Tt 38 160 " 

12.2% * 40 " 

1:23.24 60 ” 

173.2 80 u 

ri2: 3 100 " 

12.2 120 " 

252.2 160 " 

  

TABLE 3.9, 

CHEMICAL MECHANISMS FOR DESCRIPTION OF UF REACTIONS 
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Furthermore, in this context, the accuracy criteria 

Exp pres the 
experimental error in determination of free F. 3.67, 

for convergence of data was defined as F 

where 

Fexp Experimental free F at time t 

F Predicted free F at time t 
PRE 

With the experimental error in determination of percent 

free F being +0.1% (Appendix 9) equation 3,67, becomes 

Beco toy < ABSCO:1) | 3.68, 

Having svecified the reaction mechanisms for prediction 

at each temperature and the accuracy criteria it remains 

to assess an optimisation routine to search for the best 

'k' values, at each temperature, 

THE OPTIMISATION ROUTINE 
  

A computer package in Fortran was used for the 

ontimisation exercise (113). The nackage makes use of 

an improved simplex search routine, due to Nelder and 

Mead (114), to minimise an objective function, Details 

of the package can be found elsewhere (113). A logic 

diagram for the package is given in Fig.3,9. 

The inputs required for using the program are as follows: 

(i) A subroutine for description of the objective 

function to be minimised. 

(ii) The following variables:' 

Number of independant variables 

Initial starting values for the rate constants 

08



PICK STARTING 
POINT   

  

  

CALCULATE STARTING 
SIMPLEX       

¥ 
CALCULATE 
CENTROID 

  

    
  

   
   CONVERGENC 

OBTAINED ; 
2 

| NO 

CALCULATE 
REFLECTED POINT 

      

  

  

    
  

    

   
   

  

  

CALCULATE 
EXPANSION POINT       

   

  

   EXPANSION NO 
POINT LESS THAN 

REFLECTED 

YES 

  

    

    
y 
  

  

LOWEST POINT 

POINT LESS THAN 
WORST POINT 

NEW WORST POINT 
SET EQUAL TO 

|REFLECTED POINT 

+—© 

     

    
    
    

  

  REPLACED BY 
EXPANSION POINT 

  

  

    

LOWEST POINT     
CALCULATE 

CONTRACTED POINT     

REPLACED BY 
REEGECTED POINT 

Ke MES 

      

   

  

  

y 

WORST POINT REPLACED BY 
CONTRACTED POINT 

        

CONTRACTE 
POINT LESS THAN 

WORST POINT 

  O 

  

   
     

  

     
MOVE POINTS: 3 THE! 

  

£iG.3, 9.   
NELDER AND MEAD LOGIC 

DIAGRAM (113 © 
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Side length of simplex 

Reflection coefficient 

Contraction coefficient 

Expansion coefficient 

Accuracy 

The objective function to be minimised was defined as 

J=K 2 
ee (E; - Fy) 

J=1 

where 

Ey = Experimental value of free F for the Jth observation. 

F, = Predicted value of free F for the Jth observation. 

K = Number of experimental points. 

S = Sum squared error function. 

The values of free F were predicted by solution of the 

appropriate systems of equation of Table 3.9. at each 

temperature. The solution technique is as described in 

Section 3.3.2, ; 

In general the package, solved on an ICL 1904S 

machine, was found to be slow in convergence. Due to 

the high cost of computing and the lack of available 

funds the following three steps were taken. 

Gi) The prediction range was narrowed to shorter 

reaction times which caused direct-savings in computer 

simulation time. This was justified by the short 

residence times in the tubular reactor. At least two 

experimental points were included in the prediction 

range, 

(ii) Since simulation results produced predictions 
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at equait reaction time intervals it was necessary to 

interpolate some of the exnerimental data from the 

experimental curves, Failure to do so would result in 

vrint intervals as low as 6 seconds which would increase 

computer costs. 

(iii) The initial values of the rate constants were 

improved using an interactive Honeywell 316 computer, 

This reduced the optimisation times as the starting 

values for rate constants were much closer to the final 

results. In fact in some cases the Honeywell simulations 

nredicted results which satisfied the accuracy require- 

ments. 

For these cases no further optimisation was attempted 

as the cost did not justify the overall improvement in 

accuracy. 

Details of the program and the subroutine for 

nrediction of ¥ concentrations which also defines the 

objective function to be minimised can be found in 

Appendix 7. 

A logic diagram for the subroutine is presented in 

T1e. 3.10. 
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FROM 
MAIN 

-PROGRAM 

  

  

SET 4 OR 6 NEW 
VARIABLES 

v 
SET TEMPERATURE 

L 
SET INITIAL 

CONCENTRATIONS 

J 
CALCULATE 4 OR 6 VARIABLE 

NEW RATE CONSTANTS 

JL 
INITIALISE ASP 

SET INDEPENDANT VARIABLE = 0 

  

  

  

  

    
  

  

    
  

  

    
  

  @, v 

DEFINE AND CALCULATE 
DIFFERENTIAL EQUATIONS 

TO_OMU OR TMU 

    

      

       

    

  

STORE RESULT TIME EQUIVALENT TO 
XPERIMENTAL POINT        

   
   

  

  

  
  

   
   

ALL 
POINTS 

CALCULATED, 
NO Yes 

    

      

     
        

  

    
  
  

      

        
  

STOP 
% y 

CALL ASP EVALUATE SUM 
IDENTIFY INTEGR- SQUARED ERROR 
ATION TECHNIQUE FUNCTION 

CALL ASP or , 
SPECIFY INTEGRAT SET OBJECTIVE 
ION STEP LENGTH FUNCTION EQUAL 

TO SUM SQUARED 
ERROR FUNCTION 

CALL ASP 
INTEGRATE DIFFERENTIAL 

EQUATIONS     

  

FIG, 3:210:, 

LOGIC DIAGRAM FOR SUB-ROUTINE TO DEFINE 

OBJECTIVE FUNCTION FOR MINIMISATION 
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3.5.2. RESULTS AND DISCUSSION OF RESULTS 
  

The results are tabulated im Tables’ 3.10..to 3321. 

The values of the rate constants are given as 

multiples of the original rate constants, which were 

defined as: 

S18 k1 = 10°°28 Exp (-6542.5/T) lit/mol s 

2 = 10°'9? Exp (-9562.15/T) s7- 

4,26 k3 = 10 EXP (-7045.8/T) lit/mol s 

«4 = t0’°+5 exp (-9562,15/T) s > 

k5 = cas x 10°'18 Exp (-6542.5/T) lit/mol s 

5,18 
k6 = a x EXP (-6542.5/T) s72 

As an example kl = 0,8534 x kl refers to 

ki = 0.8534 x 10°°18 EXP  €-6542.,.5/7): tit/mer s..* The 

error at each data point is given by AEr, where 

AEr = Experimental value - Predicted value, 

The error criteria for convergence of data was defined 

in Section 3.51. as 

AEr = +0,1% or AEr = £+0,0394 mol/lit 

Assuming seven data points on each curve, the maximum 

value for the sum squared error function becomes 

s = (0.0394 yx 7 = 0.011 mol/lit ; 

Therefore the convergence criteria became 

S < 0.0108 mol/lit 

Appropriate values of 'S' were calculated for cases where 

the number of data voints was not equal to seven, 

The temperature range for application of each model is 
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assigned as follows: 

Molar Ratio 

.33 

.33 

33 

.33 

.33 

33 

no
 

Temverature of 

25 

40 

60 

80 

120 

160: 

40 

60 

80 

100 

120 

160 

-104- 

C 
: : Oo 

Prediction 

Temperature of 

application °c 

T<30 

30-50 

50-70 

70-90 

90-130 

T>130 

T<50 

50-70 

70-90 

90-110 

110-130 

T>130



RATE CONSTANTS 

  

  

  

          

kl = 0.8534 x kl k3 = 0.1034 x k3 
k2 = 1.0034 x k2 k4 = 1.0144 x k4 

remp., T| TIue, t | CONCENTRATIONS Fo,F MOL/LIT 

oC MIN 

EXPERIMENTAL PREDICTED 

0.0 9.1867 9.1867 
10.0 7.9500 7.9590 
80.0 7.0500 7.0626 

25 30.0 6, 3750 6.3801 
40.0 5.8875 5.8437 
50.0 5.4750 5.4114 
60.0 5.1052 5.0561 

U:F MOLAR RATIO 1:1.33 S = 0.0047 

TABLE 3410. 

COMPARISON OF EXPERIMENTAL AND PREDICTED RESULTS 
  

RATE CONSTANTS 

  

  

  

    
      

kl = 0.9030 x kl k3 = 1.0034 x k3 
ka = 1 4094 = k2 k4 = 1,0144 x k4 

remp., T |TImp, ¢ | CONCENTRATIONS Fo,F MOL/LIT 
oC MIN 

EXPERIMENTAL | PREDICTED 

0.0 9.1867 9.1867 
10.0 6, 3750 6.3454 
20.0 5.0250 4.9933 

40 30.0 4.2750 4,2033 
40,0 3.7500 3,6858 
50.0 3.3750 3.3208 
60.0 3.0953 3.0494 

U:F MOLAR RATIO 1:1,33 S = -0,0161 

TABLE 3.11. 

COMPARISON OF EXPERIMENTAL AND PREDICTED RESULTS 
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RATE CONSTANTS 

  

  

  

            

kim. -¥, 0068 x ki k3 = 4,0068 x k3 
ke = 1, 0068 x-k2 ka. = 41,0289 x k4 

TEMP., T |TIME, t CONCENTRATIONS Fo;F MOL/LIT 

ee MIN 

EXPERIMENTAL PREDICTED 

0.0 9,1867 9.1867 
10.0 3,4415 3.4306 
20.0 2,1489 2,1930 

60 30.0 1.7699 1,6078 
40.0 1,2750 1.2524 
50.0 1.0500 1,0090 
60.0 1.0108 0.8307 

U:F MOLAR RATIO 1:1,33 S = 0,0580 

TABLE 3.12. 

COMPARISON OF EXPERIMENTAL AND PREDICTED RESULTS 
  

RATE CONSTANTS 

  

  

  

            

ml. 4 OL 9G. x del k3 = 5.0136 x k3 
ma = 7.0106 XZ k4 = 5.0578 x k4 

TEMP,, T | TIME, t CONCENTRATIONS Fo,F MOL/LIT 

a 2 MIN 

EXPERIMENTAL PREDICTED 

0.0 9.1867 9.1867 
5.0 2.5093 2.4630 

10.0 1.4109 1.3902 
80 15.0 0.9900 0.9305 

20.0 0,7394 0.6821 
25.0 0,6000 9,5341 
30.0 0,5349 0.4413 

U:F MOLAR RATIO 1:1.33 S = 0.0229 

TABLE 3.13. 

COMPARISON OF EXPERIMENTAL AND PREDICTED RESULTS 
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RATE CONSTANTS 

  

  

  

          
  

k1 = 1.0000 x kl k3 = 5,0000 x k3 kS = 0.8333 x k5 
k2 = 1.0000 x k2 k4 = 1,0000 x k4 k6 = 1,2000 x k6 

TEMP., T | TIME, t CONCENTRATIONS F,,F MOL/LIT 

oC MIN 

EXPERIMENTAL PREDICTED 

0.0 9.1867 9.1867 
2.5 0.3860 0.6138 
5.0 0.2160 0.2011 

120 145 0.1350 0.1332 
10.0 0.1284 0.1208 
12.5 0.1195 0.1185 
49710 0.1048 0.1176 

U:F MOLAR RATIO 1:1.33 S 0,0021 

TABLE 3.14. 

COMPARISON OF 

RATE CONSTANTS 

EXPERIMENTAL AND PREDICTED RESULTS 

  

  

  

          
  

k1 = 1.0000 x kl k3 = 8,0000 x k3 k5 = 0,8333 x k5 
k2 = 1.0000 x k2 k4 = 4.0000 x k4 k6 = 1,2000 x k6 

TEMP., T | TIME, t CONCENTRATIONS Fo,F MOL/LIT 

=O MIN 

EXPERIMENTAL PREDICTED 

0.0 9.1867 9.1867 
1.0 0.3736 0.3761 
2,0 0.3562 0.3423 

160 3.0 0.3375 0.3330 
4.0 0.3337 0,3292 
5.0 0.3325 0,3275 
6.0 0,3287 0.3268 

U:F MOLAR RATIO 1:1.33 Ss 0.0021 

TABLE 3.15. 

COMPARISON OF EXPERIMENTAL AND PREDICTED RESULTS 
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RATE CONSTANTS 

k1 = 1.0000 x k1 k3 = 1.0000 x k3. k5 = 0.8333 x k5 
k2 = 1.0000 x k2 k4 = 41.0000 x k4. k6 = 1.2000 x k6 

Temp., T| TIME, ¢| CONCENTRATIONS Fo,F MOL/LIT 

oC MIN 

EXPERIMENTAL PREDICTED 

0.0 10.4970 10.4970 
10.0 8,1669 8.0954 
20.0 7.0793 7.0166 

40 30.0 6 ,5250 6.4295 
40.0 6.0750 6,0714 
50.0 5.7750 5.8345 
60.0 5,4575 5.6665 

U:F MOLAR RATIO 1:2.2 S = 0.0263 

TABLE 3.16. 

COMPARISON OF EXPERIMENTAL AND PREDICTED RESULTS 
  

  

  

  

        
  

  

RATE CONSTANTS 

k1 = 0.6000 x kl k3 = 5.0000 x k3 k5 = 16.6667 x k5 
k2 = 5.0000 x k2 k4 =10.0000x k4 k6 = 24,0000. x k6 

TEMP., T| TIME, t CONCENTRATIONS F,,F MOL/LIT 

20 MIN 

EXPERIMENTAL PREDICTED 

0.0 10.4970 10.4970 
2.5 8,9625 8,8844 

60 5,0 7,7988 7,7547 
7.5 6.8875 6.8982 

10.6 6,1439 6 , 2200 

U:F MOLAR RATIO 1:2.2 S = 0.01395 

TABLE? 2, 17: 

COMPARISON OF EXPERIMENTAL AND PREDICTED RESULTS 
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RATE CONSTANTS 

  

  

  

            

kl = 5.0000 x k1 k3 = 40.0000 x k3_ k5 = 0.0083 x k5 
k2 = 5.0000 x k2 k4 = 40.0000 x k4  k6 = 0.0120 x k6 

M remp., T | TIme, + | CONCENTRATIONS Fo,F MOL/LIT 

oC MIN 

EXPERIMENTAL PREDICTED 

0.0 10.4970 10.4970 
5.0 2.4127 2.4430 

10.0 2.2050 2.1210 
80 15.0 2.1375 2.0690 

20.0 2.0775 2.0579 
25.0 2,0550 2.0535 
30.0 2,0454 2.0504 

U:F MOLAR RATIO 1:2.2 S = 0.0131 

TABLE 3,18, 

COMPARISON OF EXPERIMENTAL AND PREDICTED RESULTS 
  

RATE CONSTANTS 

16.6667 x k5S 

  

  

  

            

k1 = 1.0000 x kl k3 = 80.0000 x k3 k5 = 
k2 = 1.0000 x k2 k4 = 30,0000 x k4 k6 = 12.0000 x k6 

TEMP,, T| TIME, t CONCENTRATIONS Fo,F MOL/LIT 

ae MIN 

EXPERIMENTAL PREDICTED 

O59 10.4970 10.4970 
1.25 2,2348 2,2965 
2,50 1.1625 1.0890 
3.75 0.9075 0.8134 

100 5.00 0,7424 0.7207 
6,25 0.6300 0.6743 
7,50 0,5475 0.6443 
8,75 0,5100 0.6227 

10.00 0,4600 0.6062 

U:F MOLAR RATIO 1:2,2 S = 0.0639 

TABLE 3.19. 

COMPARISON OF EXPERIMENTAL AND PREDICTED RESULTS 
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RATE CONSTANTS 

k1 = 1.2000 x kl k3 150.0000 x k3 kS 50.0000 x k5S 

  

  

  

          
  

k2 1.0000 x k2 k4 40.0000 x k4 k6 12.0000 x k6 

TEMP., T| TIME, t CONCENTRATIONS Fo,F MOL/LIT 

° MIN 

EXPERIMENTAL PREDICTED 

0.0 10.4970 10.4970 
1.0 0.7575 0,7643 

120 2.0 0,4125 0.4949 
340 043337 O. 432 
4,0 0.3000 0.3980 
5.0 0.2977 0.3774 

U:F MOLAR RATIO 1:2.2 S = 0,0237 

TABLE 3.20, 

COMPARISON OF EXPERIMENTAL AND PREDICTED RESULTS 
  

RATE CONSTANTS 

  

  

  

            

kl = 0.7000 x kl k3 = 8.0000 x k3 k5 = 1.0833 x k5 
k2 = 1.0000 x k2. _k4 = 4.0000 x k4 k6 = 1.5600 x k6 

remp., T |Time, + | CONCENTRATIONS Fo,F MOL/LIT 
oC MIN : 

EXPERIMENTAL PREDICTED 

0.0 10.4970 10.4970 
to 1.4412 1.4869 
2:0 1.2740 1.1963 

160 3.0 1.2000 1.1500 
4,0 1.1175 1.1395 
5.0 £20727 1.1369 
6.0 1.0125 1.1363 

U:F MOLAR RATIO 1:2.2 S = 0.0307 

TABLE 3.21. 

COMPARISON OF EXPERIMENTAL AND PREDICTED RESULTS 
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DISCUSSION OF RESULTS 
  

Tables 3.10, to 3.21, show 2zood prediction of 

experimental data. 

However it must be emphasised that the predictive 

chemical mechanisms have no chemical significance. 

Although the predicted data are a true representation 

of what happens in the experiments, no theoretical 

Significance can be attached to the chemical mechanisms 

from which the data were predicted, Discussing the case 

of U:F molar ratio 1:1.33 at 160°C (Table 34154) “as: an 

example, excellent prediction of the experimental data 

is achieved, Yet it cannot be assumed that the reaction 

between U and F progressing to the stage of TMU formation 

tS strictly *true, 12t 1s very dikely that other reactions 

are taking place at such high temperatures. Some 

condensation is inevitable. Also side reactions such 

as; fompmation of formic acid by Cannizzaro's, reaction 

should be significant at this temnerature (Appendix 6), 

Therefore to be able to attach chemical significance 

to the work above much more detailed research is 

necessary. 

A discussion of the behaviour of the systems at 

the various temperatures can be found elsewhere (111,112). 
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C HAD 4 eR 

SOLUTION OF MATHEMATICAL MODELS 
  

This Chanter presents the solution of the mathematical 

models developed in Chapter 2 and utilises the kinetic 

data evaluated in Chapter:3. The solution of the plug- 

flow models is followed by the description of a novel 

technique for the more complicated solution of the 

complex models. Flow diagrams elucidating the computer 

solutions are included where apvropriate. Listing of 

the orograms is given in Appendix 7. 

4.1, SOLUTION OF PLUG-FLOW MODELS 

The olug-flow models developed in Chapter 2 are:- 

(see 2.4). 

Vo ee = HRPE Ad 

Vo oe = ORPY Ae. 

vo oe = ete. mrot 

ae eee moms : 4, 

From Chapter 3 and depending on the U:F molar ratio and 

temperature the following equations can be written: 

(i) For cases where the reaction progresses to 

formation of DMU (Dimethylolurea}. 
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ki.U.F. .<- k2.UF Z | * ko. ULUF.. +. kA UY 4,5. F st 1 1 2 

RD. wo 225 ww hiot. & Re UF 4.6 U ot ° ° ato 1. °o 

where 

= a es ae oe = ae na sa UF, = 2(U,-U) - (F,-F) and UF, = (U=F) - (U,-F.) 

(ii) For cases where the reaction progresses to 

formation of TMU (Trimethylolurea). 

is oes | BPp =~ $y 7 RLLUP ~ k2.UP, + k3.UF,.F - k4.UFp + k5.UF).F - k6.UF, 

4.7, 

RPS ole a Ot eee 4,8 
U at oe a. ates 

Bp 20UFt SLi oly + ho. UF. +.42.0P.. 7 4 #4. DF is UF, ot e . P ° 1 . 1 ° 2 . ° 

where 

UF, = (F-F,) - 3(U-U,) - 2UF, and 

UF, = (FU-F) + 2(U-U,) + UF, 

Substitution of equations 4.5. and 4.6. into equations 

aie. 4,2, and 4.4. defines the plug-flow models which 

have to be solved where reactions proceed to formation 

ot DMD: Thus 

Vo ge = -K1.ULP. + k2.UF, - k3.UF,.F + k4.UF, 4.10. 

Vo Se = CKLLULF. + k2.UF, 4.11. 

Where the value of RP, in 4.12. is calculated from 4.5. 
F 

SUbSti tutwon ofc -equacions 4% (2.4.38 27 and 4.59)" into 

equations 4.1., 4.2., 4.3. and 4.4. defines the plug-flow 
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models which have to be solved where reactions proceed 

  

to. formation .of-TMU., Thus 

ones Pr 
ve re k1,U.F + k2,UF, - k3,UF,.F + k4,UF, - k5.UF,.* + k6.UF, 4.13:.. 

Viens a ep Pe ko TE , 4,14 oO 3 xX ’ , , 1 x . . 

UE) ss * ¥, ar Kae k2,UF, k3,UF,,F + k4.UF, AS), 

oT 4,364 Ku AHRF.R,Pr 
t memes (SS ee - en fs — Py SR (Tw-T) Oy S 4.16 

where the value of RP, in 4.16, is calculated from 4.7. 

The system of simultaneous partial differential 

equations 4.10. to 4,12, and 4,13. to 4.16. was solved 

using Aston Simulation Program (ASP) (Appendix 7) in 

conjunction with the Runga-Kutta 4th order technique of 

integration, The boundary conditions for solution were 

as described in 2.4, The logic for the solution can be 

given in the following steps: 

i>) Read the required data, including initial 

boundary conditions at tube. entrance (see 2.4,). 

Cds) Initialise ASP (set independant variable, 

distance, equal to zero). 

(iii) Check distance along the reactor, If 

distance exceeds 30ft change diameter of the 

tube and velocity, 

(iv) Check temperature, 

(v) Set appropriate values of rate constants and 

note whether the model to be used is the 

6 rate constant or the 4 rate constant model. 

Cv) Choose and define the differential equations 
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to be solved on basis of number of rate 

constants set, 

(vil) Check distance along the reactor, If 

distance exceeds 30ft snecify step length 

and integrate technique for use with the 

5/8" i.d. tube, 

(viii) If distance does ait! exceed 30ft specify 

step length and integration technique to be 

used with the 4'' i,d, tube. 

Cix) Integrate the ‘chosen differential cits cia 

for new values of concentrations and 

temperature (ASP). 

(x) Check on print time and termination point 

(ASP). 

(Gai) If termination point is not reached repeat 

steps (iii) onwards using new values of 

variables. 

A logic diagram on the basis of the above points is 

given in Fig.4.1, A listing of the program, written in 

Basic and solved on a Honeywell 316 Computer can be 

found in Appendix 7. 
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READ CONSTANT DATA     
  SET DISTANCE = 0 

  

    

  

  IS 
DISTANCE 
>30f t? 

CHANGE RADIUS, 
VELOCITY 

YES 

      

  NO   

  y 

INITIALISE ASP 

FIG. 4.1, 

LOGIC DIAGRAM FOR 

SOLUTION OF 

PLUG-FLOW MODELS 

    

    

  

  

CHECK TEMPERATURE 
ASSIGN APPROPRIATE VA 

TO RATE CONSTANTS 
NOTE NUMBER OF RAT 

CONSTANTS   
LUES 

ie 

    

     

  

DEFINE DIFF'L EQUATIONS 
GOING TO TMU FORMATION         

   DEFINE-DIFF'L EQUATIONS: 
GOING TO DMU FORMATION 

  | 

     

     
     

ASP STOP? 

  

PRINT RESULTS ASP PRINT? 
      

    
  

ASP. SREGIEY 
INTEGRATION STEP 

AND TECHNIQUE 

    

   

  

1S 
DISTANCE 
>30ft?       

  

ASP.e SPECIRY 
INTEGRATION STEP 

AND TECHNIQUE 
VES. 

    
  

  ASP INTEGRATE 
DIFF'L EQUATIONS 

  

  
    

    

o 
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EFFECT OF CHOICE OF STEP LENGTH ON ACCURACY OF RESULTS 
  

The choice of step length for integration is the 

most signiticant factor in the accuracy of the results. 

In general, the accuracy of results is improved with 

decrease in step length, However, excessively small 

step lengths result in high job times and therefore 

computer costs. 

For the case of the solution of the plug flow models, 

a step length of 10cm resulted in approximation and 

round-off errors which cused numerical over flow on the 

computer. However the difference in accuracy for the 

step lengths 5cm and lcm were in the second decimal place 

of the results only. Therefore the step length of 

integration chosen was 5cm for the +"i.d, tube, 

Similarly for the longer diameter tube the accpetable 

step length was found to be lcm. Using the above values 

a solution time of 35 minutes was obtained on the 

Honeywell 316 computer. This can be comnared to a 

solution time of 65 minutes for a step length of lcm 

along the whole of the reactor, on the same computer. 

4,2. SOLUTION OF COMPLEX MODELS 
  

The dimensionless complex models developed in 

Chapter 2 are: 

2 de. 8 Loe oe 
Vz(r)ox" Pe, ' RB (S372 Ape Grr) — Dare $17. 

oy 1 ieee 1 oe 
x(r) 3x’ ~ Pe,’ R rie 7 rae) B80 ae: 
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9UFL! 1 lL .5e0et! 44S 30rd! 
’ . = —_ —_— 5 - 

V(r) ax Peury ae ( were et or ) Daryr 4.19. 

QT! oer 1 er 
' ccd eae ee ncchensig pita 

V(r) ox! Pe, (3772 2 ie ar Darrt 4,20. 

where 

a r\4 Vi = ola (rm!) 3 4°21. 

For solutions of complex models either equations 

4.i¢,, 4.18. :and-4.20. or equations 4.17, :to 4.20. are 

chosen. The choice is made on the basis of the progress 

of reaction as described in section 4.1. with the 

inclusion of the ein nie rate equations, 

Therefore the task is to solve a set of three or four 

simultaneous, second order partial differential 

equations. The most frequent approach to the numerical 

solution of this problem is by the application of finite 

differences in both radial and axial directions. The 

result is a set of first order ordinary differential 

equations of the initial value type, the solution of 

which can be described as follows: 

Since only two independant variables are involved 

in the problem, the concept of solution can be 

represented on a two dimensional plane as shown in 

Fig,4,2. 

With reference to Fig.4,2, the following approximat- 

ions for the radial constituents of equation 4,17. can 

be written using finite differences: 

aoe oP INIA) oe 2F (NM) ee! CN<1 MM) 
or's (Ar')2 4.27,   

QF’! _ F'(N+1,M) - F'(N-1,M) 
So te 2.hr' oar. 
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also 

so that 

  

Substitution of equations 4,27, and 4.28... or finite 

difference descriptions of higher orders, into equation 

oF! 
4.17. and writing the term 3x7 «OAs: 

oF! _ F'(N,M+1) - F'(N,M) 
  

Ox! At 

renders the final finite difference equation, Similar 

treatment 

of Tinite 

such that 

(i) 

cif) 

of equations 4.18, to 4,20, results ina set 

difference equations which can be expressed 

the following two solutions become possible: 

An explicit solution, where the value of each 

pivotal grid point (Fig.4.2.) is calculated 

from the values of known pivotal points. 

An implicit solution, where the value of each 

pivotal point on the grid. (Pig... 4,277) us 

calculated from the solution of a set of 

simultaneous equations. 

Although implicit techniques of solution, such as 

the Crank-Nicolson iterative method (130) are much more 

complicated. They have the following two advantages: 

(i) 

(ii) 

Stability : stability meaning that errors 

evolved during the numerical solution of 

difference equations do not grow exponentially 

Dac damp OUut., 

Convergence : convergence meaning that the 

numerical solution approaches the exact 
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solution as the values of Ar' and Ax' 

approach zero, 

Hence in general the implicit methods are 

superior in approach and are considered as standard. 

The essential difference between the technique used 

and the standard approach is that finite difference 

equations are only used in the radial direction, The 

dooroximenios technique of using first order finite 

differences for integration in the axial direction is 

replaced by the Runga-Kutta fourth order integration 

routine. This is expected to give higher accuracy for ~ 

solution of complex models, considering the parabolic 

profiles which are used, The equation for solution 

therefore becomes: 

yr. SENGVM) © 1 pF’ (N+1M)-2F' (N,M)4F! (NO1,M) + F!(N+1 MEF '(N-1M)) pg 
X(T) ed! Pe, (Ar)4 2,N(Ar' )4 i 

4.29, 

Equation 4.29, has an infinite value at the centre line 

of the tube where N=0, Hence a separate equation must 

be found to represent the tube axis. 

Applying La'Hopital's rule: 

oFt. 9°R! 4,30, lim. Be Bee 
er aor ora 

ee O 

The equation to represent the tube axis becomes 

  

‘ OF'(O,M) _ 2 -F'(1,M)-2F'(0,M)+F'(-1,M), _ 
V(r) ox! Pe, { (Ags } Dary co 

To assign a value to the term F'(-1,M) use is made of 

the boundary condition (section 2.4,). 

oF! a 
or" 0 at r = 0 432. 
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Boundary condition 4.32, can be written as 

F'(1,M) - F'(-1,M) 
oar) 
  0 4,33, 

SO thar 

F'(1,M) = F'(-1,M) 

Hence the equation for the tube centre line is: 

  

yt. SE(O,M) _ 4 F'(L,M)-F'(0,M) 
x(r) ox' Pe, (Ar')2 } - Da 

IF 4,34. 

For values of dimensionless formaldehyde concentrations 

at the wall boundary condition (Section 2.4.) is used, - 

eee FEO GE ort eA 4,38. 
Fo 

This completes the development of the required algorithms 

for solution of formaldehyde concentration models. 

iat tay analysis can be made on equations 4,18, to 4.20. 

The resulting equations corresrond to 4,31. for general 

positions in the tube, to 4.34, for centre line position 

in the tube with replacement of appropriate dependant 

variables and equation constants, Equations 4.18, and 

4.19. use constant concentration boundary conditions 

for the wall (Section 2.4,) while equation 4,20. has 

a constant temperature boundary condition for some length 

of tube, The constant temperature boundary condition is 

replaced by the boundary condition which allows heat 

transfer when the temperature inside the tube exceeds the 

steam temperature. 

The system of algorithms so developed can now be 

programmed for solutions using the technique described 

above. It remains to specify the value of 'Ar' and the 
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stev length for integration. 

The reactor was divided into five increments in 

the radial direction giving 

ar. oO < 

or Ar 0.0655 cm 

This increment size was expected to be sufficiently 

small for accurate results, Furthermore, a maximum of 

twenty equations (four at each pivotal point on the 

radius) are solved simultaneously which exactly equals 

the capacity of ASP. Therefore use of smaller increments 

in the radial direction meant modification of ASP to 

cope with a higher number of simultaneous differential 

equations. Although possible, the small gain in accuracy 

did not seem to merit the modification of ASP. However, 

if the tube radius is enlarged excessively the above 

exercise may become necessary. 

The choice of step length for integration by the 

iseackucte tounthtozuer routine is governed by the 

same factors discussed in Section 4,1. A step length of 

0.002 (2.316cm) was used for the #"i.d, tube and 

0.001 (1.158cm) for the 5/8'' i.d. tube, giving average 

job times of 247 seconds on the ICL machine, Further- 

more, to increase accuracy the large step change from 

room temperature to steam temperature at the reactor wall 

was introduced in smaller increments over the first 

four steps along the reactor. 

The logic of solution is analogous to that described 

in Section 4,1. A logic diagram is shown in Fig.4.3., 

while the listing of the program written in Fortran and 

processed on an ICL 1904S computer can be found in Appendix 7. 
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DIMENSIONALISE 
ALL VARIABLES 

| 
SPECIFY VALUES 

FOR DATA 

i 

  

  

      

  

CALCULATE EQUATION 
CONSTANTS       

) 
DEFINE INITIAL CONDITIONS 

AT TUBE INLET 

i 
  

CALCULATE VELOCITY 
PROFILE 

| 
      

  

  

INITIALISE PROGRAM 
CONTROLLING VARIABLES       

L 
  

  
ASP 

INITIALISE, SET DISTANCE = 0     

  

  
COMPEETE STEP 

CHANGE     

  

s] 

(Ss 
DISTANCE YE 

>30f t? 

  

S SPECIFY NEW 
DATA       

  
  

NO 

  |EQUATION CONSTANTS 
CALCULATE NEW 

    HAS 
NO “TEMP. STEP 

“CHANGE BEEN 
COMPLETED 

% 

  

  

YES 
  

  

CHECK TEMPERATURE AT EACH 
PIVOTAL POINT       

i 
CALCULATE RATE OF REACTION 

GO TO SUBROUTINES 1-6 ACCORDINGLY AND | 

  

L 
  

DEFINE CENTRE LINE 
DIFF'L EQUATIONS 
  

A 
  

DEFINE PIVOTAL POINT 
DIFF'L EQUATIONS     iO   
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ASP 
SPECTFEY STEP 
LENGTH AND 
INTEGRATION 
TECHNIQUE     
  

  

ASP 
PRINT? _ 

    

      

    

     
    

  

STORE RESULTS 

ee, 

      

   1S 

REACTOR 

LENGTH 

OVERED 

NO 

    

   

    

  

    

tS 
DISTANCE 
>30f t? 

y, 
- YES 

TABULATE AND 
PRINT RESULTS 

      
ASP 

SPECIFY STEP LENGTH AND 
INTEGRATION TECHNIQUE 
  

  

  

    

  

  

ASP 
INTEGRATE ALL DIFF'L EQUATIONS     

WES 
        
       

   

Se NET 
SEER. SAT ISEIED: BY 

RREVIOUS VALUE 

   
    
      

  

HAS T4 
“REACHED. STEAM > 

TEMP 
it 

—————_, 
he PUT WALL TEMP. 

| EQUAL TO STEAM | 
TEMP.     

  

CALCULATE NEW WALL TEMP. 
    

  at   

é Y 

SET WALL VALUES OF 

CONCENTRATIONS 

    

    

Fig .4,3., 

LOGIC DIAGRAM FOR SOLUTION OF COMPLEX MODELS 
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CHA BT Ec R.: 5 

EXPERIMENTAL 

Chapter 5 describes the experimental pilot tubular 

reactor. A brief account of the original rig is followed 

by a discussion which highlights the necessity of 

some radical modifications. 

The compatibility of the modifications with the 

existing system is verified and the equipment, as used 

for the collection of experimental data, specified. The 

start-up and shut-down procedures are listed with 

particular reference to the novel sampling technique. 

The choice of the quantitative analytical technique 

is discussed and justified. The scope of the experi- 

mental investigation is then described and the range 

of operating variables specified. The chapter is 

terminated with sections tabulating the experimental 

results. 

5.1. DESCRIPTION AND OPERATING PROCEDURE FOR THE 

ORIGINAL RIG 

The rig description starts with the raw materials 

mixing tank and proceeds through the equipment in the 

order that the feed flows. A simplified flow diagram 

for the original layout is shown in Fig.5.1. 

Prilled urea is added to formalin, in the required 
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U:F molar ratio, in the mix tank. Buffer is added as 

necessary and the urea is dissolved with the aid of 

agitation and heat transfer through a heating/cooling 

copper coil. The direction of the heat transfer is 

governed by the choice of the U:F molar ratio. For a 

U:F molar ratio of 1:1.33 the endothermic heat of 

solution of urea in water causes a sharp drop in 

temperature and slows the dissolution of urea significantly. 

Therefore heat is supplied to the mix to speed up the 

solution step. For a-U:F molar ratio of 1:2.2, the 

heat release of the preliminary UF reaction compensates 

for theendothermic heat of urea going into solution and 

the initial sharp drop in temperature is rapidly recovered. 

However, the rise in temperature and therefore the rate 

of UF reaction becomes significant once the urea has 

dissolved. To avoid excessive reaction at this stage, 

cooling is applied to the mix to maintain a low 

temperature. 

On completion of dissolution the mix is transferred 

to the feed tank ready for processing. It poms an for 

up to two hours in some cases, until required as feed 

to the reactor, No heat transfer facilities existed in 

the feed tank. Meanwhile, a further batch can be 

prepared, 

The feed is then pumped through the reactor tube 

using a 'Milroyal' metering pump, the capacity of which 

is set on a vernier scale to give the required residence 

time. Regulated steam at the required pressure is 

introduced into the reactor jackets and the diaphragm 
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valve at the reactor outlet is closed until the required 

pressure is developed in the tubes. 

The material leaving the reactor enters the 

evaporator which is operating under vacuum, The sudden 

change in pressure causes flash vapourisation of a 

significant quantity of water at low temperatures. This 

water is passed through a condenser and leaves the 

system. Further vapourisation of the volatile solvent 

can be achieved using the reboiler. The product leaves 

the system through the product pump. 

5.2. NECESSITY OF MODIFICATIONS 
  

The above description of the original plant, which 

was set up as the pilot rigfor resin production gives 

rise to two critical questions which have to be answered 

satisfactorily before the plant can be used for the 

collection of experimental data. These are: 

(i) Observation of the behaviour of the feed mix 

indicates some UF reaction in the mixing stage 

and further reaction while the mix is residing 

in the feed tank, The extent and significance 

of these reactions has to be investigated. 

(ii) Valves for taking representative samples from 

the reactor for chemical analysis, were not 

fitted to the reactor. Therefore a sampling 

device and technique had to be developed. 
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5,2.1. INVESTIGATION OF THE FEED TO THE REACTOR 
  

The feed to the reactor was investigated for the 

U:F molar ratio of 1:2.2, ‘This was expected to represent 

the less vigourously reactive feed to the reactor 

because of its lower concentration. The plant conditions 

were simulated in the laboratory where prilled urea was 

added to 36% formalin in the molar ratio of 1:2,2 with 

adequate agitation and a cooling coil to prevent 

excessive rise in the feed temperature, The results 

presented in the form of a concentration and a temperature 

history can be seen in Fig.5,2. The analytical technique 

for determination of free formaldehyde was that used 

throughout the investigations in this project (Appendix 9). 

From the concentration history of Fig,5.2. it can 

be concluded that after two hours, which is the normal 

residence time for the feed, more than half the free 

formaldehyde has reacted, 

Furthermore, as there are no heat transfer provisions 

in the feed tank it can be assumed that the extent of 

reaction is more in the actual plant system. From the 

above it becomes obvious that the mix and the feed 

tanks behave as batch reactors for the feed to the tube 

reactor, This means that the feed is not consistent, 

which results in a non-uniform material leaving the 

reactor, This introduces an additional complication in 

the overall modelling of the tubular reactor since the 

modelling of the batchwise feed system becomes necessary. 

Therefore, inevitably the feed system had to be modified 
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to ensure a consistent, known feed to the reactor. 

MODIFICATION OF THE FEED SYSTEM 
  

The objectives to be achieved by the modified feed 

system can be listed as: 

(i) To keep. the reactants apart until they mix 

at the inlet to the reactor tube, 

(ii) To achieve adequate mixing in the correct 

molar ratio at the reactor inlet, 

Satisfying the first objective meant dissolving 

the urea prills in water and pumping the resultant 

solution to meet the Formalin-Buffer mixture at a 

T-junction at the reactor inlet, This system of feeding 

the reactor offers the advantages of consistency in feed, 

a known composition to the reactor and avoids a time- 

dependant feed composition, Conversely, one main 

objection to this system, in the industrial case, would 

be the additional introduction of water in the aqueous 

urea, which has to be removed at a later stage, However 

this objection may not be as critical as it seems. 

Urea is readily soluble in cold water and even more so 

in hot water, As a result, highly concentrated solutions 

of urea can be prepared, The excess water introduced, 

therefore becomes small in quantity as compared to that 

introduced by formalin and will either be flash 

evaporated with the bulk of the water or can be driven 

off using the reboiler, 

The second objective is harder to achieve, considering 
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the use of two piston feed pumps and the problems of 

phasing of the pumps so that the two pistons perform 

simultaneously. Due to variation of slip factors in 

pumps it is highly unlikely that the two pumps could 

ay be syncronised for simultaneous performance. It is 

possible to use a two pump combination driven by the 

same motor (mechanical coupling) to achieve the above 

requirement. However as this was not available the 

following steps were taken to ensure the correct and 

adequate mixing of the reactants. 

The tee at the reactor entaces was enlarged 

(Section 5.3.) so that the increased volume allowed 

better mixing of the two feeds. The extent of mixing 

was examined using refractive indices. This was done 

by comparing the refractive index of the material coming 

out of the tee, over an extended period, to that of a 

fresh well mixed laboratory sample with the same 

characteristics, An Abbe Refractometer (Bellingham and 

Stanley) was used and standardised with a glass test- 

piece of N = pi: 5173 using Monobromonaphthalene as 

cement, No attempts were made to phase the two feed 

pumps. The results given in Table 5.1. are averages of 

ten readings over an hour of testing. From Table 5,1. 

it can be concluded that adequate mixing and the correct 

molar ratio is obtained and tehrefore the feed system 

was adopted as such. 
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REFRACTIVE INDEX AT 25°C 

  

  

  

    

MATERIAL AEr 

LABORATORY | PILOT PLANT 

50% w/w 
Urea 1,4130 124128 0.0002 

Solution 

360.8 = 3739 1 3739 0.0000 

UF Feed : 

U:F Molar 1 580% 1.3890 0.0001 
Ratio 122.2         
  

TABLE S. 1°. 

ADEQUACY OF MIXING FOR THE MODIFIED 
  

FEED SYSTEM 

5.2.2, SAMPLING FROM THE REACTOR 
  

In the description of the original plant layout 

it was emphasised that no provisions for sampling from 

the reactor were available, 

In addition to satisfying the safety requirements 

at reactor pressures of between 100-200 psig, any sampling 

device to be used must possess unique properties due to 

the nature of resins produced in the reactor, Further- 

more, the high pressure makes removal of representative 
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samples very difficult as the material leaving the device 

will undergo physio-chemical change due to the sudden 

reduction in pressure. 

However, to test the mathematical models conveniently 

it is desirable that the material in the reactor should 

be sampled at frequent intervals along the reactor so 

that several residence times can be examined in each run 

carried out, From the above consideration the desired 

sampling device should possess the following properties. 

(i) Safety of operation 

(ii) No dead spaces; as the resins would gel 

(solidify) in such spaces 

(iii) Ability to provide samples without physio- 

chemical change due to the differential 

pressure, 

As a result of the above specifications, no such 

device was found readily available on the market and 

therefore the sampling device had to be designed, 

constructed and finally tested on the reactor. The 

sampling device developed is shown in Fig.5,3. and 

consists of: 

A main tube (EN58J Stainless Steel) passing through 

the valve which is the same size as the reactor tube 

and is inserted in the line (Reactor tube) by means of 

Ermeto couplings (Fig.5,6.), The valve thus becomes part 

of the reactor tube. A PTFE shaft is sealed perfectly 

on a hole $ inch diameter thus resulting in a small area, 

ensuring exertion of a small force on it and alleviating 

the problems of leakage, 
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The PTFE shaft is threaded against the top body 

(EN56 AM Stainless Steel) which has two seals on the 

main bade (EN58J Stainless Steel) with gaskets sealing 

the inner compartment. The PTFE shaft increases in 

diameter for a small length (%'') immediately before the 

seal closest to the reactor tube. This restricts the 

movement of the shaft such that it cannot be removed 

from the system. A compartment is produced as a result 

of the position of this protrusion in the top body of 

the valve, This compartment is sealed using'O' i 

The inclusion of this protrusion serves as a safety 

measure for cases where the valve is used carelessly 

or where the PTFE thread against the top body is 

damaged and fails. Thus the central plug could not 

eject hazardously under reactor pressure. The top body 

is bolted tightly to the main body at four points. 

Other dimensions of the valve are included in Fig.5.3. 

On Sieatie the valve the mix flows into the small 

valve compartment under the differential pressure and 

through the outlet which is submerged in a collecting 

vessel filled with ice water. The collection technique 

minimises any physio-chemical change which may occur as 

a result of the differential pressure (see Section 5.4.1.), 

Once the sample collection is completed, the valve is 

closed, Provisions are made for wash water and compressed 

air to wash and dry the inner compartment of the valve 

after each sample collection (Fig.5,3.). This avoids 

any possibility of gel formation due to any stagnant 

resin remaining in the sampling device. 
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The device so constructed was tested with the reactor 

operating at 250-300 psig and a steam temperature of 

160°C with water flowing through the tubes. Under these 

severe conditions the sampling valve performance was 

found to be satisfactory and the operation simple. Four 

such valves were therefore manufactured and inserted 

in the reactor tube at various points. The full descript- 

ion of the usage of the valve can be found in Section 5.4.1, 

5.3, THE MODIFIED PLANT DESCRIPTION 

The flow and instrumentation diagram, for the final 

equipment layout used in this work, appears in Fig.5,4. 

The description of the items of the plant follows: 

FORMALIN TANK 

The formalin tank was a 45 litre (0.045m°) QVF 

glass vessel. The stirrer system was made of stainless 

steel and included 4 baffles close to the vessel wall. 

The stirrer was driven by a 0-3000 RPM Gast MFG Corp. 

variable speed motor, The heating/cooling coil was 

made of 4 inch i.d, copper tubing and was connected 

to the steam and cold water lines via 4" gate valves. 

The wash water line to the tank and the drain line were 

made of 3'' flexible tubing and controlled by 4" gate 

valves. The outlet to the formalin pump was 1" i.d. 

pressure-tubing. A 4" flexible tubing water line joined 

this line via a 4" gate valve at a Tee. The tank 

temperature was checked manually using a -10 to 110°C 
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Mercury-in-glass thermometer, 

FORMALIN PUMP 

The formalin pump was a variable capacity 'Milroyal' 

metering pump having a maximum capacity of 40 GPH 

3,71) made of stainless steel. On the suction (0.1818m 

Side the line was 1" i.d. pressure tubing with wash 

water facilities as described above, On the process 

side the line was made of a 3" i.d. EN58J (type 316) 

stainless steel tube leading to the Tee at the reactor 

entrance. A calibration chart for the formalin pump 

can be found in Appendix 8. 

UREA TANK 

The urea tank was a 40 litre (0.04m?) opaque PVC 

vessel. The agitation system, the heating/cooling coil 

arrangement, the wash water and drain lines were as 

specified for the formalin tank. The outlet to the urea 

pump was also as specified for the formalin tank, The 

large i,d. tube avoided pump starvation on the suction 

side. The temperature was checked manually in the same 

manner as described for the formalin tank. 

UREA PUMP 

The urea pump was a variable capacity '"Milroyal"' 

P+) maximum capacity. metering pump of 80 GPH (0.3636 m 

On the suction side the line was a 1" i.d. pressure 

tubing with a 4" flexible wash water line joining it 

via a 34" gate valve at a Tee. On the process side the 
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line was a 3" i.d. EN58J (type 316) stainless steel tube 

leading to the tee at the reactor entrance. A calibration 

chart for the urea pump is included in Appendix 8, 

THE REACTOR TEE AND REACTOR ENTRANCE 

The tee where urea and formaldehyde solutions met 

at the reactor entrance was a #" stainless steel tee 

reduced on all three sides to accommodate 74, G2 Lineg 

from the formalin pump, from the urea pump and to the 

reactor. This increase in size gave the required volume 

for good mixing of the reactant solutions. Between the 

tee and the reactor entrance a wash water line joined 

the reactor tube via a 4'"' gate valve. This line was a 

safety measure such that the resin could be washed out 

of the reactor incase both pumps failed, Also before 

the reactor entrance a tee in the reactor line lead to 

a %'' diaphragm spring loaded relief valve and a pressure 

indicator. The stainless steel relief valve could be 

manually set to release the reactor contents at a given 

pressure. The pressure indicator was a "'Budenberg" 

stainless steel diaphragm type with a range of 00-1000 psig. 

THE REACTOR 

A detailed layout of the reactor is shown in Fig.5.5, 

The reactor consisted of three 10 feet lengths of } inch 

r.a, (16 SWG) and one $ feet Wength of (§ inch 1.4. 

(18 SWG) EN58J type 316 stainless steel tubes, The tubes 

were joined consecutively by means of small bends and 

Ermeto couplings, so that each tube could be easily 

\ 
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isolated if required. The actual formation of the tubes 

is shown in Fig.5.5. Each length of the tube was placed 

concentrically in a 4 inch i.d. mild steel pipe which 

constituted the thermal jackets. The bends connecting 

the tubes, including the sampling valves, were lagged 

using glass fibre wool and cloth. 

There are two separate lengths of the reactor to be 

considered in subsequent calculations. The effective 

reactor length as far as the reaction is concerned was 

assumed to be 38 feet (11.5824m) with a volume of 3 

47.1 in® (30ft at }" i.d. and 8ft at #" i.d.)(7,7107° m°). 

This meant that those sections of the tube (bends) which 

were not affected by isothermal heat transfer were 

assumed to be of little significance as reaction zones. 

The reactor length as used for calculations of residence 

time and pump delivery rates (Appendix 8) was 49.84 feet 

4.53 (15.1912m) with a volume of 55.41 in® (9.08x10~* m°). 

This was accounted for as follows: 
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Reactor tee to reactor entrance = 7,6" 

First tube Oe 

First bend =. ° 96" 

Second tube = 7710? 

Second bend = 2'9,4" 

Third tube * 210% 

Third bend e.. 516.9" 

Fourth tube =. 9 

Line between end of fourth tube 
and sample valve = gone 

Total length : = 49'10.1" = 49.84' 
(15,1912m) 

Volume (41'4,9" @ 4'1.d. ungse'S 2° e@ gg". 1 a 

= 55,41 in? (9,08 x 107¢ m°) 

Although the urea and formalin pumps were not 

equidistant from the tee, the lengths of the tubes 

between the pumps and the tee will not effect the 

calculations (Appendix 8). 

The pressure of the steam supply to the jackets 

was controlled using a Spirax Sarco (Type BRV) reduction 

valve. The steam pressure indicator was a David 

Harcourt Ltd., phosphore-bronze tube type gauge with a 

range of 0-200 psig. The steam was introduced into the 

jacket at the more elevated side of each particular 

jacket. The condensate from each jacket left separately 

via a steam trap, located at the lowest point of each 

jacket. 
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REACTOR SAMPLING VALVES 
  

The details of the sampling valves are given in 

Section 5.2.2. and Fig.5.3. Four sampling valves were 

inserted in the line immediately after each tube length 

and before each bend using Ermeto couplings. The 

diagramatic detail is shown in Fig.5,6. 

REACTOR TEMPERATURE MEASUREMENT 

Four thermocouples were situated adjacent to each 

sampling valve, The fiiaed oi of each cileenod unas was 

dropped into a depression made in the main reactor tube 

as shown in Fig.5.7(a), This ensured good contact at 

the wall, A copper strip covered each thermocouple 

keeping it in position and ensuring representative 

temperature distribution (Fig.5.7(b)). Each assembly 

was lagged with fibre glass wool and er heein. 

The four thermocouples were connected to a 6 

channel Kent (Mode Mark 3) recorder with a range of 

0-200°C, No cold junction for reference was required 

as the recorder had a compensation facility. The recorder 

was calibrated to BS1818, 

REACTOR OUTLET DIAPHRAGM VALVE 

The reactor outlet spring loaded diaphragm valve 

was a 34" stainless steel (EN58J type 316) construction 

of 38 GPH capacity. It was manually operated and set 

by trial and error to give the required pressure in the 

reactor. The diaphragm was made of PTFE. 
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THE PRODUCT REMOVAL SYSTEM 
  

The remainder of the equipment shown in Fig.5.4. 

is ordinarily used for flash evaporating and concen- 

trating the resin, However in this work the system was 

used to collect and cool the product from the reactor 

ready for disposal. For this reason the details of this 

part of the rig are not of relevance to the work carried 

out in this project and are therefore omitted. 

5.4. PLANT OPERATION AND EXPERIMENTAL PROCEDURE 

With reference to Fig.5.4. the plant operation and 

Sfoerimontsl procedure were as follows: 

The required w/w urea solution was prepared in 

the urea tank. The heating coil was used to compensate 

for the endothermic dissolution of urea in water and 

therefore speed the dissolution. The temperature of the 

solution was measured and stabilised. The pH of the 

particular batch of formalin of the required strength 

was measured at the formalin's stabilised temperature, 

A small amount of the required U:F molar ratio mix was 

prepared from the above solutions. The pH was recorded 

and the temperature of the mix noted as that at which 

the mix would enter the reactor. In cases where the pH 

of the above mix was less than 7.5, the formalin would 

have been adjusted with either 10% NaOH solution for 

U:F molar ratio 1:2.2 or Hexamine for U:F molar ratio 

421.33, such thatthe pH of. the mix fell in the’ range 
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TH = Bid 5 This initial pH was therefore at the more 

alkaline end of the correct range (Chapter 3) and 

compensated for the acidity developed as a result of 

the Cannizzaro's reaction, keeping the pH within the 

required band throughout the reactor, However such 

cases did not arise in any of the systems which were 

investigated in this work. The temperature of the urea 

solution and formalin were monitored continuously, 

The formalin pump was started and the vernier set 

to give the required delivery for the desired U:F molar 

ratio and residence time in the tube. The urea pump 

was then similarly set (Appendix 8). 

The delivery of each pump was chekced before and 

several times during each experimental run. 

The reactor relief valve was fully opened and the 

reactor outlet diaphragm valve fully closed, The relief 

valve was adjusted to open at a safe pressure of 

approximately 100 psig higher than that which would 

develop in the tubes. The diaphragm valve was then 

opened to such an extent that half the required pressure 

developed in the tubes, 

Steam was gradually allowed into the reactor jacket. 

Meanwhile cooling water to the evaporator and condenser 

was turned on to cool the product leaving the tubes. 

The steam pressure was then slowly adjusted using the 

reduction valve until the required pressure was developed. 

Time was allowed for the pressure to stabilise. 

Monitoring of reactor temperatures was started. 

At the same time all sampling valves were checked for 
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services and cleared. 

Once the reactor temperatures stabilised, approx- 

imately 10 to 20 minutes were allowed to Siarbe for 

all systems to reach steady state (Appendix 1). All 

variables were monitored continuously for any disturbances 

during this period. 

Once steady state was reached with all the equip- 

ment performing satisfactorily, the sampling sequence 

was initiated. Two samples were taken on every occasion 

because of the constraints imposed by the analytical 

techniques. 

Samples were removed from consecutive valves 

always starting with the one closest to the reactor 

outlet so that chances of disturbing the flow downstream 

were small. 

Once the first two samples were removed the 

operation of the reactor was continued until time was 

available for the next two samares to be accommodated 

in the analytical sequence. Thus unmonitored reactions 

during storage, sampling and analysing were avoided, 

During this period all the parameters were rechecked 

for possible disturbances and monitored to ensure 

consistency of conditions. 

On completion of the run steam was turned off 

frees t; When the reactor temperatures dropped to below 

50°C the tube pressure was released, Wash water to the 

reactor was opened at this point and the two pumps 

stopped. The urea and formalin tanks were then cleared 

and filled with water. The wash water to the reactor 
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was then closed and the two pumps restarted so that 

water was pumped through the pumps and reactor thereby 

cleaning the whole system. Finally the relief valve 

was fully opened so that it could be cleaned by passage 

of water through it, 

Once the equipment was clean, the shut down was 

completed by turning the equipment and services off 

systematically. 

A sample calculation to specify the equipment and 

services performance is given in Appendix 8. 

5,4.1. THE SAMPLING TECHNIQUE 
  

In Section 5.2,2, it was emphasised that sample 

collection was to be achieved without any physio-chemical 

change to the reactor mix, likely to occur as a result 

of the differential pressure. 

The arrangement for sample collection is shown in 

Fig.5.8, 

On opening the valve the resin flowed from the 

reactor tube into the valve compartment (Fig.5,3.). The 

small size of the compartment pressurised the bulk of 

the sample which flowed through the outlet tube into 

the test tube of Fig.5.8, The size of the test tube and 

the level of water in it was chosen in the trial runs 

such that under the most severe conditions of pressure 

and temperature any vapour entering the test tube in 

the form of rising bubbles would not reach the liquid 

surface. 
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No vapour left any other part of the valve. This 

was confirmed in the trials where the valve was covered 

with soap water and its behaviour inspected for any 

possible vapour leakage through the other joints, 

The experiments showed that at a jacket steam 

temperature of 120°C no bubbles of vapour entered the 

test tube, The resin could be seen entering the test 

tube and rising to the top as a result of its higher 

temperature. At a jacket temperature of 160°C, however, 

bubble formation was apparent. The level of liquid ea 

proved to be adequate as no bubbles travelled more than 

half-way up the test tube, 

Frequent use of the valves made it possible to 

judge the approximate weight of resin required, The 

ice water in the test tube as well as quenching the 

reaction by a drop in temperature and dilution was used 

as some of the water which is added to the resin as 

part of the analytical technique. Each sample removal 

took approximately 1-2 minutes to complete. The samples 

were immediately analysed on removal. Details of the 

technique and calculations required for the analysis are 

given in the following section and Appendix 9. 

5.5. THE ANALYTICAL TECHNIQUE 
  

In general, the primary purpose of any chosen 

analytical technique would be to differentiate between 

the constituents of the reaction mixture of urea and 

formaldehyde, These constituents can be listed as: 
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(i) Unreacted urea, "Free Urea". 

(ii) Unreacted formaldehyde, "Free Formaldehyde". 

(iii) Urea-formaldehyde addition products (Methylolureas). 

(iv) Urea-formaldehyde condensation products 

(Methylene bridged or Methylene ether bridged) 

of various molecular weights depending on the 

reaction conditions and the degree of progress 

of reaction, 

A literature survey on the methods capable of analysing 

the urea-formaldehyde reaction mixtures showed ohare 

five different techniques were available, These, in 

chronological order of development are: 

Ci) Quantitative Analysis (71,72,83). 

(41)... Polarography (.71.,.72,83,123), 

(iii) Paper Chromotography (124). 

(iv) Thin layer chromotography (125,126). 

(v) Gel-permeation chromotography (127,128). 

Therefore it became necessary to select one of the 

above techniques for application to the analysis of the 

reactor products. In order to be able to make this 

selection, the most important requirements of the 

technique to be used in conjunction with the reactor 

had to be identified. These requirements were of 

critical importance if the method was to be successful 

and are listed below. 

a. SPEED OF THE ANALYTICAL TECHNIQUE 
  

The reason for this can be associated with the 
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reactivity of the UF systems under acidic, basic or 

neutral conditions, even at low temperatures. Therefore 

the speed of the analytical technique is critical. 

b., REQUIREMENTS OF SMALL SAMPLE VOLUMES 
  

This arises as a result of the sampling valve 

construction. Although removal of large quantities of 

sample is possible, it is not advisable to do so as the 

flow pattern in the reactor tube could be elenificamely 

disturbed. 

c, ECONOMIC FEASABILITY 
  

Methods (iii) and (iv) were discarded due to their 

lengthy procedures. Methods (ii) and (v) were suitable 

and could be adapted for successful use giving results 

of good accuracy. In particular, gel permeation 

chromotography seemed a powerful analytical tool as it 

could analyse the constituents of the urea-formaldehyde 

reaction mixture as well as differentiate between the 

various molecular weight condensation products, However 

both of the above techniques (methods (ii) and (v)) had 

to be excluded for economic considerations. 

5.5.1. THE QUANTITATIVE ANALYTICAL METHOD 

Having concluded the above investigation with the 

choice of quantitative analysis, it remained to identify 
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the different routes required to analyse the different 

constituents of the reaction mixture, 

Assuming that since formaldehyde is in excess, 

all of the urea in the reaction mixture undergoes 

reaction, and also that formaldehyde is present in the 

mix in the form of: 

(a) free, uncombined formaldehyde 

(b) methylol groups (-CH,OH), and 

(c) methylene groups (-CH,-) 

Then by application of the following analytical ite igus 

it is possible to determine the percentage of formal- 

dehyde present in each of these three forms, 

The 'total-formaldehyde', i,e, (a)+(b)+(c) can 

either be estimated as the input formaldehyde or obtained 

analytically by, for example, distilling a sample of 

the mix with phosphoric acid, By the latter procedure, 

all formaldehyde residues are converted into free 

formaldehyde which can be estimated by a number of methods 

such as those described later in this section, 

Free-formaldehyde (a) can be estimated in a number 

of different ways, the essence of which is the reaction 

of formaldehyde with an agent such that acid or base 

is released, Titration is then used to measure the 

amount of acid or base produced which is a measure of 

the formaldehyde in the mix. 

The formaldehyde in the form of methylol groups 

together with the free formaldehyde i,e. (a)+(b) can be 

determined by using techniques such as the Iodimetric 

methylol analysis or the mild alkaline hydrolysis (129), 
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Having obtained (a), (a)+(b), and (a)+(b)+(c), 

appropriate subtractions give the individual values of 

Ch», and €c). 

The most important analysis in the above analytical 

procedure is the determination of free formaldehyde, 

This is because the free formaldehyde results are 

directly comparable to the results of the reactor model 

simulations. 

Since it has been assumed that all of the urea has 

reacted, then on the basis of the assumptions used for 

derivation of the kinetics (Chapter 3), the extent of 

reaction of formaldehyde is also the extent of formation 

of the methylolureas. For this reason the techniques 

for analysis of free formaldehyde were surveyed in detail 

and are presented in the next section, However, in the 

interest of completion and to provide a basis for 

judging the accuracy of the assumptions, the Todimetric 

methylol analysis was used to evaluate the extent of 

methylolation and methylene bridge formation (condensation) 

as described above. The choice was made in preference 

to the mild alkaline hydrolysis technique because the 

latter is less accurate in as much as it cannot differen- 

tiate between methylol and methylene ether groups. 

The details of the procedures are given in Appendix 9. 

The total formaldehyde was assumed to be the input 

formaldehyde, To ensure that no loss of formaldehyde 

occured, the formaldehyde content of the formalin feed 

was checked on several occasions as described in 

Appendix 9 under 'Standardisation of Formalin'. No 
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appreciable loss of formaldehyde was detected during the 

operation time of the reactor which was a maximum of 

two hours: at a time, 

5.5,2. FREE FORMALDEHYDE ANALYSIS 
  

Walker (116) in "Formaldehyde" lists eight different 

quantitative analytical methods for determination of 

free formaldehyde. Of these the most accurate and 

suitable is the 'sulphite method', Of the other 

techniques some are moderate in accuracy, some use hazardous 

chemicals such as cyanide and some possess lengthy 

procedures. Furthermore the sulphite method was selected 

as it satisfied the two criteria of selection which 

were described in Section 5.5, namely speed of test and 

requirement of small sample quantity. A sample weight 

of between 2 and 3 grams is required using this technique, 

the analysis time, for an experienced operator, being 

between 2 and 3 minutes. 

There are two versions of the sulphite method, 

these be nce 

(i) The acidimetric sulphite method 

(ii) The iodimetric sulphite method. 

The acidimetric sulphite method uses excess sodium 

sulphite solution which when added to the sample to be 

analysed liberates alkali which is titrated with 

standard acid. However, in the presence of urea, 

accuracy may be greatly reduced because of the alkaline 

catalysis of the U-F addition reaction, 
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De Jong and de Jonge(77), rejected the acidimetric 

sulphite method, on the above basis, and developed a. 

modification of the common sulphite assay known as the 

iodimetric sulphite method. 

From the work of de Jong and de Jonge, it may be 

concluded that the acidimetric sulphite method would 

generally give low results for free formaldehyde, 

However Landavist(83) compared the acidimetric sulphite 

method with the polarographic method and found excellent 

agreement between the two methods. Furthermore, the 

iodimetric method takes longer and is therefore more 

susceptible to error even though the pH of the analytical 

mixture is kept around the neutral region. It should 

also be mentioned that the reaction mixtures under 

investigation are well advanced in addition reactions 

and therefore with formaldehyde in excess the possibility 

of any unreacted urea in the solution is small. 

Assuming that the polarographic technique is the 

more accurate of the above three methods and from the 

above discussion, it is justifiable to select the 

acidimetric sulphite method as the best available. The 

details of the procedures are given in Appendix, 9. 

To conclude this section it must be emphasised 

that inspection of the acidimetric sulphite procedure 

shows that exactly one minute elapses between the addition 

of excess neutral sodium sulphite and the back titration 

of the excess acid. 

This is necessary for standardisation of the method 

so that all the results become comparable on the same 

-159-



basis. The implication of the above is that the technique 

becomes comparative and not absolute. However the 

discrepancy is not expected to be sufficiently great to 

adversely effect the aims of this project. 

5.6. SCOPE AND RANGE OF EXPERIMENTAL INVESTIGATION 

The experimental operating variables which influence 

the final properties of the reactor product and which 

have been investigated in-this work are: 

(4) Steam temperature in the jacket. 

(ii) Residence time in the tubes, 

(iai} U:F molar ratio. 

(iv) Concentration of the feed. 

The scope and range of variation in each of the above 

parameters is discussed in this section. One major 

parameter, the tube radius, whose variation would Ri tect 

the product properties significantly has not been 

investigated experimentally. 

RANGE OF JACKET TEMPERATURES 

This range was chosen to cover cases of industrial 

significance. The lowest jacket temperature was 120°C 

while the highest was 160°C. The upper limit was partly 

imposed by the very short residence times and partly 

by the investigation of the UF kinetics which was 

conducted to 160°C. The former was noted when early 

experiments showed that in cases where the residence 
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time was very low, the reactor contents did not have 

much time to reach the jacket temperature and left the 

reactor at 20 to 40°C below the jacket temperature. The 

low temperature limit was chosen so as to represent a 

realistically high temperature of operation such that 

savings in reaction time, as compared to the batch 

process (Chapter 1), became worthwhile. 

As a result, the reactor jacket temperature band 

of operation was 120 to 160°C with the three temperatures 

(120°c, 140°c, 160°C) being investigated experimentally. 

RANGE OF RESIDENCE TIMES 

Two residence times of industrial importance exist 

depending on the properties of the product required. One 

is in the range of 0-30 seconds and the ohne tet iece 

1 and 3 minutes. It was originally hoped that the 

conditions could be so chosen to cover both these ranges. 

However, the capacity of the formalin and urea pumps, 

the only pumps available, were such that only the shorter 

residence time range could be accurately covered. 

Furthermore, since four sampling valves were installed 

in the reactor line the choice of one overall residence 

time meant that four different residence times could be 

investigated simultaneously.. The maximum residence 

time obtained with the use of the above pumps was in the 

region of 60 seconds for the overall reactor length. It 

was therefore decided to choose two overall residence 

times which, due to the non-uniform geometry of the 
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reactor, encompassed only one overlapping residence time. 

In this way more comparative results could be gathered 

and also the consistency of the runs could be checked. 

The lowest residence time achievable was 26.75 

seconds which fixed the second residence time at 53.50. 

seconds for one overlap. These two residence times on 

break down covered the industrial range of interest. 

This made the investigation of the following residence 

times (RT) possible, (for calculations see Appendix 5). 

26.75 s giving RT of 3.34,6.68,10.02, 26.75 overall RT 

overall RT 53.50 s giving RT of 6.68,13.36, 20.04, 53.50 

RANGE OF U:F MOLAR RATIOS 

Two molar ratios of U:F which were of significance 

were investigated. 

These were: 

(i) U:F.1:1.33,. which represents the optimum 

reacting ratio for formation of 

methylolureas to DMU, and 

(ii) U:F 1:2.20, which ensures the formation of 

methylolureas higher than DMU. 

RANGE OF FEED CONCENTRATION 

The main purpose of investigation of this parameter 

was to assess the effect of variations in commercial 

formalin strength (36% w/w and 44% w/w) and the urea 

solution strengths on the product. The following 
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chathi nie fon Gun te therefore investigated. 

Ci Combination of 36% w/w formalin and 50% w/w 

urea solution. 

(ii) Combination of 36% w/w formalin and 25% w/w 

urea solution. 

(iii) Combination of 44% w/w formalin and 50% w/w 

urea solution. 

5.7, EXPERIMENTAL ERROR 
  

Before presenting the experimental results it is 

worth examining the sources of experimental error. 

Error is likely to arise in the following areas. 

(3 Quantitative analysis 

(ii) Measurements and Readings 

(114) Calculations 

It is attempted to quantify the error where possible. 

However in cases where this cannot be done with any 

certainty, the fact is reported. Each areais discussed 

separately. 

5.7.1. ANALYTICAL TECHNIQUES 

The error of the quantitative analysis arises in 

determination of total formaldehyde, free formaldehyde 

and methylol plus free formaldehyde. 
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TOTAL FORMALDEHYDE 

The total formaldehyde i.e. formaldehyde present 

in the formalin solution was assumed as the input 

formaldehyde in the feed, Furthermore the formaldehyde 

in the formalin solution was assumed to be at the 

manufactured concentration i.e. 36% w/w or 44% w/w, 

The variation of concentration of formaldehyde in the 

formalin solution at the time of this investigation was 

found to be a maximum of 41%, when results are ds to died 

as percentage of total solution analysed, i,e. the 

concentrations were 36+ 1% w/w and 44+ 1% w/w. 

FREE FORMALDEHYDE AND. METHYLOL PLUS FREE FORMALDEHYDE 

Duplicate analysis of several samples. established 

the reproducibility of these techniques to be within 

0.1%, when vedul ue are expressed as per cent of total: 

solution. However, as it was emphasised earlier in this 

Chapter (Section 5,5.2.) both of these techniques are 

comparative and therefore no absolute error of technique 

can be quoted, 

5.7.2, MEASUREMENT 

The errors of measurement could arise in assuming 

the jacket steam pressure constant, averaging the 

temperature recorders output over the experiment time 

and finally assuming that the delivery of the two pumps 
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remain constant, 

The use of steam regulator and steam traps allowed 

the steam pressure to remain constant within +1 psi 

absolute at steady state conditions, This infers that 

the steam pressure of 15 psig to give a jacket temperature 

of 120°C gave jacket temperatures of 1207 1.2°. 

Applying the same technique, the accuracy of the temperatures 

investigated are as follows: 

1202 42°C 

140+ 1.0°C. 

160% 0.5°C 

The recorder output temperature was generally 

constant under steady state conditions and was assumed 

representative, However, it is difficult. to quantify 

the error between the thermocouples response and the 

actual wall temperature. This is an even more critical 

argument in this particular case because of the thermo- 

couples being positioned in the lagged sections of the 

reactor. 

The error associated with the pump deliveries and 

therefore accuracy of residence times is easier to 

explain yet harder to remedy, The pumps output varied 

considerably due to pump drifts which could only be 

associated with the age of the pumps, This problem 

became especially acute at lower capacities which were 

predominantly used due to the excessive size of the 

pumps. An attempt was made to avoid any drifts by 

repetitive checks and calibration before each experiment. 

Unfortunately, even with the above checks the consistent 
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performance of the two pumps can not be certified, 

5.7.3. CALCULATIONS 
  

There are errors involved in the calculation of 

residence times due to the use of densities and conversion 

factors (Appendix 8). However the significance of 

these errors as compared to those discussed previously 

can be neglected, 

5.8. EXPERIMENTAL RESULTS 
  

The logic of the experimental runs was as follows: 

For one set of given conditions the reproducibility of z 

the results was established by repeating the experiment, 

Tables 5.2, and 5.3. show these results. 

The effect of variation in temperature at seven 

residence times with constant U:F molar ratio and 

concentration was then investigated, Tables 5.2,, 5.4, 

and 5°55, exhibit. the results of.this investigation, 

The molar ratio was changed and the above repeated. 

The results for the investigation at this molar ratio 

are given in Tables 5,6. and 5.7, Finally the effect 

of variation in concentration was investigated at seven 

residence times with constant U:F molar ratio and 

temperature. These results can be found in Tables 5.8. 

and 5.9, 

The experiments are numbered so that the results 

can be clearly discussed with reference to particular 

-166-



experiments, Tables showing the comparisons possible 

between the results of the various experiments together 

with full discussion of the implications of the results 

are presented in the next Chapter, 
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EXPERIMENT REFERENCE NUMBER 

PARAMETERS 
  

El E2 E3 E4 

  

MOLAR RATIO, U:F 132.9 232.9 122.2 15220 

  

UREA SOLUTION STRENGTH/ 
FORMALIN STRENGTH, %W/w | °0/36 | 50/36 | 50/36 | 50/36 
  

  

  

JACKET TEMP. , °C 160 160 160 160 

RESIDENCE TIME, S 6.68 |.13,36 | 20.04 .| 53.50 

INPUT F., % 7 621.777 4.24.77. 491,27 
  

(FREE & METHYLOL) F.,.% | 21,22 19,69 At you 17,01 

  

    
  

  

    
FREE F., % 19,76 | 13,82 8,49 5,72 

METHYLOL F., % 1.46 | 5.87) 8,63” | 11.29 

METHYLENE F,, % 0.55 2,08 4.65 | 4.76 

REACTOR LENGTH, am 304,8 | 609,6 | 914.4 | 1158,24 

REACTOR WALL TEMP., °C 124 158 168 166         
  

INLET TEMP, = 35°C 

TABLE 5,2, 

EXPERIMENTAL RESULTS 
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EXPERIMENT REFERENCE NUMBER 
PARAMETERS 

E5 EG E7 E8 

MOLAR RATIO, U:F $e Oe 14:99) 41.258.2 -}4:9,9' 

Pete sean, ae 50/36 | 50/36 | 50/36 | 50/36 

JACKET TEMP., °C 160 160 160 160 

RESIDENCE TIME, S 6.68 | 13.36 | 20.04 53,50 

INPUT F., % MYA Ob 87) 776 4-81 9 

(FREE & METHYLOL) F.,%| 21.42 | 19,12 | 17.03 | 17.86 

FREE F,, % 19.72 #1 19,68 8.05 6.34 

METHYLOL F., % 1.70 5.49 8.98 | 11,52 

METHYLENE F., % 0.35 2.65 4.74 3.91 

REACTOR LENGTH, cm 304.8 | 609.6 | 914.4 | 1158,24 

REACTOR WALL TEMP., °C 126 157 168 165 

INLET TEMP, = 35°C 

TABLE 5,3. 

EXPERIMENTAL RESULTS 
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EXPERIMENTAL RESULTS 
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EXPERIMENT REFERENCE NUMBER 
PARAMETERS 

EQ E10 Elt E12 

MOLAR RATIO, U:F £130 Va ioel tee of 1:oi0 

mie Wy 50/36 | 50/36 | 50/36 | 50/36 

JACKET TEMP., °C 120 120 | 120 120 

RESIDENCE TIME, S 3.34 | 6.68 | 10.02 | 26.75 

INPUT F., % 21.77 | 21,771, 21,97 | 21.77 

(FREE & METHYLOL) F., %| 21,70 | 20.50 | 19,84 | 18.17 

FREE F., % 21.12 | 19,98 | 18.65 | 11.87 

METHYLOL F., % 0.58 | 0.52] 1.19 6.30 

METHYLENE F,, % 0,07. | O27 7%.1,93 3,60 

REACTOR LENGTH, an 304.8 | 609,6 | 914.4 | 1158.24 

REACTOR WALL TEMP. , °C 68 102 | 108 138 

INLET TEMP. = 35°C 

TABLE 5.4, 

 



  

EXPERIMENT REFERENCE NUMBER 

PARAMETERS 
  

E13 E14 E15 E16 

  

MOLAR RATIO, U:F 1:2.2 ai2.2 2.2 Ase 2 

  

UREA SOLUTION STRENGTH/ 
FORMALIN STRENGTH, % w/w| 2/36 | 50/36 | 50/36 | 50/36 
  

  

  

JACKET TEMP., °C 140 140 140 140 

RESIDENCE TIME, S 6.68 13,36 20.04 53,50 

INPUT F., % 2) S99 Zi Pt ot 27 oT? 

  

(FREE & METHYLOL) F., %| 20.00 19,84 18.60 15.90 

  

  

  

    
    

FREE F., % TOU73 |} 44,80 °)> Tice9 7.36 

METHYLOL F., % 0.27 4.95 7,31 8.54 

METHYLENE F., % ret 1.93 3517 5,87 

REACTOR LENGTH, cm 304.8 | 609.6 | 914.4 |1158,24 

REACTOR WALL TEMP., °C 103 135 154 152         
  

INLET TEMP. = 25°C 

TABLE 5.5, 

EXPERIMENTAL RESULTS 
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EXPERIMENTAL RESULTS 
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EXPERIMENT REFERENCE NUMBER 
PARAMETERS 

E17 E18 E19 E20 

MOLAR RATIO, U:F S198 je t:1.39 | 1:1/83 | 121.83 

rea Winca an 50/36 | 50/36 | 50/36 | 50/36 

JACKET TEMP., °c 120 120 120 120 

RESIDENCE TIME, S 3,34 6.68 | 10.02 | 26.75 

INPUT F., % 17,30 | 17.30 | 17,30 | 17,30 

(FREE & METHYLOL)F., %| 17,17 | 16,20 | 14,96 | 13,71 

FREE F., % 16.89 | 16.13 | 14,93 | 12.60 

METHYLOL F., % 0,28 0.07 0.03 1st 

METHYLENE F., % 0.13 1.10 2.34 3,59 

REACTOR LENGTH, cm 304.8 | 609.6 | 914,4 | 1158.24 

REACTOR WALL TEMP., °C 68 88 108 132 

INLET TEMP. = 34°C 

TABLE 5.6. 

 



  

  

  

  

  

  

  

  

  

  

      
              

EXPERIMENT REFERENCE NUMBER 
PARAMETERS 

E21 E22 F23 E24 

MOLAR RATIO, U:F 409 F sae os beled Sa. 1:4. 99 

Pa sees 4 aA 50/36 | 50/36 | 50/36 | 50/36 

JACKET TEMP., °C 140 140 140 140 

RESIDENCE TIME, S 6.68 | 13.36 | 20.04 | 53.50 

INPUT F., % 47.50: |) BY. 908) 17.90) | 44.36 

(FREE & METHYLOL)F., %| 17,19 | 15.54 | 10.98 6.94 

FREE F., % 16.61 | 12.81 6.26 1.40 

METHYLOL F., % 0.58 2.73 4.72 B53" 

METHYLENE F., % 0.11 1.76 6.32 | 10.36 

REACTOR LENGTH, am 304.8 | 609.6 | 914.4 | 1158.24 

REACTOR WALL TEMP,, °C 106 135 161 159 

INLET TEMP. = 34°C 

TABLE 5.7. 

EXPERIMENTAL RESULTS 
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EXPERIMENT REFERENCE NUMBER 

PARAMETERS 
  

E25 E26 E27 E28 

  

MOLAR RATIO, U:F 1:2.2 17232 12:2 Pemew 

  

UREA SOLUTION STRENGTH/ 25/36 25/36 25/36 
FORMALIN STRENGTH, % W/W oy ‘2 t , 
  

  

  

JACKET TEMP., °C 140 140 140 140 

RESIDENCE TIME, S 6.68 | 13.36 | 20.04 | 53.50 

INPUT F., % 15,61 “W15.6%s}: 16:61. -.| 15.61 
  

(FREE & METHYLOL)F., %}| 16.61 14,92 14,68 12.12 

  

  

    
  

    
FREE F., % Y 15,17 LD 587. 7.96 6.16 

METHYLOL F., % 1.44 3.05 4.70 5.96 

METHYLENE F., % 0,00 0.69 0.93 3.49 

REACTOR LENGTH, cn 304.8 609.6 914.4 |1158.24 

REACTOR WALL TEMP., °C 101 132 134 149           

INLET TEMP. = 34° 

TABLE 5.8. 

EXPERIMENTAL RESULTS 
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EXPERIMENT REFERENCE NUMBER 

PARAMETERS 
  

E29 E30 E31 E32 

  

MOLAR RATIO, U:F 1:2.2 1:2,2 1 Bae 1:2,2 

  

UREA SOLUTION STRENGTH/ FORMALIN STRENGTH, % w/w | 50/44 | 50/44 | 50/44 | 50/44 

  

  

JACKET TEMP., °C 140 140 140 | 140 

RESIDENCE TIME, S 3,34 6.68 10,02 26.75 

  

INPUT F., % 24,44 24,44 24,44 24,44 

  

(FREE & METHYLOL) F., %| 23.34 24,16 24.10 20.19 

  

  

      
    

FREE F,, % 23,29 22,20 18.20 10.41 

METHYLOL Feige é 0.05 1.96 6.91, 9.78 

METHYLENE F., % 1.10 0,28 0.34 4,25 

REACTOR LENGTH, cm 304 ,8 609.6 914.4 | 1158,24 

REACTOR WALL TEMP., °C 72 102 136 162           

INLET TEMP. = 34°C 

TABLE 5.9. 

EXPERIMENTAL RESULTS 
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CHAP? TER. .G 

DISCUSSION AND COMPARISON OF RESULTS 
  

In Chapter 6, experimental and predicted results 

are discussed and compared, Initially, the experimental 

results reported in Chapter 5 are examined, discussing 

the effects of the variations in parameters investigated. 

These results are then compared with the plug-flow ) 

model predictions and the accuracy of the predictions 

estimated. The comparison of the experimental results 

with the complex model simulation then follows with a 

parallel treatment. The chapter terminates with sections 

summarising the major conclusions, suggesting the more 

appropriate model for use under the conditions specified 

in this investigation. 

6.1. DISCUSSION OF EXPERIMENTAL RESULTS 

The experimental results presented in Tables 5.2, 

to 5.9. are discussed in the following sections, 

Beginning with an examination of the reproducibility 

of the results, the work develops to discuss the effect 

of variations in temperature, molar ratio, concentration 

and residence time on the performance of the tubular 

reactor, 
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6,1.1. REPRODUCIBILITY OF EXPERIMENTAL RESULTS 

The reproducibility of the experimental results 

for a given set of conditions can be assessed by 

examination of the experiments detailed in Table 6.1. 

  

  

  

            
  

EXPERIMENTS Mg LONE oud 
TO BE 

COMPARED RT; MR., G8... ,., 
Seconds a3) U%/F% OC 

El Vs E5 6.68 Ps2i2 50/36 160 

E2 Vs E6 13, 36 132.2 50/36 160. 

E3 Vs E7 20.04 Ate ae 50/36 160 

E4 Vs E8 53.50 12S 50/36 160 

RT., : Residence Time SS,, : Solutions Strengths, w/w 

MR., : Molar Ratio T., 3} Temperature 

TABLE 6,1. 

REPRODUCIBILITY OF RESULTS 

An adequate number of data points, for one given 

set of conditions, were not obtained (due to limits 

on availability of equipment) to permit a meaningful 

statistical analysis for means and standard deviations, 

However, comparison of the data obtained for the 

conditions outlined in Table 6.1, shows good reproducibility 
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of the results. The reproducibility of the more important 

of these data, namely, free formaldehyde and temperature 

is shown graphically in Fig.6.1. 

6.1,2, EFFECT OF VARIATIONS IN STEAM TEMPERATURE 
  

The effect of variations in steam temperature can 

be examined by comparison of the experiments detailed 

LB Table 6.2... 
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CONDITIONS 

  

  

  

  

  

            
  

EXPERIMENTS 
TO BE 

COMPARED Pa Ger oh oe 
Seconds UF U%/F% oC 

E1 160 
Vs 

E13 6.68 | 1:2,2 50/36 140 
Vs 

E10 120 

E2 160 

Vs 13.36 | 4:2;2 50/36 

E14 140 

E3 160 

Vs 20.04 | 1:2.2 50/36 

E15 140 

E4 160 

Vs 53,50 | 1:2.2 50/36 

E16 140 

EIS 120 

Vs 6.68 | 1:1.33 | 50/36 

E21 140 

TABLE 6.2, 

EFFECT OF VARIATION IN 
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For ease of comparison, the free formaldehyde 

concentrations in these experiments are presented in 

Fig.6.2, From an examination of Fig.6.2. in conjunction 

with the above experiments, the following points can 

be deduced. 

a. FREE FORMALDEHYDE CONCENTRATIONS 

(i) The effect of an increase in steam temperature 

is to speed the rate of reaction of formaldehyde, This 

is valid for both molar ratiosinvestigated. From Fig.6.2. 

the only exceptions seem to be the data points represented 

by E17 and E18. For the above statement to be true 

E17 and E18 should have values higher than E21. 

This suggests that these two data points are in 

error by 0.7 to 0.9%, but since the value of this 

descrepancy is well within the degree of reproducibility 

and experimental error, it can be concluded that the 

temperature effect proposed is valid, 

(ii) The increase in the speed of reaction caused 

by increase in steam temperature from 120 to 160°C seems 

to be negligible for up to 6.68 seconds residence time 

at both molar ratios (E1,E10,E13) and (E18,E21), (See 

miso 118). 

The effect of the increase in speed of reaction 

however becomes progressively more significant with 

increasing residence time for both molar ratios (E4 Vs E16 

and E23. Vs E20). 

(iii) The shapes of the curves in Fig.6.2. suggest 
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a reaction initiation lag after which the bulk of the 

formaldehyde reactions occur in a comparatively short 

time. The curves are then seen to flatten towards 

equilibrium. 

(iv) Higher steam temperatures attain lower values 

of equilibrium concentration of. formaldehyde (E4 Vs E16). 

Furthermore the reaction positions of points E4 and E16 

suggest that further reactions, of the condensation 

type, take place at the higher temperature. This Saher 

ment seems valid since if the same reactions occured at 

both 140°C and 160°C, it would be expected that the 

curve at 160°C would cross the curve at 140°C near 

equilibrium heading towards a higher equilibrium value, 

of unconverted formaldehyde as a result of the 

Le Chatailier's principle (Appendix 5). As the shape 

of the curves represented by El, E2, E3, E4 and E13, 

E14, E15, E16 do not exhibit any such tendency, it 

must be concluded that the extent of condensation 

reaction at 160°C is higher than at 140°c. 

b. METHYLOLS AND METHYLENES 

(i) Higher temperatures favour a faster conversion 

of formaldehyde to methylols for. U:F molar ratio of 

1:2.2, This is particularly valid for shorter residence 

times as the ratio of methylol formaldehyde to methylene 

formaldehyde appears to decrease with increasing 

residence times (series El to E4, E13 to E16 and E9 to E12). 
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Lower temperatures cause slower methylolation and 

therefore permit some of the methylols produced to be 

converted to methylenes (E9-E12). Although high residence 

times suggest that. methylol formation is well in excess 

of methylene linkage, the data shows that the extent 

of formation of methylene compounds is significant and 

cannot be assumed negligible (E3,E4,E16). 

(ii) For molar ratio of 1:1.33 at low temperatures, 

almost all of the methylols formed convert immediately 

to methylene (E17 to E20). At higher temperatures 

however, the speed of methylol formation seems to be 

faster than the condensation reaction at lower residence 

times, However. an increase in residence time results 

in the bulk of methylols being converted to methylene 

(E21 to E24). . This can.be explained by the more vigorous 

reaction at this molar ratio due to the higher 

concentration of reactants. 

c, REACTOR WALL TEMPERATURES 
  

The wall temperature at some point along the reactor 

exceeds the steam temperature due to the exothermic 

nature of the reaction, Beyond that point, cooling 

occurs, as shown in the longer .residence time experiments 

where the wall temperature approaches the aeeen 

temperature near the reactor outlet. This effect how- 

ever cannot be detected at lower residence times because 

of the poor cooling characteristics of steam. Asa 

result of the above it could be said that the exotherm 
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of the reaction coupled with heat transfer from the 

steam to the resin will always result in the wall 

temperature exceeding the steam temperature if adequate 

time is allowed. The wall temperature will then drop 

slowly to reach the steam temperature at which point 

a constant wall and steam temperature can be retained. 

6.1.3. EFFECT OF VARIATION IN MOLAR RATIO 

Table 6.3. gives the details of the experiments 

which can be compared for an assessment of the effect 

of variation of molar ratio on the reactor performance. 

7 The free formaldehyde concentrations of the 

experiments listed in Table 6.3. are shown in Fig.6.3, 

Some of the effects of change in molar ratio were 

discussed in Section 6.1.2., in conjunction with the 

effect of variations in temperature. The additional 

points which can be deduced from Fig.6.3. are listed 

below. 

a. FREE FORMALDEHYDE 

tt) The shape of the curves in Fig.6,3. suggest 

that the reaction mechanism is the same for both molar 

ratios, 

(ii) Bach: molar ratio: exhibits a. reaction initiation 

lag both at 120°C and at 140°C, (E9,E17,E13,E21). 

(iii) The reaction stage shows a faster rate of 

reaction at the molar ratio of 1:1,33 (H13,E14,E15, Vs 
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CONDITIONS 

  

  

  

  

  

  

  

  

        
      

EXPERIMENTS 
TO BE 

COMPARED RT., on. |: Ss, T, 
Seconds U:F U% /F% oC 

E13 172.9 

Vs 6.68 - | 50/36 140 
E21 1%, 38 

E14 C73 
Vs 13.36 50/36 140 

E22 1: 3.30 

E15 1:22 
Vs 20.04 50/36 140 

E23 a: tae 

E16 1:7-9 
Vs 53.50 50/36 140 

E24 +1788 

EQ Te eS 
Vs 3.34 50/36 120 

E17 1234 

E10 532-2 
Vs 6.68 50/36 120 

E18 - 41.83 

E11 172.2 
Vs 10.02 50/36 120 

E19 $44.33 

E12 72:9 
Vs 26.75 50/36 120 

E20 1:1733 

TABLE 6.3. 

EFFECT OF VARIATION IN MOLAR RATIO 
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E21 ,E22,E23). This is as a result of the higher 

concentration of the reactants at this ratio. 

(iv) A higher equilibrium concentration of free 

formaldehyde is attained at the higher molar ratio. 

This can be attributed to the excess formaldehyde 

present at the molar ratio of 1:2.2. However, the drop 

in concentration of free formaldehyde at this molar 

ratio seems to be small with increasing residence times 

once the bulk of the reaction has taken place (E15,E16 

and E23,E24). This implies that free formaldehyde takes 

little part in the condensation reactions which follow, 

(v) A close examination of the curves of He. 623. 

suggests that irrespective of the starting molar ratio, 

it is possible to arrive at the same resin composition, 

as far as free formaldehyde concentration is concerned, 

by the choice of the correct residence time at a given 

temperature (E14 Vs E22 and E12 Vs E20). This can be 

explained by the fact that while the resin at a molar 

ratio of 1:2.2 has passed its reaction initiation lag 

and is well into the process of reaction, the resin with 

the molar-ratio. of. 1:32.33 has just started “its reaction 

stage and hence the concentrations of free formaldehydes 

virtually coincide. A further implication from the above 

is that the reaction initiation lag for the higher molar 

ratio takes less time while the rate of reaction is 

slower at the higher molar ratio. 
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b. METHYLOLS AND METHYLENES 
  

The formation of methylol and methylene compounds 

is greatly influenced by the molar ratio employed, At 

a molar ratio of 1:2.2, at shorter residence times, up 

to 20.04 seconds, dtc alarel formation seems predominant, 

although some methylene bridges are formed during the 

process (e.g. H2,E3). Increase of residence time causes 

a Significant conversion of methylol to methylene 

compounds (E16,E12).. At.a molar ratio of 1:1.33 any 

methylols formed seem to be immediately consumed by 

condensation reactions (E17,E18,E19,E22). This effect 

becomes more pronounced with increases in residence time 

where the condensation reactions become predominant (E24). 

From the above it can be concluded that the lower the 

molar ratio, the less the time lag between the addition 

and the condensation reactions, to the extent that the 

two reactions become virtually simultaneous, 

c. TEMPERATURE 

The wall temperature variations reflect the increase 

in speed of the reaction as the molar ratio is lowered, 

A faster reaction results in faster heat release 

which in turn results in higher wall temperatures for 

the same residence time and steam temperatures. This 

can be verified by comparison of E15 and E23 where at 

a residence time of 20,04 seconds and a jacket temperature 

of 140°C, the 1:1.33 molar ratio shows a wall temperature 
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of igt-c® whereas the 1:2,2 molar ratio shows a wall 

temperature of 154°C. 

Furthermore, the implication that the reaction 

initiation lag takes a shorter time at the higher molar 

ratios seems to be confirmed by the wall temperatures 

of E9,E10,E11 and E12 as compared to those of E17,E18, 

E19 and E20. This comparison shows E10 to have a value 

14°C higher than E18, Finally, in general, at lower 

residence times and higher temperatures not much 

difference can be detected between the wall Meearatdrct 

produced by either molar ratio. This could be as a 

result of a decrease in the siginificance of the 

reaction initiation lag with increasing temperatures 

(E13,E14 Vs E21,E22). 

6.1.4. EFFECT OF VARIATION IN CONCENTRATION 
  

The effects which would be manifested as a result 

of a change in concentration of the reactants will 

correspond to those described for variations in molar 

ratio. Since. an increase: in molar ratio-,orL Fru 

corresponds to a decrease in concentration of the 

reactants, the changes observed as a result of an increase 

in molar ratio of F:U will therefore correspond to the 

changes which would result if the concentration of the 

reactants were reduced, 

Comparison of the experiments tabulated in Table 6.4, 

confirms the above as well as the conclusions which were 

arrived at in association with changes in the molar ratio, 

-190-



discussed in the previous section, 

  

  

  

  

  

  

            
  

expen TuENte CONDITIONS 

TO BE 

COMPARED RT., MR. , Ss., a 
Seconds U:F U%/F% % 

E13 50/36 
Vs 6.68 ae ED 140 

E30 50/44 

E13 50/36 
Vs 6.68 ToD 140 

E25 25/36 

E14 50/36 
Vs 13.36 1932 140 

E26 25/36 

E15 50/36 
Vs 20,04 Voge 140 

E27 25/36 

E16 50/36 
Vs 53.50 122.3 140 

E28 25/36 

TABLE 6.4. 

EFFECT OF VARIATION IN CONCENTRATION 
  

The free formaldehyde concentrations of the 

experiments detailed in Table 6.4. are shown graphically 

in Fig.6.4. 

confirms the points discussed in Section 6.1.3. with 
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respect to free formaldehyde reactions. Some further 

points, however, may be deduced from comparisons of 

experiments listed in Table 6.4, as outlined below: 

(i) The best conditions for conversion of formalde- 

hyde to methylolureas with the avoidance of significant 

condensation at a given temperature is achieved by a 

combination of low concentration and shorter residence 

times. This seems evident when experiments (E25,E26,E27 

and E30,E31) are compared with experiments E21 to E24. 

The above point can also be deduced by comparing B14 and 

E15 with E22 and E23. Increase in either concentration 

of the reactants or residence time results in the 

conversion of methylols to methylenes. Decrease in 

temperature also adversely affects the minimum formation 

of methylenes (See 6.12). 

(ii) Comparison of the experiments of Table 6.4,confirms 

that the reactor wall temperature reflects the speed 

and extent of reaction, At high concentrations a 

temperature rise above that of the steam and subsequent 

cooling suggests that the bulk of the formaldehyde 

reactions have been completed and the resin is under- 

going condensation reactions. 

The confirmation of the validity of the above 

statement can be deduced from E21 to E24, E13 to E16 and 

also generally elsewhere through the data, 
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6.1.5. EFFECT OF VARIATION IN RESIDENCE TIME 

The effects of variations in residence time on the 

reactor performance have been discussed in conjunction 

with the effect of variations in other parameters 

through Bot. 3... tor6 144. 

6.1.6. SOME CONCLUSIONS OF EXAMINATION OF EXPERIMENTAL 

RESULTS 

Some of the more important conclusions of the 

examination of the experimental results, presented in 

the previous sections, can be summarised as follows:- 

(i) 

(ii) 

elise) 

(iv) 

(v) 

(vi) 

The experiments are reproducible with a 

good degree of consistency, 

Experimental evidence suggests a reaction 

initiation lag, which preceeds the reactions 

which consume the bulk of free formaldehyde. 

The reaction initiation lag takes a shorter 

time at higher U:F molar ratios. 

Low residence times and high temperatures seem 

to reduce the significance of the reaction 

initiation lag between the two molar ratios 

investigated, 

Wall temperatures reflect the speed of the 

reaction and at high concentrations the 

extent of the reaction. 

The reactor wall temperature at some point 

along the reactor tube will always exceed 
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(vii) 

the steam temperature, if adequate residence 

time is allowed, Subsequently the temperature 

will drop and attain a constant value equal 

to the steam temperature, The extent of the 

wall temperature rise above that of the steam 

depends on residence time and concentration 

of reactants. 

A higher degree of reaction is achieved as 

the steam temperature is elevated, 

(viii) The reaction mechanism follows the same pattern 

(ix) 

(x) 

(xi) 

(xii ) 

at both molar ratios investigated. 

The reaction is accomplished faster at lower 

molar ratios (F:U) and higher concentrations. 

High molar ratios (F:U), low concentrations, 

short residence times and high temperatures 

favour the addition reactions. Increase in 

residence time increases the extent of 

condensation. 

At lower molar ratios (F:U) (higher concen- 

trations), the addition and condensation 

reactions seem to take place simultaneously. 

Increase in temperature at these ratios 

causes addition reactions to become faster 

as compared to the condensation reactions. 

However, both methylols and methylene 

compounds are formed extensively. 

For a given temperature, it is pUucible to 

arrive at the same resin composition, 

with respect to free formaldehyde, irrespective 
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of the starting molar Tatvio; with thes preht 

choice of residence time, 

(xiii) At a given temperature the best conditions 

for conversion of free formaldehyde to 

methylols with no significant condensation 

are low residence times, low concentrations 

and high molar ratios (F:U). 

(xiv) Free formaldehyde takes little part in the 

condensation reactions. 

6,2. COMPARISON OF EXPERIMENTAL RESULTS WITH PLUG-FLOW 
  

MODEL PREDICTIONS 
  

In this section the experimental results are 

compared. to the results of the plug-flow model simulations. 

The plug-flow models were simulated for the 

conditions of cables Oe to 5.9, of Chapter 5.” With 

reference to Chapter 4 and Appendix 7, the models were 

programmed for output of free formaldehyde concentration 

and reactor wall temperatures with respect to tube length, 

The model outputs were printed at 10cm intervals along 

the reactor, This was to economise on the operation 

time as shorter Sutput: tatervals extended the simulation 

times significantly. 

Minor modification to the program (Appendix 7) 

would permit the print-out of other variables measured 

experimentally (e.g. methylenes and methylols), How- 

ever, significantly longer simulation times are required 

for this evaluation. Unfortunately adequate time and 
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budget were not available for this exercise. 

The comparisons are tabulated in Tables 6.5. to 

6:12. 

The abbreviations listed below are used throughout the 

Tables: 

RL., : Reactor length 

FFC., : Free formaldehyde concentrations 

aie : Temperature’ 

AF., : Absolute difference between experimental 

and predicted results for free formaldehyde 

AT,, : Absolute difference between experimental 

and predicted results for temperature 

EXP., : Experimental data point 

PRE., : Predicted. data point 

Me. ee MOLe?. Yee. Curr) 

ST., : Steam/jacket temperature 

US., : Urea solution strength 

FS., : Formalin solution strength 

The experiments are numbered in the tables for 

ease of reference to Tables 5,2. to 5.9, 

Generally, the plug-flow models are seento provide 

excellent prediction of free formaldehyde concentration 

and reactor wall temperatures. The patterns and 

accuracy of prediction of the plug-flow models and 

complex models are discussed together later in this 

Chapter (6.4.) 
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CONDITIONS 

  

    

  

  

  

    

MR., U:F 1:2. 

ae. “Cc 160 

US,, % W/W 50 

FS., % W/W 36 

FFC,, % Tr 6 
EXPERIMENT | RL., AF AT 

NUMBER cn % OG 

EXP, | PRE, EXP, | PRE, 

El 304.8 | 19.76] 19.70] 0.06] 124 | 116.39] 7.61 

FQ 609.6 | 13.82] 14,10] 0.28] 158 | 159.80] 1.80 

E3 914,4 | 8.49] 9,24] 0.75] 168 | 175.31] 7.31 

E4 1158,24| 5.72] 6.02] 0.30] 166 | 176.0 | 10.0               
  

MAXIMUM T,, 182.9°C AT 990 om 

PLUG FLOW PREDICTIONS 

TABLE 6.5. 
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CONDITIONS 

  

    

  

  

  

    

MR 20 ore Lee 

BT. [a ran 

US 2. % WM + 480 

PS: Gwe: "36 

FFC., % 7.220 
EXPERIMENT | BL., AF AT 

NUMBER cm % oC 

EXP, | PRE EXP. | PRE 

EQ 304.8 | 21.72] 21.71 10.01 | 68 | 65.70 | 2.30 

E10 609.6 | 19.98 | 20.34]0.36|102 | 90.86 | 11.14 

E11 914,4 |18.65|19,20/0.55|108 | 105.97 | 2.03 

E12 1158.24 | 11.87 | 11.20 | 0.67 | 138 | 141.70] 3.70                 

TABLE 6.6, 

PLUG FLOW PREDICTIONS 

-199- 

 



CONDITIONS 

  

    

  

  

  

    

BR. U: +7 eva : 

ST, sc 140 

US., % W/W 50 

FS,, % W/W 36 

oO 

EXPERIMENT | RL., Tee iP AF tes AT 
NUMBER am % oc 

EXP, | PRE, EXP. | PRE, 

E13 304.8 {19,73 | 20.45 |0.72] 103] 97.82] 5.18 

E14 609.6 | 14.89 ]15,.69]0.80] 135]138,03] 3.03 

E15 914.4 | 11.29] 12,22 ]0.93| 154 ]150.67] 3.33 

E16 1158,24 | 7,36] 6.16/1,20] 152 | 163.60 | 11.60                 

MAXIMUM T., 166,80 °C AT 1050 cm 

PLUG FLOW PREDICTIONS 

TABLE 6.7, 
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CONDITIONS 

  

    

  

  

  

                    

Mn... “Ot A311. 33 

ar 2c 120 

US., % W/W 50 

FS., % W/W 36 

of oO 

EXPERIMENT | RL., ee ie AF dee AT 
NUMBER cm : % OC 

EXP, | PRE. EXP.| PRE. 

E17 304.8 116.89 | 17,22] 0.33] 68 | 66.68 | 1.32 

E18 609.6 |16,13 |] 16.87] 0.74] 88] 88,15 |] 0.15 

E19 914,4 |14,93 | 15.99] 1.06] 108 |102.84 | 5,16 

E20 1158.24 |12.60 | 11.27] 1,33] 132 |137.90 | 5.90 

TABLE 6.8. 

PLUG FLOW PREDICTIONS 
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CONDITIONS 

  

    

  

  

  

    

MR,, U:F £771 308 

or a SC 140 

US., % W/W 50 

FS., % W/W 36 

FFC,, % Ri 8 
EXPERIMENT Bie, =f AF ; AT 

NUMBER cm % oc 

EXP, | PRE. EXP. | PRE. | - 

E21 304.8 | 16.61} 16.58] 0.03] 106 | 101.48] 4.52 

E22 609.6 | 12,81] 12.59] 0.22] 135 | 138,10] 3.10 

E23 914.4 6.26] 6.96] 0.70] 161 | 157,53] 3.47 

E24 1158.24 | 1,.40| 1.45] 0.05] 159 | 161.73] 2,73                 

MAXIMUM T., 171.2°C AT 1010 cm 

TABLE 6.9, 

PLUG FLOW PREDICTIONS 
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CONDITIONS 

  

    

  

  

  

                    

“MR., U:F 1:2,2 

ST Oc 140 

US., % W/W 25 

FS,, % W/W 36 

FFC., % T.:, 
EXPERIMENT | RL., ae AF AF 

NUMBER | cm % oC 
EXP, | PRE, EXP.| PRE. 

E25 304.8 |15.17 | 14,82] 0.35] 101 | 99.24 | 1.76 

E26 609.6 | 11.87 | 11.97] 0.10] 132 ]132,82 | 0.82 

E27 914.4 | 9,98 | 10.26] 0,28] 134 |142.61 | 8,61 

E28 1158.24 | 6.16 | 5,70] 0.46| 149 |155.51 | 6.51 

TABLE 6.10. 

PLUG FLOW PREDICTIONS 
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CONDITIONS 

  

    

  

  

  

                  
  

MRoy USF x oe 

STs. (06 140 

US., % W/W 50 

FS., % W/W 44 

Fr, , % ae 
EXPERIMENT ee AF AT 

Number cm % » Op 
EXP. | PRE. EXP.| PRE. 

E29 304.8 | 23.29] 24.28) 0.99] 72 | 72.83 | 0.83 

E30 609.6 | 22,20] 22.59) 0.39] 102 |103.50 | 1.50 

E31 914.4 | 18.20] 18,62] 0.42] 136 }132.83 | 3.17 

E32 1158,24}] 10.41] 9,03] 1.38] 162 |173,76 |11.76 

TABLE 6.11, 

PLUG FLOW PREDICTIONS 
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6.3. COMPARISON OF EXPERIMENTAL RESULTS WITH COMPLEX 
  

MODEL PREDICTIONS 
  

The complex models were simulated for the conditions 

of tables 5,2. to 5.9. With reference to Chapter 4 and 

Appendix 7 the models were solved in their dimensionless 

form. The outputs were the dimensionless free 

formaldehyde and reactor temperatures at each grid 

point (Chapter 4). The output table consisted of 11 

points (including zero) along the axis of the reactor 

tube and 6 points (including zero) across the radius of 

the tube. This made the longitudinal print interval 

115.824 cm. Since there are no integer multiples of 

the longitudinal print interval which would permit a 

direct comparison with the first three sample valve 

positions in the tubes (304,8cm, 609.6cm, 914,4cm), 

interpolation of the results becomes necessary for 

comparison purposes, 

Minor modifications to the program would permit 

any desired print interval such that direct comparison 

becomes possible, However, a tefce storage bank is 

required for this purpose causing a significant rise in 

the computational costs, 

Furthermore, the program is capable of giving 

outputs of other variables measured experimentally. 

However, the limilation of computing budget prevented 

the modification of the program for this purpose, 

Based upon the above discussion the experimental 

and complex model predicted results are shown graphically 
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through Figs,6.5. to 6,11.,with the interpolated results 

being tabulated in Tables 6,12, to 6.18. 

6,3,1, CALCULATION OF AVERAGE REACTOR CONCENTRATIONS 
  

Since the concentration of free formaldehyde is 

given at six radial points for each longitudi#al print 

interval, it is necessary to calculate an average 

concentration so that direct comparison can be made with 

the experimental results.’ The same criteria however 

does not apply to temperature outputs, as the only 

logical comparison should be made at the reactor wall, 

The average concentration of free formaldehyde 

at any given distance from the reactor inlet can be 

expressed by: 

r=R 

Nh He r-ar 

Bot ae ez 
perk r dr 
r=0 

r=R 2 

S r dr = 5 6.2. 
r=0 

The numerator of 6.1. can be numerically integrated by 

Simpson's rule (130), The Cote's coefficients for a 

Six point Simpson's formula (131) are: 

5h 
f 5h 9 ¥ Gh gen tloy_ +,75y, +. 507, + Soy, + 75x, + 19y—} 

O.a% 
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where h = 5 

Applying 6.3, to the numerator of 6.1. 

y is replaced by Fr 

Ye is replaced by a 

Y4 is replaced by Pry etc, 

and since the radius is divided into five equal intervals, 

then 

: as -2R le 0, Tr, = = lors etc 

gives 

r=R Pd 
fogh Pi redr = 338 {15F, + 20F, 30F, = 60F, - 19F.} 

and 6,1. then becomes 

F = tee SE +. 20F,4 * SOF 144 1 2 + 60F ¥ 19F,} 6.4, 
3 4 

Equation 6,4, was used to calculate the average 

concentration of formaldehyde at the longitudinal 

intervals. 
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CONDITIONS 

  

    

  

  

  

    

Mi. 3) UF A222 

Ge 30 160 

US., % W/W 50 

FS., % W/W 36 

O, 

EXPERIMENT | RL., FFC,, % | ap T., AT 
NUMBER cm % OC 

EXP. | PRE. EXP, | PRE. 

E1 304.8 | 19.76| 16.40| 3.36] 124 | 160 | 36 

E2 609.6 | 13.82] 13.60] 0.22] 158 | 160 2 

E3 914.4 | 8,49] 11.00] 2.51] 168 | 160.74| 7.26 

E4 1158.24] 5,72] 8,35] 2.63] 166 | 171.29] 5.29                 

MAXIMUM T., 182.9°C AT 990 cm 

TABLE 6,12, 

COMPLEX MODEL PREDICTIONS 
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CONDITIONS 

  

    

  

  

  

    

MR Ue Sime | 2 

eG + $00 

Us... % WW“ 50 

fs... Gwe: «a8 

FFC., % 5 2% > fo . 
EXPERIMENT | RL., AF AT 

NUMBER cm % 8 

EXP, | PRE, EXP.| PRE 

E9 304,81, 21,721. 18,2 (3.52.16 | 120 52 

E10 609,6 | 19,98] 17.7 |2.28 | 102 | 120 18 

E11 914.4 | 18.65] 16.25/2,3 | 108 | 120 12 

E12 1158.24 | 11.87| 14,4212.55 | 138 | 122.83] 15.17                 
TABLE 6,13, 

COMPLEX MODEL PREDICTIONS 
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CONDITIONS 

  

    

  

  

  

    

MR,, U:F 1:2,2 

ST. Ce 140 

US., % W/W 50 

FS., % W/W 36 

FFC, ee 
EXPERIMENT | BL., ‘ AF Bins AT 
NUMBER cm % °c 

EXP, | PRE. EXP,| PRE. 

E13 304.8 | 19,73] 16,60] 3,13) 103] 140 37 

E14 609.6 | 14.89] 15.70] 0.81} 135} 140 5 

E15 914.4 | 11.29] 11.60] 0.31} 154| 142.9] 11.1 

E16 {1158.24 | 7,36] 10.07] 2.71] 152| 146.6] 5.4                 

MAXIMUM T., 166,80°C AT 1050 em 

TABLE 6.14, 

COMPLEX MODEL PREDICTIONS 
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CONDITIONS 

  

    

  

  

  

                    

MES a4 o 

Pe Le 120 

US., % W/W 50 

FS., % W/W 36 

7 FFC., % $5. EXPERIMENT | RL., AF AT 
NUMBER cm Gate % 

EXP, | PRE. EXP. | PRE. 

E17 304.8 | 16.89] 14.8] 2.09] 68] 120 52 

E18 09:6 | 16,13} 14.3 f.1/83| .e8"| 0 32 

E19 914.4 | 14,93] 13.5 | 1.43] 108 | 120 12 

E20 1158,24 | 12,60] 12,30] 0,3 | 132 | 120 12 

TABLE 6.15 
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CONDITIONS 

  

    

  

  
  

  

  

MR Us eee SO 

ar: Aec : 140 

Us., W/W: 50 

FS., W/W : 36 

FFC,, % 7. oc EXPERIMENT | RL., om AF AT 
NUMBER cm % #6 

EXP. | PRE EXP.| PRE. 

E21 304,8 |16.61 | 13.50/3.11 | 106 | 140 34 

E22 609.6 {12,81 | 11.40]/1.41 | 135 | 140 5 

E23 914.4 | 6.26 | 8,80/2.54 | 161 | 140.6 | 20,4 

E24 1158.24 | 1.40] 6.1414,74 | 159 | 153.8 | 5.2               
  

MAXIMUM T., 171.2°C AT 1010 cm 

TABLE 6,16. 

COMPLEX MODEL PREDICTIONS 
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CONDITIONS 

  

  

  

  

  

    

MR,, U:F y 4'2.2 

ste oG : 40 

US., 2 W/W : 25 

FS. ,. % WW? 36 

FFC., % Te. °C 
EXPERIMENT | RL., AF : AT 
NUMBER cm % % 

EXP, | PRE EXP, | PRE 

E25 904;8 | 15,47} 12.4° #77} 101. |}. 140 39 

E26 609.6 | 11,87] 10,6 | 1,27] 132 | 140 8 

E27 914,4 9,98] 9.30 | 0.6 | 134 | 140 6 

E28 1158.24 | 6.16] 8.32 | 2,16] 149 | 140.7 | 8.3                 

TABLE 6.17, 

COMPLEX MODEL PREDICTIONS 
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CONDITIONS 

  

  

  

  

  

                    

MR. 5° U:F £252 

st. , OC 140 

US., % W/W 50 

FS., % W/W a4 

FC; 7. 
EXPERIMENT | RBL., AF AT 

NUMBER cm % Re 
EXP, | PRE. EXP,| PRE. 

E29 304.8 | 23.29] 20,4 |2,890 | 72. | 140 68 

E30 609.6 | 22,20, 18,3 |3.90 | 102 | 140 38 

E31 914.4 | 18,20] 16.0 |2.20 | 136 | 140 4 

E32 1158.24] 10.41] 14,5214,11 | 162 | 140 22 

TABLE 6.18. 

COMPLEX MODEL PREDICTIONS 
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6.4. DISCUSSION OF MODEL PREDICTIONS 

6.4.1. PLUG FLOW MODEL PREDICTIONS 

Hxamination of. Tables 6.5, to°6,11 3 shows that 

the prediction of the reactor performance in terms of 

free formaldehyde concentrations and reactor temperatures 

by the plug flow models is of good accuracy, 

The maximum absolute difference between predicted 

and experimental results for concentration of free 

formaldehyde is 1.38% (E32), but the predictions in 

general show much better accuracy, The minimum absolute 

difference for the above case is 0.01% (EQ). 

Defining the best fit for a series of four data. 

points, collected under one particular experimental 

condition, as the minimum value of the standard 

deviation 

  

and the worst fit, the maximum value of the standard 

deviation, the best and worst fits for concentrations 

are given by experiment series E25 to E28 and E17 to 

E20 respectively. These two are shown graphically in 

Fige:¢.42. ana 6.13, 

Also defining the standard deviation for the 28 

experiments (excluding E5 to E8) as 
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FIGs 6,13, 

WORST PLUG FLOW CONCENTRATION PREDICTION 
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a value of 0.65 is obtained, This gives the average 

accuracy of the plug flow model. predictions of concen- 

twatione as:* 0-682 when resultu sare expressed as % 

free formaldehyde, 

For the case of temperature predictions the maximum 

absolute difference is found to be 11.76°C (E32), 

whereas the minimum absolute difference is 0.15°C (E18). 

The worst fit is given by experiment series E13 to 

E16, whi te the best fit is given by the experiment series 

E21 to E24. These are shown graphically in Figs,6.14, 

and 6-15. 

The standard deviation of temperature for all the 

experiments is calculated to be 5.75°C, This gives the 

accuracy of the plug flow temperature predictions as 

5.75 °C. 

The pattern of the plug flow model predictions 

generally confirm the conclusions of the examination of 

experimental results (6.16.). In particular the reaction 

initiation lag seems to be confirmed as the predicted 

results show that the resin temperature in the reactor 

has to rise to a certain value, depending on the | 

conditions, before a significant amount of reaction 

starts to take place, 

Tables 6.5, to 6.11. also show that at the end oe 

the ‘first tube the predicted reactor temperature is 

lower than the experimental temperature in all cases 

except one (E29), suggesting that the value of the 

thermal conductivity used in the plug flow model is not 

quite representative and has to be determined more 
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accurately. The low values of predicted temperatures 

cause low values of predicted concentrations in the 

corresponding experiments as compared to the 

experimental results, 

Furthermore, with reference to Chapters 3 and 4, 

the models do not include any condensation reactions. 

The experimental data however show an appreciable amount 

of condensation. Yet the predictions remain good, 

implying that formaldehyde takes little part in the 

condensation reactions. This was also concluded from 

the pattern of the experimental data in 6.1.6. 

Examination of Tables 6.5. to 6,11. also shows that 

the predicted concentration results are lower than the 

experimental results in all cases except one (E4), 

at the end of the 4th tube, This is probably due to 

the enlargement of the diameter of the fourth tube 

(Chapter 4). For this case, although the models 

carry on the reaction in the same manner as for the other 

tubes, experimentally it seems that the heat transfer 

could be effected by the larger diameter resulting in 

slower rate of reaction, This is confirmed by examining 

the temperature predictions where higher temperatures 

are predicted in all cases for the last tube, A 

further possibility is that while good mixing in the 

first three tubes results in good prediction by the 

plug flow models, the velocity drop (drop in Reynolds 

number) in the fourth tube as a result of its larger 

diameter may necessitate the use of laminar flow and 

parabolic velocity profile for better predictions, 
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To conclude the above discussion a plausible 

Oepidflabton should be given for the good predictions 

of the plug flow model, noting that the Reynolds 

numbers are quite low. A number of reasons could be 

given for the good mixing in the reactor at the low 

Reynolds numbers. These are: 

(i) The reactor feed pumps were - the metering 

(piston displacement) type (Chapter 5), This results 

in intermittent (pulsating) flow of resin which could 

cause disturbances in a developed velocity profile and 

increase the amount of mixing. Although the use of 

such pumps would produce continuous flow in some 

cases, visual observation showed that the flow was 

pulsating under all the conditions of investigation 

where the resin was seen to leave the reactor outlet 

diaphragm valve in intermittent bursts. 

(ii) The high temperature difference between the 

wall and the tube centre could result in convection 

which could enhance mixing. 

(iii) The shape of the reactor (Chapter 5) could 

be detPimetital to any developed velocity profile. The 

reactor bends are likely to disturb the profiles and 

cause good mixing in the reactor. 

(iv) The enlargement of the tube diameter at the- 

end of the third tube would probably completely deform 

any developed profile with the result of more mixing. 

Consideration of the above points would explain 

the reason for the good prediction of plug flow models 

at such low Reynolds numbers. 
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6.4.2. COMPLEX MODEL PREDICTIONS 
  

Fics. Geo.eto 6b and Tables -6.12- to76.185 show 

the results of the complex model predictions. For 

these models the maximum absolute difference between 

the predicted and experimental results of concentration 

is 4,74% (E24) while the minimum difference is 0.22% 

(E2). 

With reference to the definitions of 6.4.1. the 

best concentration fit is given by the experiment 

series E17 to E20, while the worst concentration fit 

is given by experiment series E29 to E32, These can 

be seen in Figs. 6.8. and 6.11. The standard deviation 

of the complex model predictions of concentration is 

calculated at +2.55% , When results are expressed as % 

free formaldehyde. 

For the case of temperature predictions the maximum 

absolute difference is 68°C (E29) while the minimum 

is 2°C (E2). The worst fit is given by the experiment 

series E29 to E32, while the best fit is given by the 

experiment series El to E4. These can be seen 

graphicaliy in: Figs. 6:16. to 6.17. 

The discussions in 6,4.1, explaining the reasons 

for good mixing in the reactor and the good accuracy 

of the plug flow predictions would also explain the 

failings of the complex model predictions and the poor 

accuracy of the predicted results for this case. 

However, examination of the results of the complex 

model predictions throws further light on the behaviour 
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of the reactor, 

The rather large differences of temperature between 

the predicted and experimental results is a direct 

consequence of the assumption that the velocity profile 

is laminar and that the wall temperature reaches the 

steam temperature almost immediately. This discrepancy 

arises because the experimental temperatures are 

measured in the lagged sections of the reactor bends 

where one can assume that the tube wall is initially 

at room temperature and is heated up only by transfer 

from the resin's sensible heat, Therefore the assumption 

that the wall temperature is equal to the steam temperature 

although true in the jacketed sections of the tube, 

cannot be true for the lagged sections. Experimental 

evidence confirms this, where all the first two 

temperatures in all the experimental series are lower 

than the steam/wall temperature as assumed by the models. 

The above also explains the shape of the curves in 

Figs. 6.5. to 6.11, As a result of the high assumed 

initial temperature the concentrations are much lower 

when compared to the experimental results until the wall 

temperature reaches the steam temperature. Once the 

wall temperature has reached the steam temperature the 

predicted concentrations are consistently higher in 

value, suggesting that there is better mixing in the 

reactor than expressed by these models, The accuracy 

of the temperature predictions improves considerably 

after the wall temperature reaches the steam temperature 

and isothermal heat transfer begins, 
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6,5. POSSIBLE IMPROVEMENT OF MODELS 

The plug flow models, although giving excellent 

prediction can be improved in accuracy, Some of the 

physical data such as thermal conductivity and 

specific heat were estimated (Appendix 3), These 

should be evaluated accurately. Also regions of 

adiabatic operation should be included in these models 

to cover the lagged lengths of the reactor bends. 

The complex models also require the improvements 

suggested for the plug flow models, In addition further 

work in the following areas would increase the accuracy 

of these models for cases where the flow is continuous 

(not intermittent) and the reactor cross-section 

uniform. 

(i) Better estimation of the equilibrium concen- 

trations at the reactor wall for urea, formaldehyde 

and methylolureas (Appendix BY, 

(ii) Replacement of the thermal boundary condition 

Tw=Ts by an equation capable of allowing heat transer 

for this section of the tube where the resin temperature 

is lower than the steam temperature, On the basis of 

this equation more accurate wall temperatures could be 

predicted which would also improve the accuracy of the 

predicted concentrations, 
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

The analysis of the experimental data generated in 

this investigation and comparison with the predictions 

obtained by numerical solutions of the mathematical 

models describing the reactor behaviour lead to the 

following general conclusions: 

7.1. CONCLUSIONS 

7.1.1.Conclusions relating to the chemical investigation 

1 Adequacy of available kinetic data 

Although the kinetic data relating to the chemical 

reaction between urea and formaldehyde were adequate to 

represent the low temperature reaction between them (less 

than 60°C), this investigation shows that extrapolation 

of the data is not adequate to represent the high tempera- 

ture (up to 160°C) kinetics of urea-formaldehyde reactions. 

a Novel high temperature kinetic investigation of 

UF kinetics. 

The novel technique developed in this investigation 
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for the high temperature investigation of UF kinetics 

is concluded to be adequate, reliable and practical, 

producing check results at the lower temperatures com- 

parable to those generated by standard routes at the lower 

temperature range (up to 60°C). 

iii. Mathematical representation of kinetic data over 
  

the entire temperature range. 
  

The representation of the kinetic data over the 

temperature and time ee of interest was achieved with 

excellent accuracy using the chemical mechanisms postulated 

and solving and optimising the resulting differential 

equations. However it was also concluded that the above 

procedure was of mathematical significance only and no 

particular chemical significance could be attached to the 

stoichiometric systems as a result of the above work. 

7.1.2.Conclusions relating to the experimental performance 

of the tubular reactor 
  

(Gib) The reactor was shown to be capable of con- 

sistent and reproducible operation. 

Gia) The sampling valve proved reliable in opera- 

tion and satisfactory for the purposes of 

sample removal. 

(iii) Experimental evidence implies the presence 

of a reaction initiation lag, the significance 

of which is reduced with increase in concentra- 
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(iv) 

(v) 

evi) 

(vit) 

(viii) 

(ix) 

(x) 

tion and temperatures and reduction in residence 

time. 

Reactor wall temperatures reflect the speed 

of the reaction. 

The pattern of the behaviour of the reactor 

wall temperature in relation to the steam 

temperature in the jacket is governed by 

the concentrations of the reactants and the 

residence time. 

The reaction mechanism follows the same 

pattern at both molar ratios investigated. 

However, the reaction is accomplished faster 

at lower molar ratios (F:U) and higher con- 

centrations. 

A higher degree of reaction is achieved as 

the steam con acreae: is elevated. 

High molar ratios, low concentrations, short 

residence times and high temperatures favour 

the addition reactions. Increase in residence 

time increases the extent of condensation. 

At lower molar ratios of F:U (higher concentra- 

tions), the addition and condensation reactions 

seem to take place simultaneously. Increase 

in temperature at these ratios causes addition 

reactions to become faster as compared to the 

condensation reactions. However, both methylols 

and methylene compounds are formed extensively. 

At a given temperature the best conditions 

for conversion of free formaldehyde to methylols 
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(xi) 

with no significant condensation are low 

residence times, low concentrations and 

high molar ratios. 

Free formaldehyde takes little part in the 

condensation reactions. 

7.1.3. Conclusions relating to the mathematical model 
  

predictions 

(i) 

(ii) 

¢irii>5 

(iv) 

The plug-flow models predicted the poet 

performance with excellent accuracy providing 

free formaldehyde concentrations averaging 

to within +0.65% (when results are expressed 

as % F) and reactor wall temperatures averag- 

ing to within +5.75°. 

The novel technique developed for solution 

of complex models proved to be very satisfactory 

and straight forward in use. 

The complex models were much poorer in 

accuracy, providing free formaldeyhyde con- 

centrations averaging to within +2.55% and 

reactor wall temperatures averaging to within 

£26.877C" 

It was concluded that the reactor geometry 

was the main reason for the good prediction 

of the plug-flow models and the poor accuracy 

of the complex model predictions. This 

resulted from the extensive mixing which 

took place in the reactor due to the mechanical 
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design of the equipment leading to deforma- 

tion of a laminar parabolic velocity vrofile. 

Inadequacy of the complex energy model to 

deal with the wall boundary condition for 

the initial lengths of the reactor tube 

also detracted from the effectiveness of 

  

the model. 

as RECOMMENDATIONS 

.2.1. Recommendations with regard to improvement of the 
  

chemical kinetic investigation 
  

(i) 

(ii) 

The novel technique developed in this 

investigation should be extended to obtain 

further high temperature UF kinetic 

information. In this context the chemical 

investigation should be conducted at 10°C 

intervals over the range 20° to 160°C to 

narrow the range of application of each 

particular model and also to complete some 

of the gaps in the data. The technique can 

then be exploited further to evaluate other 

molar ratios and concentrations to throw some 

light on the overall behaviour of the system. 

The mathematical representation of the 

kinetic data could be improved by looking 

at other techniques which could represent 

the data with the same degree of accuracy. 
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Work could also be directed towards finding 

a mathematical relationship to account for 

the pattern of change of the rate constants, 

thereby facilitating the data prediction 

process. 

Finally, other chemical reactions which are 

likely to take place under the conditions 

of each investigation could be implemented 

in the existing kinetic models and their 

accuracy of prediction examined against experi- 

mental data. As a result of this further 

work some chemical significance could perhaps 

be attached to the mathematical description. 

7.2.2. Recommendations with regard to the extension of the 

experimentation program 

(i) 

(ii) 

The reactor could be modified to give a 

uniform shape with reasonably smooth bends 

and the experimental program repeated to. 

investigate any possible changes in the 

results as compared to either model pre- 

diction. 

The experimental program could be extended to 

cover the effects of change of radius on 

the reactor performance and the scaling-up 

possibilities of the process. The accuracy 

of the model predictions could then be 

investigated for scaling-up purposes. 
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ees 

(iii) Use of alternative analytical techniques 

which could provide a more complete 

analysis of the resins including identifica- 

tion of the condensation products. 

Recommendations with regard to improvement of 

mathematical models 
  

(i) 

(ii) 

cant) 

(iv) 

Some of the physical data input to the 

models merit a more accurate estimation. 

This will improve the general accuracy 

of both models. 

The complex energy model can be reviewed 

and replaced by a more representative model 

possessing a wall boundary condition allowing 

for heat transfer for that length of the 

tube where steam behaves as a heating medium. 

The equilibrium concentrations of urea, 

formaldehyde and monomethylolurea should 

be measured experimentally to improve the 

accuracy of the complex model predictions. 

Finally, the plug-flow modein. in their 

present form, could be simulated to give 

concentration outputs for the condensation 

products. ‘This could serve as a basis for 

further model improvements in this direction. 
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APPENDIX 1 

VALIDITY OF BASIC ASSUMPTIONS 
  

- ASSUMPTION OF STEADY STATE 

Experiments show that steady state conditions are 

reached very quickly with the systems under consideration. 

In addition the following theoretical approach can also 

be given in support of the above statement. 

Consider laminar flow in a tube with a parabolic 

velocity profile, having annuli of variable velocity Vx. 

Then 

for 1 residence time all annuli with velocity 

Vx 2 Ss have eluted 

for 2 residence times all annuli with velocity 

2Vx 3 Veg have eluted 

for 3 residence times all annuli with velocity 

3Vx 2 - have eluted 

so that 

for n residence times all annuli with velocity 

nVx 2 .. have eluted 

Since the velocity profile is parabolic for a Newtonian 

fluid 

‘ ry2 WES. 2Y, 010" (e)”) Aili. 

=A



Hence. the substitution: of nVx,= Vo*in Aji 1. results in 

Vv x ry2 ai : a 
= = av (1-(R) = av o(1 oc.) 

or on manipulation 

2n - 1)3 
es 2n 

ae Se 

The non equality 4.1.2. suggests that all the material 

in the tube within 6=0 and the variable e=5 has escaped, 

Now the volume flow through an annulus of thickness dr . 

at radius r is given by 

arvxdr | Rote: 

also 

r = R@ and Rdé ax 

So that A.1.3. becomes 

orR7evxdée 

and. substituting for Vx.from A,1.1.im the above: results 

en 

anR7e(2v (1 - @”))de 

= 47R70e(1 - 6”)ae Aetes. 

Hence the volume of the material which has left the 

reactor between radii 9=0 and 

  

ne 2n=1.3 , : 
§ = Cae) is given by 

(2nely} 
anvyR” f 20 9(1 — 67)d0 AG 5. 
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Integrating A,1.5, and substituting the integration 

limits gives 

2 
2, B= (2n-1.) 

TV (2 ees et Qaares 

To express this quantity as a fraction of the total volume 

which has left the reactor between 9=0 and 6=1 (r=R), the 

total volume has to be found, 

This is given by: 

7 2 
4tV Bs Fe01e67 de A 

° 
0 

Integration of A.1.7. and substitution of limits yields 

Iv_R? 
O° 

Hence the fraction of material which has left the 

reactor after n residence times is: 

2 é Qn-1 Mvor?((28=4t) - (Bop) 
2 

TVR 

  

a (2n-1)? 
‘l mee heene. 

Tabulating the results we have: 

  

No. of Residence Times, n |% Initial Feed Discharged 

  

£ 75,0 

2 93,7 

3 97,2 

4 98.4 

5 99.0       
  

TABLE A,1.1. 

TIME REQUIRED TO REACH STEADY STATE 
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So it can be concluded that the steady state condition 

is closely approached after four to five residence times, 

as the incremental gains for the extra numbers of 

residence times become progressively smaller, 

The residence times used for the experiments in this 

investigationa are all less than one minute, so that steady 

state conditions are reached after four to five minutes 

assuming that all the services to the reactor are at 

steady state condition, Inclusion of radial diffusion 

in the above analysis would decrease the residence Sanit 

for the same per cent elution as plug flow conditions 

are approached. 

Instability at the entrance need not be e0tidersa 

in the light of the investigation by Ulrichson and 

Schmitz(36), which is discussed in the literature survey. 

2% ASSUMPTION OF FLOW IN ONE DIRECTION ONLY 

Although radial velocities can exist in all systems 

of this type even at low Reynolds numbers, the fact that 

they are not considered will not effect the results 

significantly due to the relative small magnitude of these 

velocities as compared to those in the axial direction. 

Ox ASSUMPTION OF CONSTANT DENSITY 

This assumption is justified with regard to the 

most susceptible case when the variation in density is 

expected to be highest, 
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The density of the feed to the reactor, for U:F 

molar ratio of 1:2.2, using prilled urea dissolved in 

36% formalin solution is known te be 1.16 g/cm>, The 

resin, after leaving the reactor, is flash evaporated and 

as such possesses a density of 1.18 g/cm. This gives 

rise to a 1.7% variation, However much of the rise in 

density occurs during flash evaporation where the bulk 

of the water is removed. As a result the per cent rise 

in density at reactor outlet can be expected to be 

significantly lower. Accepting the figure of 1.7% do 

a conservative maximum, the variation in density can be 

assumed negligible for all practical purposes. 

It must be emphasised that this assumption has to 

be considered carefully for different systems, as changes 

in excess of approximately 15% would require variable 

density models. 

4. ASSUMPTION OF NO NATURAL CONVECTION 
  

This assumption is based on the argument that the 

small tube diameter does not allow significant distortion 

to the velocity profile because of variation in density 

caused by buoyancy effects, However, enlarging the tube 

diameter enhances the effects of natural convection result- 

ing in serious distortions in velocity profile, This 

effect has been discussed with regard to the work of 

Lynn and Huff(27) in the literature survey (Section 2.2,), 
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o ASSUMPTION ON EFFECTS OF RADIATION 

The effect of the mechanism of radiation on heat 

transfer can be neglected for all practical purposes due 

to its relative magnitude as compared to convective and 

diffusional heat transfers. 

6, ASSUMPTION ON VISCOUS ENERGY DISSIPATION 

This assumption is justifiable as the reaction te 

of a primary stage (Chapter 3) and although the viscosity 

of the fluid increases substantially, it does not rise to 

such an extent that a significant amount of energy is 

dissipated through its flow. 

a; ASSUMPTION OF LAMINAR FLOW AND PARABOLIC VELOCITY 

PROFILE 

EVALUATION OF REYNOLDS NUMBER 

In the development of the complex momentum model the 

flow was assumed to be laminar and the velocity profile 

parabolic in shape, i.e. Reynolds number less than 2100, 

The Reynolds number evaluated for the least viscous feed 

to the reactor, at the highest velocity confirms the 

above assumption, 

The least viscous feed to the reactor was made up 

of 25% urea solution mixed with 36% formalin in the molar 

ratio 1:2.2 and its viscosity, as measured on a Ferranti 

Viscometer at 20°C, was found to be 0.115 poise. Hence, 
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with the following values: 

oy = 1.0820 g/cm® 

a. *.2 OF:43 cm/s 

d. = O65 cm 

u = OeETS poise 

The Reynolds number is: 

ios eee = 561 

All other feeds to the ee had higher viscosities and 

therefore lower Reynolds numbers. 

It was further assumed that the decrease in viscosity 

as a result of increase in temperature, as the mixture 

passes along the reactor, is less critical than the 

increase in viscosity as a result of progress in reaction. 

It is not possible to measure the actual viscosity of the 

mix at the reactor outlet, due to immediate flash 

evaporation, to confirm this assumption numerically. 

However, visual observation supports this consideration, 
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APPENDIX 2 

EVALUATION OF HEAT TRANSFER COEFFICIENT 

In tube laminar-flow the convection heat transfer 

coefficient is usually defined by (51), 

Local heat flux = q" = h(Tw-Tb) 

where Tw is the wall temperature 

Tb is the bulk temperature which may be calculated 

  

from 

fe 90. v..7.\STIrdr : : Pu se(r >t? T= Andi; 
R 

Ay 20yV (7) Sirdar 

The numerator of equation A,2.1. represents the total 

energy flow through the tube and the denominator the 

product of mass flow and specific heat integrated over 

the flow area,. | 

The bulk temperature is therefore representative of the 

total energy flow at the particular location, and is 

sometimes referred to as the "cup mixing temperature", 

From equation A.2,1. 

ps _7_ VoR? aT ? 

where, 

Te is the temperature at the centre of the tube 

« is the molecular diffusivity of heat 

and for the wall temperature 

3 VoR? aT 
Se Gee * Da ree Ae A.2.3.   
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The heat transfer coefficient is calculated from: 

4 o oT q = hA(Tw-Tb) = Ky A (sz) rer AO? ae 

resulting in 

oT 
Ru (Gr) rer 
(Tw-Tb ) 

The temperature gradient is then given by 

Ye OT. eee VoR. 3T (2) = pes (= a ) a ele 

ar r=R “= Gx “3 “ GR2) rer “qa 3x tad By 

Substituting equations A,2.2., A.2.3. and A.2,5. into 

equation A,2,4. gives 

24Ky 

11R 

or expressing the result in terms of Nusselt number 

Nud hC2R) 4.364 K M 

or 

aig 4.364Ky 

OR 

This result is in agreement with an exact calculation by 

Sellars, Tribus and Klein(52), 
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APPENDIX 3 

PHYSICAL DATA AND EVALUATION OF DIFFUSION EFFECTS 
  

A, PHYSICAL DATA 

1, «DENSI#Y. (6) 

The densities of the various feed compositions to 

the reactor were measured and are given in Table A.3.1. 

and have been used where appropriate. 

An average density of 1.0992 g/cm is used for the 

calculation of the thermal diffusion coefficient (Diy) « 

  

FEED COMPOSITION 

  

  

        
  

DENSITIES OF FEEDS TO REACTOR 
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DENSITY 
g/cm 

MOLAR RATIO | UREA SOLUTION |FORMALIN SOLUTION 
U:F STRENGTH % W/W |. STRENGTH % W/W 

i 1.92 50 36 1.1165 
hee. 2 50 36 1.1140 

13.2 50 44 1.1135 

2.2 25 36 1.0820 

TABLE A,3.1. 

 



2. HEAT CAPACITY (S) 
  

A value of 0.4 cal/g °C is used(53). Although this 

value is given for finished UF resins, it can be used 

for the mixture in the reactor as a good and conservative 

approximation. 

3. THERMAL CONDUCTIVITY (Ky) 
  

A value of 14x1074 cal/em s°C for the finished resin 

is quoted in (53). This value is used with the same 

arguments in 2 above applying, 

4. TUBE LENGTH (L) AND RADIUS (R) 
  

The tube length is 38ft (1158,24cm). The radius of 

the tube is 4 inch internal for the first 30ft and expands 

to 5/16 inch internal for the remaining 8ft. Full 

details can be found in Chapter 5, 

5. AVERAGE VELOCITY (Vo) 
  

The average velocity is calculated from a knowledge 

of the residence time in the tubes, The overall residence 

times used in this investiowtion are<53,5. and 26, 75 

seconds, resulting in average velocities of: 

For 53.5 seconds residence time: 

tae ns OO4.3 
at 1 dy tupe ve = |-68   = 45.6 cm/s



243,84 
5/8" i.ds tube es = 33.46 = 7.3 cm/s 

For 26.75 seconds residence time 

ae ~ ooare 
+". 2:0, tune ae = “3 G4 = (OL cm/s 

— . 243.84 
5/8'i.d. tube Le - Meas 14,6 cm/s 

6, DIFFUSION COEFFICIENTS 
  

Thermat Diffusion Coefficient (DTH) 

A value for Dany iss calicuLated from 

= Ku 
Dog SPxy 

4 2_-1 
. oa 

= 14 x 10 31.84 x 107" ems 
1. QO, ome VOeR ae 

MOLECULAR DIFFUSION COEFFICIENT FOR FORMALDEHYDE <DMF) 

Since formaldehyde exists in water as methylene 

glycol and reacts as such, its diffusion coefficient will 

correspond to that calculated for methylene glycol. 

The molecular diffusion coefficient for methylene 

glycol can be estimated with a 4% deviation and a maximum 

16% deviation from (60). 

0.5 Du; ~8 (X.M.) tae ee ies 

where 

DL = diffusion coefficient in cm/s” = Dur 

u = viscosity of solvent in centipoise = 1 cp for 

water 

T = absolute temperature of solution in x = 293°K 

at a0 ce 

-252-



X = association parameter for solvent = 2,6 for 

water(54) 

M = molecular weight of solvent = 18 for water 

Vo = molar volume of solute 

Vo can be calculated from the atomic volumes of the atoms 

of methylene glycol as follows: 

H 
i 

Methylene glycol is CH, (OH), = H-O-C-OH 

H 

The atomic volumes are therefore (54), 

C = 14.8 

B= 33,7 

O = 9.9 for oxygen bounded to two different atoms 

Hence 

Vo = C + 4(H) + 2(0) 

Vo = 14.84% 443.7 99 x 9.9 = 49.4 "ome /e 

Substitution of these values in equation AVOa 12 will result in 

ue 2 
= 4 oe Our lx, 4.876 x 10 cm/s 

or at 20°C 

Mi -5 2 
Dur = 2 (a0 %& 10 cm/s 

MOLECULAR DIFFUSION COEFFICIENT FOR UREA (Dmu) 

This is quoted as 1.14 x ic om? st for urea in water 

(55). As the formalin is a 36% solution, it is assumed 

that it behaves substantially as water and therefore the 

value given above is fairly representative. 

J.H. Arnold(56) states an observed value of 0,96 om” 

-1 5 2 
Day.” €1 01 & 10> cm s7*} which is in close agreement 
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with the above, A value of 1.16 x 107° em? si has also 

been calculated from (56), 

BYI/M, + 1/M, 
D = 
M ca 

A,A%o Ss 

where 

a proportionality constant 

a universal constant 

molecular weight 

~0.33 0.33 
V5 + Vo 

solvent viscosity in centipoises 

(Vv being molar volumes) 

i 
s 

wo 
> 

i} 

Subscript 1 refers to the diffusing substance 

Subscript 2 refers to the solvent medium 

Since all the above values are close in magnitude, the 

value of 1.14 x 107° cm? s~! will be used in the 

calculations as representative, 

MOLECULAR DIFFUSION COEFFICIENT FOR MONOMETHYLOLUREA (DMUFTI) 
  

The chemical forumla for monomethylolurea is 

H H H 
| | 

N-C-N-C-O-8 
| i | 
H 0 hous 

This gives a molar volume of 93.7 om” /g for monomethylol- 

urea. Insertion of this figure into equation A,3,1. and 

substitution of the other relevant parameters gives the 

molecular diffusion coefficient of monomethylolurea as 

5 
0,97 x0 cm/s” at 20°C, 
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Be EVALUATION OF SIGNIFICANCE OF DIFFUSIONAL EFFECTS 

3 Bae AXIAL DIFFUSION 

a : Heat 

L 
Kramers and Westerterp(57) state that if V. — is 

Oo Ding 

much greater than unity, then axial conduction of heat 

may be neglected, Using the values of velocity and 

length which give the minimum value of the above 

quantity. 

L Be 243,84 %, 6 
to. Bon = (ES) 31,84 x 10- = 0, 56. x20 

and therefore axial conduction of heat may be neglected. 

b : Mass 

Dt ‘*, _ is much greater than unity then axial mass 
M 

diffusion may be neglected (57). Similarly the minimum 

value is given by: 

bo! 243,84 8 
a oe eee See 

and therefore axial diffusion of mass may be neglected, 

2 RADIAL DIFFUSION 

Radial temperature gradients are accounted for in 

the models and therefore only mass diffusion in the radial 

direction will be considered. 

If af ; a is very small and tends to zero then 
° 

radial diffusion of mass may be neglected (57). The 

maximum value of the above quantity is given by, 

=5 Dh 1 aS xk p14 a 
V5 Be = 4aee (0.3175) 0,00284 
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This number is small but could not be considered as 

tending to zero.» Hence radial diffusion of mass is 

included in the model, 
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APPENDIX 4 

EVALUATION OF BOUNDARY CONDITIONS 
  

FOR COMPLEX ENERGY MODEL 
  

The exothermic nature of the reactions under 

investigation and in general most polymerisation react- 

ions require the development of a unique tube wall 

boundary condition. This is because the fluid reaction 

mixture first absorbs heat from the steam heated tube 

wall and then gives up heat to the wall as its temperature 

rises above the steam temperature due to the reaction heat 

release, 

Therefore steam behaves as both a heating medium in 

the early stages of the reaction and a coolant in the 

later stages, and the boundary condition has to be changed 

accordingly. The analysis can be presented as follows: 

x STEAM AS A HEATING MEDIUM 
  

In this case steam condenses to heat the fluid in 

the reactor. Therefore heat transfer takes place through 

a liquid film. The heat transfer coefficient will have 

a very high value and this would give tise to boundary 

condition: 

Tw = Ts 

ignoring the thermal resistance of the tube wall, 
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2. TRANSITION POINT 

The transition point is defined as the point where 

the fluid temperature closest to the wall reaches the 

temperature of steam (wall). A reverse effect starts at 

this point whereby steam acts as a coolant thereafter, 

The point of change over is therefore: 

T4 = Tw 

where 

T4 is the temperature closest to the wall ona 

mesh grid used for solution of models (Chapter 4), 

a STEAM AS A COOLING MEDIUM 

  

  

  

  

      
  

! 
| 
j 

SHELL Ts steam 1 steam acting Ts 
condensing | as a coolant 

| Tw 

Tw T4 
TUBE. 3 DE 

1 Tf 
I 
| 

- + Ax 

TRANSITION | 

POINT 

FIG. A414 . 

SHELL-TUBE HEAT TRANSFER 
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With reference to Fig. A,4.1., the balance on an incre- 

mental element of length Ax gives: 

dq = Id Axhes(Tw-Ts ) = Id, Axhf(T4-Tw) 

giving 

ee hfT4 + ohesTs A aoe 
hf + hesd 

where 

hf = tube side film coefficient 

hes = shell side film coefficient 

$ ratio of external to internal diameter 

The two film coefficients can be calculated as follows:- 

Prediction of 'hes' 

"hes" refers to a heat transfer coefficient on the 

outside which is of "free convective nature", 

This arises from the consideration that although 

steam is stagnant and at a constant pressure and hence 

temperature, free convection takes place under the 

temperature difference between steam adjacent to the tube 

wall and the bulk steam temperature. | 

Using the equation by Chilton and Colburn(58), a 

value for the film coefficient can be obtained which is 

accurate for the case of heat transfer through tubes. 

Hence 

A 8 + 
hes = 116{(Rf_¢ S28) (47) Rites 

Us do 

where 

fe cS 
8 = coefficient of thermal expansion pt2Q ~ p41 

(t2-t1) 1 
fav 
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AT = (t2-t1) = Temperature difference between steam 

and fluid at reactor outlet 

Subscript f refers to the steam temperature 

Rewriting hes as 

Ke pray -S#8 i ie hes = 116{(—2 Pfay f°) ary} fas} Aan 
u oO 

7 

two values can be computed for the two sizes of reactor 

tube (Chapter 5), The values of the various parameters 

in A,4.3. for steam at an average temperature of 140°c 

(284°F) in British units, and viscosity, uf, in centipoises 

are (58): 

° 
K, = thermal conductivity = 0,015 Btu/hr ft f F 

on . o 3 
Pray = average density = 0.1352 lb/ft 

S, = specific heat = 0.45 Btu/lb OF 

8 = coefficient of thermal expansion = 0.0146 Op-t 

Up = viscosity in centipoises = 0.014 cp 

AT = average temperature difference = 12:°6°F (7°C) 

(Chapter 5) 

do = outside tube diameter in inches = 

= + 2(0,049)in or } + 2(0.049)in 

Computing the above results using the following values 

for the two reactor tubes, for 34" i.d, reactor tube 

2 
hes # 3.71 Bru hr ae F 

ZO 0.0005027 cal/s cm* °c 

21.0665 w/m? degC 
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for 5/8" i,d,.reactor tube 

240 
hes = 3,09 Btu/hr ft F 

270 
0.004186 cal/s cm C 

il 17,5459 w/m? deg C 

Prediction:of 2 'ht"' 

The value of the film coefficient on the tube side 

can be evaluated from the Sieder and Tate equation (58). 

1/3 
A;Gf, /SfUf, di u Bet (ore ee ee ee 

0,14 
Us 

hfd; 

Kr 

1/o.s tele 
36feeeap eee) A 44. 

Kb Uw 

ul rar
e 

where 

mass flow of fluid in lb/hr = ll 

viscosity at caloric temperature in lb/ft hr 

viscosity at wall temperature in lb/ft hr Ro
n ul 

Q
 ll inside diameter in ft 

A.4.4. can be written as 

1/3 2 2/3 
hf = 1.86 (At S282) {vo} Btu/ft? hr 

i 
OF A.4.5, 

Using the relevant data of Appendix 3, in British units 

-and the above information, four values of hf can be 

computed for the four velocities in the two sizes of the 

reactor tubes. These are calculated in the relevant 

computer programs of Appendix 7. 

In the above calculation the differential change in 

viscosity has been taken to be unity, resulting in 

y,0.14 
(a) = 1 

Ww 
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This is due to the small variations of temperature over 

the radius of the tube, Along the axis the ratio would 

give a value of 0.88 with the highest differential 

temperature, justifying the above assumption for all 

practical purposes. 

Substitution of the relevant values of 'hces' and ‘hf! 

in c.g.s. units and the two temperatures in degrees 

Kelvin into A,4.1,, would give the final boundary 

eondition as: 

"Ro hfT4 + ¢hesTs 
hae Fe Beso 
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APPENDIX 5 

ESTIMATION OF EQUILIBRIUM CONCENTRATIONS 

OF UREA-FORMALDEHYDE REACTION MIXTURES 
  

It is expected that the reaction mixture at the 

reactor wall will reach equilibrium rapidly, due to the 

high residence time and temperature. 

Appendix 5 presents a technique for estimation of 

equilibrium concentrations of the various reactants, 

Assuming the reaction scheme is given by (Chapter 3): 

kl 
+ Fo UF, ———— ee 

k2 

k3 
UF, +F — UF 

z oo 2 
k4 

k5 
UF, + F ——— UF 

2 oo 3 
k6 

Then the respective equilibrium constants may be expressed 

as: 

(UF, ) 
Ki = = —is A.5.4 

(0) (FY, 

Po ee ee A.5.5. 
o, ae (UF, ). (F), 

(UF...) 
“a = . oe ee. 

(UF), (F), 
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where the parentheses denote concentrations of various 

components and the subscript e refers to equilibrium 

conditions, 

Relations: A.5.4. to A.5.6% can: be written:as: 

(UF,), = K1(U)(F), Meche 

(Uy), = K2(UF,),(F), A.5.8. 

(UF 3), = K3(UF5) (F), AW5.9. 

Combining «A, 5.7 .4to Aco2o. results in: 

(UF,), = E10) (F), A.5.10. 

r 2 (UF), = K1K2(U)(F)= A,6.11- 

& 3 (UF3), = K1K2K3(U)(F)> A. 5.12, 

Also, a molar material balance at equilibrium yields: 

ve 
(UF, . (UF), “ (UF 5), + (UFS), As®.ia; 

F 
oO 

(PF), + (UF 1) 5 + 2(UF,), - 3(UF 3), A.5.14. 

In equation A.5.13., (UF, ).: (UF (UF4), can be 
Qe? 

replaced by A.5.10. to A.5.12. resulting in: 

U 
C0)ox = S A.5.15. 

oe 1 + K1(F), + K1K2(F)2 . K1K2K3(F)° 
  

Substitution of A.5.15. into A.5.14. results in a relation- 

ship for the equilibrium concentration of formaldehyde, 

thus. 

2 3 
Uj tK1(F), + 2K1K2(F), + 3K1K2K3(F) 2} 
  F- ro = A.5.16, 

° 1+ K1(F), + K1K2(F)5 + K1K2K3(F)> 
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In fact relations A.5.15. and A.5.16, can be mathematically 

generalised for similar reactions going to UF yy» thus: 

  

  

U 
a Oo 

(U), zt su F ks te. 

+ oe LO rm KJ} 
J=1 _ 

and 

J=M J 
Us ob {J(F), Lh Ks) 

% J=1 
Fé eee = sx F A818; 

1+ fe). It Bo 
J=1 

A knowledge of the values of initial concentrations 

of urea, a Jovmsiasnsdel e 5? and rate constants K1, K2 

and K3 would permit the solution of the quartic equation in 

(FP), represented by A.5.16. Once the equilibrium concen- 

tration of formaldehyde has been estimated, use can be 

made of equations A,5.15. and A.5.10. consecutively to 

obtain estimations for concentrations of urea and mono- 

methylol urea, respectively, at equilibrium, 

Both analytical (132) and numerical solutions 

(Newton Rabheon (130)) of equations A.5.18. produced some 

irregular results, For some conditions no positive result 

for the concentration of rr. could be found. In some 

of the other cases two close roots in the range of 

interest were obtained whereas only one sensible root 

would normally be expected. The latter result was 

attributed to the accumulated round-off errors in the 

analytical solution and approximations in the numerical 

solution, 
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Furthermore, the following three points can be 

cited to highlight the deficiencies of the above 

estimation technique. 

Ci) Equation A.5.16, is derived theoretically and 

does not allow for any other reactions which could 

influence the equilibrium concentration of formaldehyde, 

e.g. condensation reactions. 

(ii) Equation A,5.16. is not strictly correct 

‘thermodynamically. Since the forward reactions in A.5.1, 

to A.5.3. are all second order, thermodynamics require 

that the reverse reactions should also be second order 

at equilibrium (133). This criterion is not allowed for 

in the above mathematical derivations. 

(iii) The equilibrium constants Kl, K2 and K3 used 

in the above calculations are optimised in Chapter 3 for 

particular experimental conditions and have definite 

ranges of application. Extrapolation of these values to 

cover equilibrium conditions could introduce errors. 

The dubious nature of the results considering the 

above points, caused a reluctance in pursuing this course 

of estimation, 

The problem was, however, resolved by making use of 

the approximate equilibrium values of (F), found in the 

course of.investigations described in Chapter 3. These 

values were expected to be close to the real equilibrium 

values of formaldehyde as well as representing the real 

Situation inclusive of all side reactions. Equation 

A.5.15. was then used to evaluate approximate values for 

equilibrium concentration of urea, based on experimental 
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values of (F), and optimised values of K1,.K2 and K3. 

Relation A.5.10. gave the value of (UF,).- These values 

are tabulated in: Table. A_5.1> 

  

  

  

  

  

CONDITIONS BQUILIBRIUM CONCENTRATIONS 

EXPERIMENTAL CALCULATED CALCULATED MOLAR | STEAM/ RATIO | WALL . MOL/LIT MOL/LIT MOL/LIT 

UF TEMP ~ C 

1:2.2 160 10,497| 0.3577] 4.771 | 0,16 0 3,17 

4652 140 10,497] 0,2177| 4.771 | 0.20 0 3,47 

122.2 120 10,497) 0,066 | 4.771 | 0,28 0 3.51 

1:1.33 160 9,1867| 0,2438} 6,9072| 0.27 0 5.22 

Bras oe 140 | 9.1867] 0,1514] 6.9072] 0.32 0 5.46 

1°1-33 120 9,1867| 0.0590} 6.9072] 0.54 0 5.63                   

TABLE 4.5.1. 

EQUILIBRIUM CONCENTRATIONS 
  

Table A,5.1. shows increasing equilibrium concen- 

trations of formaldehyde with increasing temperature. 

This can be explained by consideration of Le Chatelier's 

principle. Since the forward reactions are exothermic, 

an increase in temperature will shift the reactions such 

that heat is absorbed by the system, As a result the 

dissociation mechanism becomes more significant than the 

reaction mechanism. Consequently the concentration of 
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formaldehyde increases with increasing temperature, This 

is exhibited experimentally where results at 160°C show 

a higher equilibrium concentration than results at 120°C 

(Chapter 3). 

In conclusion, a further source of error should be 

considered. While Table A.5,1, is representative of 

the systems investigated in Chapter 3, where formalin and 

prilled urea were the reactants, in the reactor operation 

prilled urea was replaced by urea solutions of various 

eoncentrations (Chapter 5), This infers that the actual 

equilibrium concentrations would possess lower values 

in the reactor system. However, the discrepancy discussed 

is expected to be of little significance. 
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APPENDIX 6 

SPECIFICATION OF RAW MATERIALS AND CHEMICALS 
  

p FORMALDEHYDE 

INTRODUCTION 

Generally formaldehyde solutions can be divided 

into two distinct categories, 

(i) Solutions in which the dissolved formaldehyde 

is present in the monomeric form, 

(ii) Solutions in which the solute is chemically 

combined with the solvent, 

Solutions of the former type are obtained with non- 

polar solvents such as chloroform and toluene. The latter 

type, which includes water solutions, are obtained with 

polar solvents, 

Research on the state of formaldehyde in aqueous 

solution may be summarised as showing that the dissolved 

aldehyde is present as an equilibrium mixture of the mono- 

hydrate, methylene glycol according to equation A.6.1., 

and a series of low molecular weight polymeric hydrates, 

or polyoxymethylene glycols, having the type formula 

HO. (CH,0),.H 

HeC 2.07 eH ——_——_> 2 O H,C(OH) 5 A,6,1. 
2 

The state of equilibrium is governed by temperature 

-269-



and concentration of formaldehyde. Low temperatures and 

high concentrations favour the polymeric hydrates, which 

will gradually precipitate, while high temperatures and 

low concentrations favour the monohydrate C116 5126,117; 

¥i8 119). 

COMMERCIAL FORMALDEHYDE 

Commercial formaldehyde is generally marketed under 

the trade name "Formalin" (F) which is an aqueous solution 

containing 36-37 per cent by weight dissolved formal- 

dehyde plus sufficient methanol to prevent precipitation 

of solid polymer under ordinary conditions of storage and 

industrial use, Formalin also contains small amounts of 

formic acid formed by oxidation of formaldehyde: 

_ 2CH,0 + Oo 2H .CO,H A.6.2, 

The character of the final resin product is 

appreciably dependant on the proportions of these impurities 

and close limits of specifications in the composition of 

formalin are usually observed, 

On heating formalin develops increased acidity as a 

result of the Cannizzaro reaction: 

468,0 °S i 2 Oo —————_ H,CO,H + CH,OH B.6i3. 2 2 3 

The formalin used for this work is industrial 

formalin with specifications as outlined in Table A.6.1, 

The Ghani estidid of Table A,6.1, differ from the usual 

industrial formalin in two respects, In the first instance, 

the low methanol content (c.f. 7-15% w/w generally) is due 

to the fact that prolonged storage is not required. 
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However, in cases where lengthy storage becomes necessary, 

the formalin can be kept clear for long periods at a 

temperature of between 25-30°C, Secondly, the low acid 

content (c.f. 0,2% w/w generally) is required for resin 

production where acidity is usually avoided. Buffers are 

added to check both the low existing acidity and also 

to provide the neutralising agent for further acidity 

developed on heating due to Cannizzaro's reaction. 

STRENGTH 36-37% w/w Formaldehyde 

METHANOL CONTENT 2-3% w/w Methanol 

ACIDITY less than 15 ppm Formic 

IRON Trace 

COPPER | Trace 

ALUMINIUM Trace 

HEAVY METALS Trace 

TABLE A.6,1. 

FORMALIN SPECIFICATIONS 
  

PHYSICAL PROPERTIES 
  

The relevant physical properties of formalin, namely 

density and viscosity depend on methanol content as well 

as temperature, 

There is an apparent lack of agreement on the physical 

properties of formalin in the published literature. This 

however can be accounted for by the failure of some of the 
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early authors (120,121) to realise the presence of varying 

quantities of methanol in commercial formalin. 

The density of formalin containing up to 15% methanol 

at temperatures in the region of 18°C can be obtained 

from equation A,6.4. (116), 

3 
Op = 1.00 + F i000 M3500 A.6,4. 

where 

Rn density of formalin g/om* 

F = per cent weight of formaldehyde 

M = per cent weight of methanol 

“This gives a density of 1.107 g/cm? at 25°C which 

can be compared with the accurate value of 1.105 g/cm? 

from data of Natta and Baccaredda(122), 

The presence of methanol in formalin causes a slight 

increase in viscosity of formalin, A value corresponding 

to about 4.0centipoises at 20°C for the specified formalin 

is given in "Formaldehyde" (116), 

It is believed that temperature dependance of the 

above properties are not significant as. formalin is 

mixed at about room temperature where all the above data 

vary due to the presence of the added urea, 

A comprehensive collection of physical properties of 

formalin can be found in "Formaldehyde" (116). 

2, UREA 

' Urea is a white crystalline compound with the chemical 
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formula CO(NH and molecular weight 60.06, 
2)2 

It is commercially produced from liquid carbon 

dioxide and ammonia and marketed in different grades. 

The urea used in this case is a high grade urea 

(47,4% nitrogen) in the form of prills. Although there 

is slight variation in its specification depending on 

where it is purchased, the following data are reasonably 

representative. 

It contains a maximum of 170 ppm ammonia and ammonium 

salts and has a melting point of 130-132°C (107) 

Cour. 132.6°C for pure urea), 

‘A 10% aqueous solution of the above urea gives a 

DH .0 ff 77, 0-108 5) at 20°C (107) suggesting mild alkalinity. 

It is highly soluble in cold water (104.7 g per 100 g 

water) and even more so in hot, Density of urea is given 

as 1.335 g/cm (53). 

3. ANALYTICAL REAGENTS 

All reagents used for chemical analysis were of 

AR grade with the following exceptions. 

Thymolphthalien pH 4S 3 7= 10.5 

Sodium Sulphite Technical Grade Crystals 

Hydrochloric Acid, N AVS Grade 

Alcohol used in some of the analyses (Appendix 9) was of 

industrial grade, However any available grade can be 

used as 'Blanks' are carried out in the analytical 

procedure, 
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APPENDIX 7 

LISTING OF COMPUTER PROGRAMS 
  

Appendix 7 includes the listing of the following 

programs. 

hes 

2. 

Aston simulation program (ASP) 

Program for solution of UF kinetics for reactions 

going to TMU formation. | 

Program for solution of UF kinetics for reactions 

going to DMU formation, 

Program for optimisation of rate constants for 

reaction going to TMU formation. 

Program for optimisation of rate constants for 

reactions going to DMU formation. 

Program for solution of plug-flow models for 

Wis mOLar- ratio of 1°). Se. 

Program for solution of plug-flow models for 

Usk MOLareetio of: 1:12.52, 

Program for solution of complex models for U:F 

molar rats) of 1:1 .32: 

Program for solution of complex models for U:F 

MOwas ratio of 122.2, 

Most of the programs are self explanatory. Logic 

diagrams for the programs are presented in Chapters 3 

and 4. 

The symbols used in the programs correspond with 

those used in the text where ver possible. However, where 
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this could not be done the symbols have been defined, 

with the exception of the program for solution of complex 

models which has the following list of symbols. 

DP,DQ,DR and DS referring to various diffusivities, 

EL to reactor lengths, R1 to internal tube radius, 

R2 to density, ROU to external tube radius and Q,Z,HP 

and Y to dimensionless quantities of F,U, UF1 and T. 
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Rae. AUN S280 eh eek te TO Nee OG Rk AM 

LIST ENG PROGRAMA IISEN FUR SOLUTION OF. A SET<DE 

DIFFERENTIAL EQUATIUNS. 

SUBROUTINE FuR LTitTTIALISATIUN UF INDEPENDANT VARIABLE, 

SUBROUTINE ZERO CTD) 

COMMON/CINT/T+DT IS, IND DXAC20) cKAC2NI CIN, IS4 
T30, ' 
JS=0 
J3S4z20 

TORQ, 
DOT a4. 720 

OXACI)=0, 
XAC1) 30, 
CONTINUE 
RETURIH 

END 

SUBKOUTINE FOR PRINT INTERVAL AND EXIT CONDITION 
SPECIFICATION 

SUBROUTINE PRUTFECPR(,FHRAI1,12) 
COUNMON/CINT/T,OT,JS,UNe DXAC20) -XAC20) 010,084 
LeeT...©0. 0.7 460" Ttis6 
PEC CESGE. TPRNIMDT/2 3 AND. CCUS. £0s2)..UR. COSA SEN. 47) ). BOTO:S 
1254 

RETURI 

LSet 

TPRIVTEO, 

1232 
TPRNTETPRHTSPRI 
TeOm. GELFNR) GOTO, 6 

RETURN 
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6 TPRNTSO), 

T=0, 
1152 

RETURN 

ENY 

SUBROUTINE FOR SPECIFICATION OF INTEGRATIUN STEP 
LENGTH aNd TECHHIWE, 

SUBROUTINE [NTI (TO,0TD, KS) 
COMTON ZC THT ATED TUS, JN DXAC 202 5XAC20) elo,dS4 
TORK5 

JNO 

1 P10 Ge Ge G)) GO Ti 4 

JS=yS+1 
BECUS , 64; 3). S84 
TRC gS sGu,2) RETURN 
DTSDTD 
TDETD+oT 
T=0T 
RETURN 

4 JS4aNS444 
IFCJS4,+Q.5) JS4=1 

IFCJS4,EQ.1) GOTO 2 
IPCIS4 760.3). GUTO 4 

RETURW 

2 OTeDTD/2. 
GO: 70; 3 

4 TOBTD*DT 
DTS2,DT 
T2Tp 

RETURN 
END 

SUBROUTINE FOR INTEGRATION OF DEPENDANT VARIAULES. 

SUBROUTINE INTXCX.02) 
COMHION/CINT/ TOT eJSs IN oe DXAC20) A XAC2Z0) 0 10,d84 

JNEUN +4 

LECIO Eu a) Gutages 

GOTH. 614,25 541:S5 

1 OXACJN) =DX 

XBXeDX*eDT 

RETURH 

2 XX CDX=$DKACIN) )wOT/2, 
RETURIW 

3 GOT) Ch, 590 7 SO 

4 XAC JN) BX 

DOXACJN)=DX 

KEX*OX*DT 
RETURW 

5 VXACINIENKAC JH) #2, #5 
KEKACIN) #UXw DOT 

RETURK 

6 OXACJNIEDKACIH) #2. 40x 

XREXACINI +DXw OT 
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RETURN 
DXACJHI= (DXA CIM) 0X) 16 
XSXA CIN) #OXA CIN) OT 
KETURG F 
END 
FINISH 

  
 



U
W
U
O
D
A
A
U
N
L
W
D
Y
H
 

ui
 

30 
31 
32 
33 
34 
35 
4s 
47. 
49 .. 

51 
60 
70 
80 
90 
100 
110 
113 
114 
115 
116 

Vig 

120 
130 
135 
ie 
140 
150 
155 
160 
165 
170 
171 
172 
173 
174 
200 
204 
205 
206 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 

REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 

"SOLUTION OF KINETIC EQUATIONS" 

"PROGRAM FOR REACTIONS GOING TO TMU FORMATION" 

“SYMBOLS GENERALLY AS DESCRIBED IN TEXT" 
"TIME UNITS-MINe»s CONCENTRATION-MOL/LIT" 
EMP RADU 

"COMPUTER-HONEYWELL 3162 LANGUAGE-BASIC" 
T1=30 
T2=11+273 
REM 
REM 
REM "RATE CONSTANTS SPECIFICATION" 
REM 
REM 
G1=-6542-5 
G2=-9562.15 
G3=-7045-8 
G4=-9562.15 
K1=(€€1015.18)*EXPC(G1/T2))*60 
K2=((€1016.31)*EXP(G2/T2))*60 
K3=(€1014-26) *EXP(G3/T2) ) *60 
K4=((€1017.15) *EXP(G4/T2) ) *60 
K6=K1/9 
K5=€1e2/9)*K) 
REM 
REM 
REM "INITIAL CONDITIONS" 
REM 
REM 
FO=10-497 
U0=4-.-767 

F=FO 
U=U0 
M1=0 
M2=0 
PRINT 
PRINT 
PRINT TABC5)3"T"3 TABC20)3"F"3 TABC35) 3 "U's TABC SO) 3 MMU" 
REM 
REM 
REM "INITIALISATION SECTION" 
REM 
REM 
CALL ¢isT) 
REM 
REM “DIFFERENTIAL EQUATIONS 
REM 
A=(-K1*U*F)+OM1*(K2-(K3*F))) 
Al=(3*(U0-U)+(F-=FO)-2M1) 
BS=A1*(-K4+(KS*F)) 
B1=(2*(U-U0)+(FO-F)+M1) 
C=K6*B1 
D1=(€A-=B)+C 
D2=(€-K1*U) *¥F)+(K2eM1) 
C1=CK1*0) *F 

C2=K4*A1 
C3=(K2+(K3*F) )¥*M1 
D3=(C1-C3)+C2 
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314 
315 
316 
320 
330 
340 
350 
360 
3790 
380 
384 
385 
386 
390 
394 
395 
396 
400 
410 
420 
430 
450 
460 
470 

REM 
REM “PRINT INTERVAL AND EXIT CONDITIONS” 
REM 
CALL (255»)35sL1,L2) 
IF Li=2 THEN 450 
IF L2=2 THEN 360 
GOTO 390 
PRINT 
PRINT T,TABC15)3F3 TABC23)3 U3 TABC 4593 M1 
PRINT 
REM 
REM “STEP LENGTH AND INTEGRATION TECHNIQUE" 
REM 
CALL .C3s Ts «lt s4) 
REM s 
REM - “INTEGRATION SECTION" 
REM 
CALL (45F,sD1) 
CALE} Cas lisse.) 

CALL (¢43™15D3) 
GOTO 210 
IF T1>60 THEN 500 
T1=T1+25 
GOTO 30 
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40 
41 
42 
43 
a4 
45 
50 
55 
60 

65 
66 
67 
68 
69 
70 
iA 
72 
73 
74 

ie 
76 
VT. 
80. 
85 
90 
100 
Lie 

E=KA*( (FO-F)=(U0-U))-K3*F*(2*(U0-U)-CFO-F)) 
D3=C+E 

D4=K3*F*( CF -2 *U)+(2*U0-F0) ) -K4*( (U-F)+0F0-U0)) 
REM 
REM “PRINT INTERVAL AND EXIT CONDITIONS" 
CALL (2,105120,L1s5L2) 
IF L1s2@ THEN 85 
IF Le=2 THEN 65 

GOTO 70 
PRINT 

PRINT Ts TABC15)3F3 TABC 30)3 U3 TABC 45) 3™13 TABCKO) M2 
PRINT 

PRINT 

REM “STEP LENGTH AND INTEGRATION TECHNIQUE" 
CALE (3s I> 224) 

REM 

REM "INTEGRATION SECTION" 
REM 
CALL (€4,F,sD1) 
CALL (4s U»sD2) 
CALL (4,™1,D3) 
CALL (4.M2,D4) 
GOTO: 3S 

IF T1>60 THEN 110 
.T1=T1+20 

GOTO. 12 
SOP 
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ar VLA a ets BAe de 

PECRETA 26.02.05) G.E: TAs 5 
IF CGANLEQ.9,)GAlia2, 
TEGACE EO Oe VACC®, 01101 

WRITECHO,00%) 
OUS FORHATCTH1T 1 OXe2BHHELLDER AND MExD OPTIMISATION ) 

WRITECNO,O08) 
004 FORMATC/, 2X,1OHPARAIIETERS ) 

WRITECHO,005) N,ACC,ALFA,BETA,GAM 
005 FORHATC/,2X,4HH & gT2e&XeTIHACCURACY @ ,ET10.4¢/742X,838HALPHA 

E10 464k, 7HBETA @ 6t510.674X,8HGANMA & 4610,4) 

007 FORHATOC//,10X%,16HSTARTING SIMPLEX ) 
DO 440 Llatene' 

WRITECNU,006) CloedexXCIeyde Jaleh) 
QO6 FORHATC/,S5¢02X,2HX Cel 201 Het loeSh) = ,1PE1255)) 

140 CONTINUE 

ITRs0 

15:0 DO. 155..1=1 .1P 4 

CALL FUNCCI,Xs2eNeNpis8) 

155 CONTINUE 
ITRaITR+1 

LECLIR, GhoLTHAN).GO 70.145" 
IF CLPRINT)1538,1627158 

158 WRITECNOD,O08)ITR 

008 FURMATC//,2X,17H ITERATION NUMBER «13) 

D0 160 J=a1,wPt 
N60, WREPE CHO, 006), 20s bet Cu ride 13149 ND 

WRITECNO,O0€) C1,2€1), j[aleNnPl) 

OUD FURHAT(C/, 3¢2X+2HFC,1204H) @ 4&16.8)) 

—_ 

462° AW TRAM NRE C1 2029 6 203) iS C6202 C8) 2060 2 CF)) 
ZULOMAMING C201 0:¢Z G20 2 2 C3) 6 € 0602 651977560) 287) 
00 165 [21¢nP' 
DPECZHI 20 Zell eGue rg 170 

165 CONTINUE 

170 Kal 
ENSK 

D0 180 Jalen 
SUM=s0, 

00473 Tata ne? 

PECK ck Geet ).Gi). 7 t)- 19 
SUMN=SUttexeT, J) 

175 CONTINUE 

160 XCENCK,J) sSuH/EH 
[=K 

CALL FUNCCILX+ 2eNeNpieE&) 

Z£CENSZ(1) 
SUii20 ; 

DO 1285 134,124 

Pe CK EG. 1) 60219" Td5 
SUMNSSUl+CZCLIRZCENIwCZ2Z CL" 2ZCEN)/EN 

185 CONTINUE 

EJ=ESQRT (SUM) 

Eb Cede CGE ACG)G0. T0998 

PP OCZHIT. ET 70, OT)” GO: Fo" 760 
v0 190 Jaton 
KREF CK, JI BXCEN CK ed) +ALFAwWCXCENCK J) @X6K, J) 

190 CONTINUE 

I=K 

CALL FURCCILX+2sNe pts E) 

ZREFRZ(1) 

DO 200 j{s81,N?1 
TRGZLU 9E0. 201) GOe ny 205 

200 CONTINUE 
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foo Ba: Wa 

IFCZREFL LF. 2Z¢CL)9GO TO 240 

DO 207 Latenpl 

PRCZREPL LT. 2613)60 710: 208 
2907 CONTINUE 

GOTO. 20.5 

208 00 210 Jata 

210 X¢K,J) SKREFP CK.) 

GO 270.756 

215. 00..220.- Jali 

220 XCONCK JI SXCENC Ks JU *BETAWCX (Ke d @XCENCK, U2) 

15K 

CALL FUHCCI Xe 2eNe vets E) 

Z2COnsZ.0{) 

PEGZCON. EP. (827 G60:7T0°230 
DOe 2d 34 aN 

00. 225 1etanP4 

225 Ie GX. Cl, eX CO puso . 
GO 7TO0..750 

450 00:.235 ‘Jatt 

235 XK, JI aXCONCKed) 
GO. 70% 150 

240 UOi 2ho Jat 

245 KEKCK er J BXCENCK J) *GANMCXREF CK J) *XCENCK,J)) 
T= 

GALL RUIN GGl X02 Ne MPD pe) 

EO GWG 

PECZER CCT eZ CLF) GO. Ti 285 

DO 250 Jaleh 
250° XCK, J SXREF CKD 

SO. 70: 150 

255 00 260 Jats}: 
2660 XCK JI aK EX CK, J? 

GO "9 41:50 

950 FORHATC///410X+38HL EAST SQUARE ERROR CRITERTA SATISFIED. ) 
700 WRITECNU,95Q) 

GO TO 998 

145 WRITECHU,011) ITNAX 

O11 FORMNATC///4,410X-20U0TD NUT CONVERGE IN sISe11HITERATIONS, ) 
998 WRITECHU,012)ZLU 
O12 FORHNATC//,2xX,c1HOPTIMUM VALUE OF F =o 4 E46,.8) 

WRITE CHU,013) 
O13 FORMATC//,2X,27H0PTIMUM VALUE OF VARIABLES, ) 

pO; 30:0 [stan 

S5U0 WRETECNUD OTA0 1, XNA aT) 

O14 FORMAT(C/.2X,2HX(,12,4H) @ 9 1PE16.8) 
END 

SUBROUT{NE TO SPECIFY OUJECTIVE lai 5 
FUNCTION FOR HINIMISATIUN, a 

SUBROUTINE FUNC (Tex ,ZeieNP1,€) 

DIWENSTON X(07,7),267)7E (12) ,Q(12) 
X18xX(¢1,1) 

X22xX Cf, 25 

X3axX 60,3) 

ALEK 61,4) 

RISC T SO) 
X63K (1,6) 

K=0 

5 40°. 0 

T7880.0 

Testie273. 
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20 

30 

70 
30 

80 

90 

60 

R13¢(10. 85.18) wEKP(=6542,5/T2)) #60, 
R23 0610.6, 31) eEXP699502.15/T2) "60, 
R3BCC1G. 4 26) wEKP (me 7045.8/T2)) 60, 
R4306¢(010."*7 15) wEXP 6=9562,15/T2)2 "60, 
R5aR1*"(1.2/9.) 
RO=R1/9, 
U0=4,767 
F0=10,4970 
G1s0,0 
UsU0 

FSF) 

C1SK1*R1 
C2aK2"R2 

C3ax3¥R3 
C4BKXA4eRG 
CS=XS*kK5 
CO=X6*RE 

CAEL AZE ROT) 

As (CaCT Um Fk) ae (G1 (C2m (C3 Fk) )) 

A1=(3.0%(U0RU) CF RFi 82,061) 
BSA (=-C44(C5S*F)) 

BI=(2.9% (CURIO) CF ORE) #64) 
C=Cox*b14 

D1= (Ab) +C 
O25 (CCT eU) eFC C2051) 
V1S(C1#U) wF 

V23C4*A4 

VS=(Cle(C3e1) > #1 
O3S=(V1IReV3)eV2 

CALL] PRNTECS. 30. eb Ce) 

PEG EO 61-60. TO 51) 
K=K+4 

QCK)aF 

WRITECHU,79) KsQ¢K) 
FORMAT(//,2X,2HQ6,13,4H) 3 ,€16,.8) 
CONTINUE 
Lee CUE G cor GOPTO 60 

CACC INTECT,. 0.7762 

GAR TNEX.C F042 

CAL Le GH eX. 6 i 0 > 
CALL INTK(G1,.03) 
SO 70-20) 

SFS#(QCYIREC II) wwe 
CONTINUE 

WRITECHU,60) § 

FORHMAT(C/,2X,14H S VALUE IS & 7 E16.8) 
ZCy) aS 

RETURE 

END 

FINISH 
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QUS 

QUS 

vO5 

at
 

vO7 

UN6 
140 

150 

C35 

138 
908 

160 

uvug 

lod 

"OS 

at 

173 
1380 

185 

190 

200 

PRCA LRA GCE SOS IAL RAM I3.° = 

IFCRETA.EQ.0.) BETAS 
IF CGA, EQ.90.)GAHa2, 

TECACC,EQ.0.)ACC&.90001 

WRITE CNU,003) 
FORHMATCITH1,190K¢28HNELDER AND MEAD OPTIMISATION ) 
WRITE CNU,0%%) 
FORMATC/, 2X,10HPARANETERS ) 
WRITECNU,095) H,ACC,ALFA,BETASGAM 
FORMATOC/, OX, GUN @ pL2e4Xe1THACCURACY # ,E10.,60/ + 2X4 3HALPHA 

E19,46-4X,7HHETA @ ¢610.46+,49X,3SHGAHMA = 4 610,4) 

WRITE CMO,O09O7) 

FORTIATC, /,19X,16HSTARTING SIMPLEX ) 
00° 740% j a4-71)P1 

WRITECHULONG) CledeXCIledde Yalan) 
FORMATC/  SC2Xs2HX Ce Llaeita ed eeGH) = ,1PE1205)) 
CONTINUE 

TT R30 

DO 155 [=21,P1 

CALE RUNCC LX See nets 6D 

CONTINUE 

ITRSITR+1 

LEC CER Ge t7MaAkd GO* 10).145 

TFCLPRINT)1§58,102,158 

WRITECHU, O03 ETR 
FORMAT C/L CX s 1 CHETERATION NUMBER + 13) 

00 160 g21,;;P1 
WRITECHU,09G) CJelen (dole (Elsi) 
wRITECNU, OGG) CH 261) 7 1471/:;P1) 

FORMAT (/ , 34 2Ke2HE C1 2e4n) @ 7 E16.8)) 

ZHI ALIAXE: OZ.C1) 7 Z Ge 2 03 2285 05.205)) 
Z2LQO & ANTW162619 2202962630 -2646),265)) 

DO 765 1s1-hP1 

LEAP EO 2222 G0 7 t20 
CONTINUE 

Ks 

ENSr 

DO. 180° JeTaNn 
SUMz), 
DOe 1-75. lat Net 

TECK BO] TOO" T0175 
SUMNSSUN+XK(1T, J) 
CONTINUE 
XCENCK,¥) SSUM/EN 

[=k 
CALL FURCCI,X+ Zee NP1s,&E) 

ZCEnNS2Z¢i) 
SUH=0, 

O00 55. (atse.1 

LPCK CEQ T) 60-1 145 

SUNSSUMN+ (20 {)=ZCEN we CZ 07) 9ZCEN)/EN 
CONTINUE 

EJ=SQRT CSU) 

LE WES 47 ACCIGU. FEO 998 

Pe CZK CTO aT) Gy. £0. 790 

00 190 ysaiew 

XREECK JI BXCENCK + J) HALFAWCXCEN CK, JX CK, I) 
CONTINUE 
[2K 

CAt1. FUNCCI,XsZeNetie1s&) 

ZRF FEZ(1) 
DY 200 Lats pa 
LECALO, EQ aC 7G0: hd. 205 
CONTINUE _288- 

=



205 Lsl 

IFC ZREFLLE.2Z¢42)9GU TO 240 
DO 207 iLaisPt 
TECZREP CLT (2000300: 40-208 

207 CONTINUE . 

GO T0244 

208 00 210 Jalen 
210° XK Ke J SARE RICK 0D 

GOs 70-50 
215 D020" pat, 
220 XCUONCK  VISBXCENCK, VI eHETAWOX (Ke dD eKCENCK, 52) 

{3h 

CALC RUNG! phere Ne dete k) 
2COWSSY C1) 

PRC ZCONL LT. 2€K29G0 TU, 230 
DO 225 iiad sh 
DO 225 181,11 

225 KG doe Cx Cr, J ex Clr ft dad / 2+. 

GO. 70.1150 
20 DO 25 oo eds tl 

29: XK i) eK COON Re) 

GO TOES 
240 D0 245 velsn 
245 KEXC Ke J) BXCEN CK J) MU AMMCKREF CRD SD XCENCK I) ) 

Te" 

CALE FUNCCTYX» Zehotlpt se €) 

ZEXsZ¢1) 

PES ZEN SLT. 21) 200-7293 
dO Ss) cern 

250. XC ID SARER CK J) 

Gy T0521,5.0 

255) 00 260 yan ol 
200) XCK J SLEXGK, J) 

GO2 BOE 150 
950 FORHATOC///,10X¢ 38HLEAST SUUARE ERROR CRITERIA SATISFIED, ) 

700 wRITECNU,950) 
GO TO 998 

145 WRITECNU,011) 1THAX 

014 FORMATC///.10K-20H0L0 Nut CONVERGE IN -f5e11HITERATIONS, ) 
998 wWRITECNU,012)2L0 
O12 FORMATC//,2xX,27HOPTIMUH VALUE OF F = 6E16.8) 

WRITECNU,013) 
O13 FORHMATOC//,2X,27HOPTIMUMN VALUE OF VARIABLES, ) 

00-300 tet.nN 

300 wRITE(NU,014) TeX CHP 2) 

014 FORHAT(/,2X,2HX6-12,4H) &® 7 1PE16,3) 

ENO 
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20 

30 

70 

39 

80 

90 

60 

SUBROUTINE TO SPECT¥Y ObyECTIVE 
FUNCTION FOR MIHIMISATION. . 

SUBROUTINE FUNC (lex ZeiieNP1,E) 

DIMENSION X(5.5),2(5)0E(12) ,4612) 
X1=x (1,1) 

XOaXE1 ..) 
KS=XC1 3) 

X46=X(1,4) 

K=aQ 

§ = 0,0 
T1=40, 
T22714273, 

R1=(¢(10."*5.18) EXP (=6542.5/T2)) w66, 
R25 (010. «#6. 31) EXP (=9502.15/T2)) 60, 
RS= (C10, we4. 20) EXP 6=7045.8/T2)) #60, 
RG=CC10. we? 15) EXP (995562,.15/T2)) #60, 
U0=6 90732 
F0=9,18673 
Usdd 

FRFC 
CISK1 RY 
C2aK2*RO 
C3axK3¥*RS 
C4=K4*RG 

CALL ZEROCT) 
ASC Tee ha C iwi a CR wil (2, eU0=F0)) 
BECowC Cem 2, UDC 2, MLOMFO I #CORC CUMFI = (UD@FO)) 
DTSAeh 

D2S—C 1 wUeFeC2w (2, Ci ORU CR OMF)) 

CALL PRNTEC10. +60, ¢t4¢b2) 
LRGLAwEQ. 10.460, 70 5:0 
KK +4 

QCK) SEF 
WRITECNU,79) K,UCK) 
FORMAT C/ /o2x,eHQ 6713,6H) - ,£16.8) 

CONTINUE 

LF? G1 €0.2>).G0 TO 20 
CACC INTTCT,1 0,62 

CALL INTXCF,D1) 
CALI INTKX(,02) 

GU TO 20 

DO 90 -J21,7 
S3S#(Q(y)sE CI) ) we2 
CONTINUE 
WRITECNOD,60) § 
FORHATC/,2X,144 S VALUE IS a 7 E16.8) 
Z¢(J) 2S 
RETURN 
END 

FINISH 
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8S 

100 
105 
110 
1S 
120 
125 
130 

REM “SOLUTLTON. OF PLUG ~- FEOW MODEES" 

REM : 

REM UPROGRAM FOR U-TO. f MOLAR RATIO: OF 2121 OlN soe" 

REM 

REM “SYMBOLS GENERALLY AS DESCRIBED IN IFAI" 

REM WVOTHER SYMBOLS “AREs RI=RADIUSs ~13-STEAM* 

REM “TEMPERATUREs R2@-DENSITYs H1I-HEAT OF REACTION" 

REM 

REM "UNITS OF USEs CeGeSes CONCENTRATION-MOL. /CM13"' 
REM 
KEM "COMPUTER-HONEYWELL 316+ LANGUAGE-BASIC" 
REM 
JO=91 1c3 

K=14/1014 
R1=.e3175 
T3=393 
H1=-6000 
R2=.2E-01 
S=22.844 
TO=307 ‘ 
FO=-644E-02 — 
UO=.4832E-02 
U1=0 
T2=TO 
U=u0 
F=FOQ 
PRINT 
PRINT 
PRINT TABC5)3 "X's TABC20)3 °F" 3 TABC 35) 3 "U's TABC S093 TT" 
REM 
REM 
REM “INITIALISATION SCTION” 
REM 
CALL XX 1's X) 
REM 
REM 
REM “TEMPERATURE KINETICS KELAY SECTION 
REM 
IF X>910 THEN 52 
GOTO 54 
VO=14.58 
R1=-79374 
IF T2<308 THEN 60 
GOTO 90 
Q1=.8534 
Q2=1-00341 
Q3=.10341 
Q4=1-0144 
Q5=0 
Q6=0 
GOTO 329 
IF T2>323 THEN IF T2<343 GOTO 100 
GOTO 140 
Q1=.903 
Q2=1-0034 
Q3=1-00341 
Q4=1 00144 

Q5=0 
Q6=0 
GOTO32e9 
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140 
145 
S50 
1:55 
160 
165 
170 
i> 
160 
190 
POS 
200 
205 
210 
215 
220 
220) 
230 
240 
245 
250 
235 
260 
265 
ato 
2a5 
280 
elo 
EPS 
300 
305 
310 
Si) 
320 
32:5 
326 
327 
328 
329 
335 
340 
345 
350 
355 
360 
365 
370 
375 
380 
385 
390 
395 
400 
405 
406 
410 
415 
420 
425 
430 
435 
440 

IF T2>323 THEN IF Te<342 GOTO 150 
GOTO0190 
Q1=1-0068 
Q2=1.0068 
Q3=4-0068 
Q4=1-0289 
Q5=0 
Q6=0 
GOTO 329 

IF T2>343 THEN IF T2<363 GOTO 200 
GOTO 240 
W1=1-0136 
Q2=1.-0136 
Q3=5-0136 
Q4=5-057% 
@S=0 
@6=0 
GOTO 329 
IF T2>383 THEN IF T2@<405 GOTO 250 
GOTO 290 
Q1=1 
Q2=1 
Q3=5 
Q4= 1 
Q5=.8333 
Q6=62 
GOTO 500 
IF T2>405 THEN 300 
GOTO 500 
l=] 
ges 
Q3=8 
Q4=4 
Q5=.8333 
Q6=142 
GOTO 500 
REM VPLUG=FPLOWs MODELS" 
REM "RATES TO DIMETHYLOLUREA’’ 
REM : 
K1=Q1*(€1015+18)*EXP(-6542-5/T2))*1000 
K2=Q024(€1016.31)*EXP(-9562.15/T2)) 
K3=03*(01014 426) * EXPC-7045-8/T2))*1000 
K4=Q4*((10 17615) *EXP(-9562-15/T2)) 
K5=0 
K6=0 

Ul=2*CU0-U)-CFO-F) 
U2=(U-F)-(CU0-FO) 
U3=0 
G1=K1*U*xF 
G2=K2*U1 
G3=K3*Fx* U1 
G4=K4*U2 
G5=0 
G46=0 
REM 
D1=(-G1+G2)/V0 
De=(-G1-G3+G2+G4)/V0 
D3=0 
R3=G1+G3-G2-G4 
C3=((K*4.634*CT3-T2Q)/KR1 12) -H1 *RB 
D4=C3/(RE*S*VO) 
GOTO 675 

-292-



445 REM 
446 REM 
447 REM "PLUG-=FLOW MODELS" 
448 REM TRATES JO TRIMETHTLORURER: 
449 REM 
450°. REM 
SOO K1=Q1¥*(€C€1015.18)*EXP6-6542.5/T2) )*1000 

510 K2=Q2*(C1016-31)*EXP(6-9562-15/12)) 

520 K3=03*(C1014-26) €EXP(-7045-8/T2))*1000 

530 K4=Q4*((€1017.15)*EXP(-9562.15/7T2)) 

540 KS5=05*¢€1-2/9)*K1 

541 K6=06*C(K179) 

570 U@=3*(U0-U)+(F-F0)-2*Ul1 

580 U3=2*CU-U0)+CFO-F)+U1 

590 G1l=K1*O*F 

600 Ge=Kex*U1 

610 G3=K3*Fx*U1 

620 G4=K4*U2 

630 GS=KS*F*U2 

640 G6=K6*U3 

645, DlsC-G!+G2)7V0 

650 De@=(-G1-G3-G5+G2+G4+G6)/V0 

655 D3=¢€-G2+Gi -G3+G4)7V0 

660 R3=G1-G2+G3-G4+G5-G6 

665 C3=CCK*4.364*(T3-T2)/R1 12) )-H1 FRG 

670 D4=C3/CR2*S*V0) 

672. REM 

67a REM 

6.736" REM VPRINT INTERVAL: & EXIT CONDITIONS” 

674 > REM 

675 CALL (2510+1170sL15L2) 
680 IF Li=@ THEN 900 
685 IF L2=2 THEN 700 
690 GOTO 725 
700 PRINT : 
710 PRINT X»TABC15)3F3 TABC30)3 U3 TABC45)3 T2 
715 PRINT 
1e0. eRENE 
122. ene 
Leo e ts 
724 REM 
T2532 REM "INTEGRATION SECTION" 

726 IF X>910 GOTO 728 

Teak G0 89; 750 

feo CALL (€35Xs1s4) 

729 GOTO 800 

501s GALL « G3 a-Xs' Ss 4) 

800 CALL (4sF, D2) 

SEO CALL .G4s Us Di ) 

820 CALL (45U1sD3) 

830 CALL (4s T2sD4) 

850 GOTO 46 

900 StO0r 
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100 
105 
110 
11s 
120 
le5 
130 

REM SOLUTION Ob PLUG. =.FLOW MODELS 

REM 

REM “PROGRAM “FOR U TO. F.MOLAR RATIO, OF 1° 10 °2.8" 

REM 

REM “SYMBOLS GENERALLY. AS. DESGRIBED IN. TEXT" 

REM “OTHER SYMBOLS AREs R1-RADIUSs» T3-STEAM" 

REM "TEMPERATUREs R2@-DENSITYs H1I-HEAT OF REACTION" 

REM 

REM “UNITS OF USE» CeGeSes CONCENTRATION-MOL. /CM13" 

REM 

REM "COMPUTER-HONEYWELL 316» LANGUAGE-BASIC" 

REM 

VO=45-57 

K=14/1014 

R1=e3175 

T3=413 

H1=-6000 

Re=-2E-01 

S$=22.844 

TO=296 

FO=-8084F-02 

UO= + 36745E-02 

1=0 

T2=TO 

U=U0 
F=FO 

PRINT 

PRINT 

PRUNT.. TAS CS)3 WANs TAB C2005. Bis TABCG5) 347 UN s TABC SO) 5 °° TR" 

REM 

REM 

REM “ENDTIALYT SATION SCTION* 

"REM 

CALL (15%) 

REM 

REM 

REM “TEMPERATURE KINETICS RELAY SECTION" 

REM 

DP A>9 10: THENs 52 

GOTO 54 

V0=7 +29 
Rise 79374 

ite Te<323- THEN 60 

GOTO 90 
Q1=1 

Q2=1 
Q3=1 
Q4=1 

Q5= +8333 

Q6=1-.-2 

GOTO 500 

LF -Fe>323 THEN IF Te<343 GOTO) 100 

GOTO 140 

Q1=.6 

Q2=5 

Q3=5 

Q4=10 

Q5=16+-6667 

Q6=24 

GOTO 500 
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140 
145 
150 
1 35 
160 
165 
170 
M13 
189 
190 
195 
200 
205 
21.0 
215 
220 
225 
230 
240 
245 
250 
Ci 
260 
265 
270 
15 
260 
290 
a 
300 
305 
310 
3:15 
320 
See 
326 
327 
328 
329 
335 
340 
345 
350 
355 
360 
365 
370 
S715 
380 
365 
390 
395 
400 
405 
406 
410 
415 
420 
425 
430 
435 
440 

Le Taeg43. (HEN LP aenS63- GOTO. 150 
GOTO 190 
Q1=5 
Qe=5 
Q3=40 
a4=40 
Q5=-83E-02 
Q6=-12EF-01 
GOTO 500 
be, T2>363 THEN (PR e<383-GOT0.200 
GOTO 240 © 
Q1=1 
ge=1 

Q3=80 
Q4=30 
Q5=16 «6667 
Q6=12 
GOTO 500 
IF T2>383 THEN IF T2@<405 GOTO 250 
GOTO 290 
Qi=1.2 

Qe=1 
Q3=150- 
Q4=40 
Q5=50 
Q6=12 

GOTO Soo 
IF T2>40S THEN 300 
GOTO 500 
Q1=-7 

Q2=)1 
Q3=8 
Q4=4 
@5=1-0833 
Q6=1-56 
GOTO SOO 
REM VPLUG=FEOW MODELS" 
REM VWRATES TO DIMETHYLOL UREA!’ 
REM 

K1=Q1*€C1015 018) *EXP(-6542-5/T2))*1000 
K2=02*0C€10 16-31) * EXP (-9562-15/T2) ) 
K3=U3*((€1014.26) *EXP(6-7045-8/T2))*1000 

K4=Q4*(C€1017015) * EXP(-9562-15/T2)) 

K5=0 
K6=0 
U1=2*CU0-U)-CFO-F) 
Ue=(U-F)-CU0-FO) 
U3=0 
G1l=K1*U*F 
G2=Kex*ul 
G3=K3*F*U1 
G4=K4*U2 
GS=0 
G6=0 
KEM 

D1=(€-G1+G2)/V0 

D2=(-G1-G3+G2+G4)/V0 
D3=0 
R3=G1+G63-G2-G4 
C3=CCK*42634*(T3-T2)/7R1 12) )-HI*RG 

D4=C3/CR2*S*VO) 
GOTO 675 
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BASS) Re 

446 REM 

447 REM YPLUG=hEOW MODELS" 

446 REM MaAtTio TO=TRIMETHY COLCUREAY 

4A9.7 REM 

450. REM 

SOO 41=Q1*(€1015-18) *EXP(-6542.5/T2))*1000 
§10 Ke=02*¢ 61016031) *EXP(-9562015/T2)) 
S20 K3=03*(01014426) EXP (6 -7045-8/T2))*1000 
$30 K4=Q4*(€1017+15)*EXP(-9562-15/T2)) 
S40 K5=05*(1-2/9)*K) 
S41 K6=06*CK1/79) 
370° U@=3* CUO=0IF CE-F0) 2401 
S60. US=e* CUSUO) PURO -bO sui 
590 G1=K1*U*F 
600 Ge=Ke*uUl 
610 G3=K3*F*U1 
620 UG4=K4xUe2 
630 G5=K5*F*U2 
640 G6=K6*U3 
6453 Di1=C-=G1+G2)/V0 
650 De=C€-G1-63-G5+G2+G4+G6)/V0 
655% DS=C-G2+Gii-G3+G4)/V0 
660 R3=G1-G2+G3-G4+G5-G6 
665 C3=(CK*4-364*(T3-T2)/R1 12) -H1I*R 
670 D4=C3/CR2*S* V0) 
6f1 > REM 

Gwen en 

6.73 REM "PRINT INIERVAL & «EAI Tx CONDITIONS” 
674 REM : 

67:5); CALI C251 05 170s L1sb2) 
6805, IF Li=2 THEN 900 
685 [he te=e THEN: 700 
690 & GOTO, .725 
100) 2 PRIN 
710 PRINT Xs TABC15)3F3 TABC30)5 Us TABC45)3 Te 
PULSER IML 
TAOS PRI NT 
lee ae 
Teas ah M 
724 REM z 
Lee, FEM “INTEGRATION SECTION" 
726 IF X>910 GOTO 728 

12d "GOTO, 750 

Tae “GAUL C35 Kats AD 

729. GOTO 800 

750 CALL (€35Xs5»s 4) 

800 CALL (€4,F; D2) 

810 CALL (4»5U,D1) 

820: CALL. (45 Ul>.D3) 

830 CALL C45 Tes D4) 

B50. Goro 46 

900 STOP 
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10Q 

TO 

SOLUTION v0 

PROGRAT| FU 

COMNON/CUH 

DINENSTON 

DINENSTu 

DIMENSION 

DINENSTIUN 

OINENSTut: 

PHYSICAL b 

V0861,15 

R150,3175 

T3E595, 

STEP 2, B64 

H1==6000, 
the914.4 

F CONPLEX MODELS 

Ros NOULAR RATIO OF 4734) .33 

C/UO+FO,UFEG,H1~¢91,T0,R2 

A(10),6¢610)40¢(10),F610)2U(10),7610) 

0(10),86199+6¢619) 

UR CTO) .HP¢10),AF (10) 5117019) 
Vad 2Q010),¥(10) 42610) 
Pot Opel 610,270 ,55%U; a0) 

ATA 

DPS4.43/(10 #5.) 
DQ51,16/(10.**5,) 
DS50,97/(10.45,) 
OKRE31,06/¢610. #6.) 
UUS) 004662 
FOE ,00G44 
UFI1Q86,0 

UFEQ=0 ,00563 
TOR3ZO7, 
K2e,2E=01 

H=0 2 
ACSa0, 0005027 
KOUBSO, 4196 

CALCULATED DATA 

VFTsVO~%115,141 

VEUCERVES we C4 7/3.) 

HTCESVELE*) 769580 ,00013555 
PHISRUU/R1 

WE, / 02, eVOw (CRI wH2,)) 
ETS DP) 

eE2sparly 
ESR! 

E4S=DS ey 

INT TIAL GOUDIPTIONS 

DU 100 Lalon 
UCI) suU0 
FCI) RF 
UF Cr) BUFO 

QC ].):84.. 
201).21;. 
HPCI) 50.0 
CONTINUE 

DOO EO. bs) oh 

mC) ato 
Y Cle, 
CONTINGE 
CG) sages < 
YCO)ST(o)/Tu -297-



120 

105 

106 

109 

30 
50 
70 

20 

40 

60 

30 

VELOCITY PROFILE CALCULATION 

DO 420 [=1406 

A7=(1@41) wt 

VET BCT CAP wwe, )) 
CONTINUE 

INITIALISE CONTROLLING VARIABLES 

NNN=1 

n1=11 

M1aA 

J=0 

N=1 

INITIALISATiON SECTION AND CONVERGENCE ald 

CALL ZERUCX) 
16 ¢6X.67..0.70). 60.70 106 
GO TO 109 
EL2245,06 
v0814,58 
K120,79375 
ROUS0,91821 
VFTsV0*118,11 

VELFSVETww(4./%,) 
HTCFRVELE*O  6570wd ,V001355 
HCS$20,0006156 
WHEL/ C2. VOW CRI 2,5) 
E1snpry 
e2apaey 
ES=z0RR 

E45 
PHI sRUU/K1 

PEC iO EQ. 470 GUe tO 14 

1F¢9"4)16,2u,30 
LE =38)70,460,50 

TF O5912910460070 
1F¢€y=16)10,80-10 

GOTO: 40 

T(6) 3540. 
Y(6)ST(0) / Tu 
GU. 70 10 
T(6) 25903. 
¥(6)8TCo)/TO, 
GO" 70-2450 
766) 8565, 
Y¥(6)8T(0)/TU 
GO. 7.0 4:6 
766) 2393. 

Y C6) 2TL0)7 Te 

-298-



10 

130 

oa
 

—_
> 

_
 

—_ 
—
 

POLYMERISATION RATE SECTION 

00 130 lateo 

TA eee lt) 
LPAS1 A. LT 303) CAGE RATE CTT 1 VCE) F CESSES Uo peOk. eOCTIUCC II AFLI Os 
VO,ELD : 

EFC TISGT 303. Ally. BY, LT. 325) CALL. RATES]CTY 1p UCTIGE CI) URCID ACI YSU 
70 61 yA BA DINO, EL) 

PRCTICGT. SoS ANP TILT SGS2 CALL RATESCT 1 -PeUCl) DECI YT UR CE) ACI) 8! 
PoC CT) AEC IDs VEU el : 

TECTV GY. 345 AND. TT LT. S60) CALL RATESKT1 Tp UCLI LECT) URC LD ACI) BI 
12 9GG1) yy APR) eM ELD ’ 

LECT1.67. 363, AND. TILLT. GOSICALL RATES (T4,T UCI) ECT) pUR CID ACI) Bt 

IDO Gel) ar 61) VOTE) 

IFC TIUGT.GOSICALL RATESCTI sg LeUCL de BCL AUECT) ACI ce BCL CKI) AF CID « 
VO,EL)D 

CUNTINUE 

DIFFERENTIAL EQUATIONS 

CENTRE LINE 

BIS(QC2)mnCG IS CHee re) 
OCT) SC Cal whywEITI/VG1) IM KACT IV G1)? 
B26 262,826) (nee) 
E61) eC (4. wBPwWE2) /V 01) (B61) /V 01229 
BSRCY C2) RY (1) / Hew.) 
G41) BC C6. eB BwEB)/V 61) HK 0019 JV 019) 
APQSCHPC2IMHPCTII/ Ciiwe 2.) 
WPCA EC CO. eH PQS C1) CARCI) /V41)) 

INTERNAL GRIO 

DO 740. {a2.5 

B4E(QCT +1) C2.7rC12 eC 181) J CHwwe,) 
BS5S(QCtet sudle4d/ C2. eCHw2, CPt)? 
DC LI SCCEA/VCT) wlio BS) PeCACII/Y C1)? 

BOSC Z CL 412.261) #26191) 7 Cee, ) 
B7SCZC Leta e int) / C2. CH 2. II 91)»)d 
ECIISCCEZ/V (C1) a ltow87) JeCu¥clI/VCcl)) 

BESSY CTH = C2.4V C1) eV OC (912) /CHewed,) 

BIBCV CT eT my C14) /62.4CH*H2, Ie CE471)) 

GCL SCCES/VC1I) wb eB9) RCC CLI/YCT)) 

APSSCHP Cle mHPC IAT )/ C2. *CHwe?, ee C1e1)) 
HPRE (HPC Tet) (2 eH PCT) eHPCL81))/ CHwwe,) 
WPCTISCCEG/VC1)) CH ReHPS)) CAPR CLI/VO1)) 

140 CONTINUE 
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656 

658 

ob9 

2ée 

150 

(03 

(25 

154 

160 

1000 

170 

PRINTs END VALUE, AND EXIT CONDITIONS 

CALL PRHTECUL1¢1.00¢L1/42) 

TRG eEG. 2).0G0. TO.1400 

TFC. 2.£8.2260 Tu 1900 

STEP LENGTH AND INTIGRATION TECHNIQUE 

TF CM, GT-0778). 40-70 658 
G0. T0: 559 

CALL: TNTI-CX. 099000574) 
GOm70 2222 
CALL INTICOX,0.9092,4) 

INTIGRATION SECTION 

DO 4.50. iat, 5 

CALL ANTX(@6%.2) 700225 
GALL INUXC2CL) sC1)) 

GAG ON TX. CVG Ce) 

CAGE INTX GHP CT) FURY) 

CONTINUE 

CHANGE UF TEMP, BOUNDARY CONDITION 

IP CUNN WELT) GO T) 705 

TROY (5) 1. T..¥ (09950 270. 795 
NNNSNNE +4 
YCO SCHICERY (CO) Pil weHCSe (TC SI/TUII/S CHIC EPH Ie HCS) 

TUBE WALL EQUATIONS 

V(6)80,000059/F0 
Z2(6)20,yv005.4/uU9 

HP (6) =1 

IFCacl) .eteude)) a¢3)38u¢6) 
ERC2 CR OUTS 2066) 02 Cs 2062 
CONTINUE 

CHANGE TO DIMENSION,L FORM 

DO 4160 Late6 

TOL) SY CE) «1 0 
FCI) 8Q¢1) «FO 

UCT) 8Z2¢1) *Uu 

UF CL FHP CL) wWUFEQ 
CONTINUE 

JoJo 

GO “705 41.05 

STORAGE OF RESULTS 

00 TPE als 
PCI, No mecaeT > 

RAI, Nae C1) 
eS C1) ND tC ie) 

CONTINUE 
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INTERHEDIATE PRINTRQUT 

N=N+1 

KNIT sN=4 

WRITEC2,500)KN1,% : 
500 FORHATC/, SX,1SHSEGHENT WOe w@ ¢lS,/e5Xe15HDe LESS LENGTH & ,f10.46) 

DOe 430) tetied : 

WRI TE G25 00) Y Chis tsa > 

505 SURAT C/75X.4 4nD LESS WTEHP.. 3 vyEiOetel OX, COT EN @ HEV6 9) 

180 CONTINUE 
LECART 80 94) G0. 10-6200 
69 TU 65a 

FINAL RESULTS PRINTSROUT SECTION 

42U0 WRITE(2,5) 
5 FORMATC1H1 se /// 1 GOXe SSHFURMALDEHYDE CONCENTRATION RESULTS, ) 

WRITE C2,6) 

6 FURMATC//+2Xs17HRADLAL GRID) 
WAT PER 7) Gr, £94569 

7 BORHAIEC/4 45 x 46.61.0449 150) 

WRITE(C2,8) 

8 FORMAT(C/,2X,1GHAXIAL GRID) 
00.6660 yet ott 

WRITE C2 O90, CP Cia J) 1 at, HD 
9 FORHATC/,5X.15¢a(5X,E12.4)) 

666 CONTINUE 
wWRITEC2,12) 

12 FORTIATCI NT J/// 160K CPHUREA CONCENTRATION KESULTS.) 
WRITEC2,0) 

WMIYE Ce 5.7): i 131,02 

WRITECZ,8) 

G0 77? sat ca 
WRITECZ2,9)J,¢R(1,d),131,141) 

777 CONTINGE a 

WRITEC2,14) 
14 FORHATCTH1 se /// 1 GUXe ZBHTENPERATURE PROFILE RESULTS.) 

WRITEC2,6) 

WRITEC2,7)¢1,151,0) 
wRITEC2,8) 

00-885. 324-7111 

WRETEC2790) U,(65 6140), Jalan) 

888 CONTINUE 

END 
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SUBROUTINE RATEVCTT, Teeth Prk sp Arb e CeAFOVO,ZEL)D 
COMHON/CONC/UD,FO,UFEQ,HT+S1/TO,R2 
FNACTII BC C195 18) WEEK C0542 ,5/T1)) "1000, 
FNBCT195°¢(610. 80,51) EXP 6995h42,15/71)9 
FNC CT1) 20610, 444,26) wEXp (7 70465,3/T1) 941000, 
PNOCTT) = CCT0, 247.159 8EXKp 699 S6e515/ 71) 2 
FNE(T7)=0 20 

FNE(T1)=0.9 

Gls. O5561 

Q2e} ,003461 

Goan. 103614 

451 ,01446 
Q5=5,0 

@6s0,U 
UFS2 CUM) CF OmF) 
UF2s(UmF)e(uUuRFO) 
UF3s0,0 

GTSQU* FHA CTI) © Fel 
G25u2K* FB CTT) eUF 
G3SQ 3" FCKOT1) eR RUE 

G4SQGHF UN CTY) eUF2 
GSSQS*FNE CTT) © FwUr2 
GORE VE CTY Dw RS 
OTS G1 Gl eG se Guru SaGe 
02561=62 
Us=0,0 

WISER / C2, =i) 
A=QCITaUD fry 

been d/o 
Arado, U 

CS Cut wl wetT/OSt we TO~ke) 
RETURT 

END 
SUBROUTINE RATEQCTI, TU, Fede Arb se CeAReVOeEL) 
COHNON/ CONC /UGe FU ,UKEQ,H1¢51,T0,R2 

FNACTI9S°60610.%*59.19) MEXR (76562,5/T1)) "1900, 
PNB GT) 201) ewiows 1) wb KP Ceo Sod 5.157571.) 2 
FNC (T1) 34616. 444,26) wEXpP 6" 70465,8/T1)) #1000, 
ENDQT193 6610.4" 7.799 WEXR 649562 ,157T1) 2 
FNECT41) <0, 30 

PNE CT1)=0.0 

Q1= 90350 

Q231,0954 

Q3=1,0034 
Q454,G1744 

u539,0 
Q629,0 

UFS2,*(CSO=U) @ CRORE) 
UF 2a (Uep = CuusFO) 

UF 320.0 
GTRQ1TRFIA CTI) Pw 

G2SQ2"Fiih CTT) UF 
USSUS"FIC(CTI) wFwk 
G4RQK6* Fi (T1) UF? 

GSRQSWENE CTY) wR eUF2 

VORWOwFEF CTT) e URS 
V1EG1 Goes Ka Garn sate, 
V2541"6¢ 

03=0,0 

W1SEL/ (2. "Vu) 
A=Cotwyty/ Fu 
BECI2eU4)/ Ma 

ArF=),0 

CHC mH wih TD SCSI eT O wk) 

RET.IRT =—302— 

END



SUBDOUT INE pATERCTI, 1, FeUReAsii CeoAReV0NeEL) 
COMMON, COUC/UIO se BOs IEEQ SHI 6 S4 eTOp;Re 

PRA CTI SCE Owed TWEE XR 0969464, 5771) ) 21000, 
Puacr)) = C(4 () ae em Swe aC 9.5 Ae 15 69490 
PRU THe Gt) eth 2O we Kp CS 7:0.49 (A771) 81000, 

ENCE ) Gl 0 oe wat, 1S) WEXP 679 562..°7 S474 Dep 
FMEC(T1) 20.0 
FHE CTI) 20.0 
(pret COG? 
Qes 1.0962 

Q3=4 0068 

Q421 0280 

W527 ,0 

Q6314,0 
UFEP>  eCUOR) CF ORF) 

UP 22 (USFI— CORK FA) 

WF320,9 

VSQVRENACT1) & Fe 
SQO2* FUR CTI) UF 

GRSQ3KFHC CTI) eR eUF 

GGSQO4AwFHD CTY) wR? 

GSSQgrFiECT1) e Fee 
GSSQ6w ENF CTA) elles 

OV 251962465 -G464658946 
O22G1"G2 

0320 ,0 

WISEL/ (2. VO) 
ACO #4) / FO 
R2CN2"1)/U90 
AF29,0 
CECT HT eHt DCS f¥TOwP2) 
RETIHRQN 
ENT 
SUBROUTINE RATEACTIT, Le, Fe UF eAsb,CeAR CVI, EL) 
CONMHON/COHC/UD-FO,NEEQ,iI1+81,T9, R2 
ENACTI) 20019, ##5.18) MEXp (96562,5/T1)) "1000, 
FNRCTIVEC(1O. e#6 STS WER OR9542,15/71)) 
FNC CTI S0(C10, #446, 26) EX (77945,3/7T1))"1000, 

ENCE) hee Ch, WOT 5 13d EXP OO9 5625145 / 7197 
FNR CT 20.9 

FNECT1)20.0 
121 9156 

Q231,0156 
Q3=5 90434 

Q425,0378 
G52 0 

Q4633 9 

YFS2,* CUO) a CF OME) 
UF2eCURF = Cide@FO) 
UF3=0.,9 

SQ elijact 1) eFeU 
22Q2*F UR CTT) WORF 
GREG3*FICOT1) eR RUP 

G4a94*F NO CTT) UF? 
GSSIS#ENE CTA) eFeUF2 

GHOEN6*F YE CTY) IFS 
01261"G42463-64405=G6 
02201°G2 
Q0329,0 

SEL/C2.¥*V0) 
A=(O1#UT)/F0 

B=(O2"W1)/U0 
AFRIY,O 

C= C1 #1 WHIT) / CST *TOwR?) 
RETURH 
END ‘ee



SUBROUTINE RATESCT1,0+U,FeUF,ArB,CeAFrAVO,EL) 
COMHON/COHC/U0,FU,UFEQ,1H1°51,T0,R2 

FNACT1)53¢(610."*5.18) EXP (676542,5/T1))*1000, 
FNB(T1)53¢(10,*40.351) tEXP6"9562,15/T1)2 
FNCC TID SC CVG. eh, 20) Ww EXO" 7065,8/T1)) "1000, 
FNDCT1)3¢6(10.4*7.15) wEXP6799562,15/7T1)) 
FNE CTI) E(1,2/9 C610, ew 515) MEXR (96542,5/71))01000, 
FNFCT19561./9 9 #0 010.%*5.18) MEXR 6765462,5/T1))41000, 
Q131,0 
Q2=1,0 

Q3e5,0 

Q4e7,0 
a5=0,8333 
Q6=1,2 

UF2s3 we Culm) eCFRF0I 92, wk 
UFZs2.w(UsU)) eC ROME) HUF 
GTSQ1* ENA CTY) Fe 

G2RQ2*F NB CTY) RUF 
G3=Q3wFNCCT1) Fak 
GSSQ4wFWN CTT) eUF2 
GSSQSwFNE CTY) wR UF2 
GORQ6*F UE CTY) URS 
OT EGC1#G2leG54G6405 "Go 

O2e01"G2 
OSsR GI eG 245 3aG4 

WISEL/ (C2. *VO) 
A=COTUT)/ Fu 

BSCo2"y7) /U5 
AFE(OSe 11) /UFEN 

CSCudeWi wht) /(S4*TUk2) 
KETIIRN 
END 
SYBROUTI]HE RATED C4 Ale, Relea Gp ARON Oy bey 

COMHON/CUNC/UG/FO,UFEQ,H1+S74,T9O,Re 
FNACTIT) 30010. #5953 @EKE Ct05462,5/T1) 1000, 
FNBCTIV ECC TU. e*G. 51) EK 689562,15/T1)2 
FNC(T1) 306610. 4*4, 26) EK (97965 ,6/T1)) 41000, 

FANO(T1)30¢10."*7.15) eEXP(99502.15/T1)) 
FNECT1)=69.2/9.) #00410. 65213) MEK PR (6965 42,5/T1)281000, 

FNFCT1)=¢7./9 .9w 0010.95.18) MEX (6765462,5/T1)) "1000, 
Q1s1,0 

Qa2s1,0 
Q355,0 

Q454,0 

Q350, 8353 
Q651,2 
UF2S3,wCUOmt) HOCK SFO) m2, eF 
UF3a2.,4(URU0) + CF OF) +UF 
GTSQI FACT) © Fat 
G2Su2" FB CT1) aE 

GSSQ3*E NCCT) we Feuer 

GSS KrF VO CTT) wUF2 
GSSaSw PE CTT) FRE? 
GOSQOWFNE (TI) eURS 
VV SGT G2 4G Tabor SG 
O02=61°62 
O 5546140245 5804 
W1eEL/ (C2. 8Vu) 

A=CuTeut)/ Fa 

BSCO!2]"Y1) JID 

AFS(O36 1) /:IFEU 
CH Cotati whl) /CSt#TUek2) 
RETURN 
END 

FINISH -304-



1u0 

SOLUTION OF CUIIPLEX MODELS 

PROGRAM FUR USF MOLAR RATIO OF 4;32,2 

COMHON/CONC/UU,FO,UREQ,H1,81,70,R2 
DIAENSTUN AC10),6010),0¢14U),F (10) 0UC10),T019) 

DIHENSTUN D(10),E(10),G¢10) 
DIMENSION UEC19),HP(10),AF 610) 011P 610) 
DIMENSIuN Vi Co) et C1 Gee Yee 120 92:00) 

DIMENSTUN P(10,20)42¢19,20),8(16,20) 

PHYSICAL LATA 

V0865,57 
R1=0,3175 

TSaL435; 

$15322.854 

H1==6000. 
ELEQO14,4 

OP=1 463/010 «*5,) 
DQS4,14/¢(10,**5,) 

0$29,97/(10."*5,) 
DR=31,84/(10,"44,) 

F050 ,005084 

UND, GO5474 

UF1)20.¥ 

UFEQRO,0N3175 

TOS S08, 

R25,2E=04 

H=0,2 

4C$s0.0905027 

ROUB0.46190 

CALCULATE DATA 

VETaV0~w418,11 

VELFSVETwe(1./3,) 
HTCRRVELE 0.74950 ,1001355 
PHI SROU/R1 

WREL/ (C2, wVOw CRIT ee 2,)) 
E1=5pP+ 

E2e0Q"y 

ES=DR*W 
EGENS*l 

INITIAL CONDITIONS 

dO 400 Tz7 4 

UCT)suU0 

FCI) aFO 

UF C1IEUF1O 
OCT yey. 

2410841. 

HPC1)=0.0 
CONTINUE 

DO dO: rey S 

TCI) STO 

VC rye, 

CONTINUE 

t Coys 75. 

Yo) eT lud/Tu -305-



120 

105 

1U6 

109 

50 
30 
70 

20 

40 

60 

80 

VELOCITY PRUFILE CALCULATION 

pO 120 Jatyo 

A732 (171) *H 
VC1T) 801 = CAP ewe, )) 

CONTINUE 

INITIALISE CONTROLLING VYVAKTABLES 

NNN= 4 

N1=541 
M136 

J=0 

N=4 

INITIALISATLON SECTION AND CONVERGENCE ard 

CALL SERN CK) 
LECK-OT 0.70) GO Te TQ6 
GOT) 31.09 

EL=243,84 

VO=7,2¢9 
R1=9,79375 

ROUBD.91821 
VFTaV0"w113,11 
VELFBVETwel4./3,) 

HTCFSVELFE RD, 8575w0,0001355 

HCS$20,0004130 
WEEL/ C2. #V0wC RI 62,0) 
ETS) Pe 
E2=pQeW 

ES=NR*y) 
bE4e)S 

PHISRUU/R1 

PeCUC EO 7) GU Ti 20 
TF (J-4)1)0,29,59 
1F(J96)10,40,59 
TFC 5212910000770 
TF 053 =16)10,50,10 
GOs T0..10 
T(66) 2369. 
¥ (6) 8769 /Tu 

GO 2f0=7.0 
766) 3393. 
Y(6)2T(0)/TO 
GOmrO 1:0 

T66)2613. | 
Y¥(6)8T(0)/Tu 
GO TO 10 
706) 3633. 

Y(6)8T(0)/TO 
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POLYMERISATION RATE SECTION 

10° D0 4350 Lao 

Ttartc Hy 
EF CEFGL Ts Se tO CAG RATE CT Fel U1 re POT) RCL ACL) oC? CCL) pA le 

1VO,EL)D 
TFCTT.GT. S25. AND TILT S43) CALL RATESCTA TCL ECT) UR CID ACI) BO 

Tt ,OCl yy AP Cia VO. ELS 
LECT4 GT. 343 (AND CTI LTV S6S2 CALL RATES(T A EGUCEID ECT UECTD ACI), BS 

AIO 6 Ol) APC NOG ELD 

TECTIU.GT. S63. AND. TILLT. S852 CALL RATESGCTIT AT eUCE) FECT) UR CID ,ACI) B86 
VD g LORY CE) VOVEL) 

IF CT1. G7 005. AND. TILLT.AOS0CALL RATES STV eb ce UCI FCI) UR CE) ACI), BC 
Yel) AR CT) 4 V0, BL) 

IFCTI.LGT. GOS) CALL RATEOCTI AL OUCTI oe FCT CUE CT) ,ACI IA BCTI COL) AF CID 6 
1VO,EL) 

130 CONTINUE 

DIFFERENTIAL EQUATIONS 

CENTRE LINE 

BIR CQC2)RUl1)) CH) 
DOV) RC C4. wba wET)/V 64 DAT) /V 01922 
B25(262)—@264)) / Ciiwweo,) 

ECTI SC C4. wBDeE? Y/VET) CBT /VETD) 

BSECY C2 HAV(4))/ CHew?,) 
G(t5atth. wO%wESI/V0G)I=(CC1)/V 019) 

HPQSCHPK2) =HPC1))/Citwm2,) 
WPCT) EC Cb. ey Pura /i C1) CARCI) /V41)) 

INTERNAL GRIN* 

DO 440 1e2,5 

B4E (QC #1) 9 C2."UCT))#Q 0,91) )/ CHawe,) 
BSSCQCT Ht eu Cla1) 72,0 CHm 2, e141)? 
DCI) SCKET/VCI) eC BGeBS)RCACITI/VCI)) 
BOSC ZC Le) (2.4201) 2426191) / Heed, ) 
BFC LC rete 2191) )/ (2,4 CHew 2, CT 91)) 
ECL SC CEZ/VC1T) I w(bbwB7) eR (B(CLI/VCI)) 
BOSCYC THT C2." CL) HV Cf 91)) / CHeee, ) 
BISCV CT et MV C191))/ 62,4 CH m2, 2 C171) ) 
GCL) SCKES/VCI) whe BF) De(CCII/y¢1)) 
HPSSCHP CIT eT > mR CTT) / 62,8 CH? de CL e1)) 
HPReCHP CT eT) eC 2, eH PCL) FHP CL 91))/ CHwwe,) 
WPCIIECCEG/VCIT) De CHpReHpSd CARL LI sV CID) 

140 CONTINUE 
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656 

658 

059 

222 

150 

703 

(2s 

THA 

160 

1yu00 

170 

PRINTs END VALUE. AWD EXIT CONDITIONS 

CALL PRNTECO.101,0-¢L1sb2) 
IFCL1.E8.2) GO TO 1900 
LE C2 neo 2) G0. no 10.00 

STEP LENGTH AND INTIGRATION TECHNIQUE 

IPEX CT, 7a) GO TY 655 
GO. 70.659 
CALL IHT16K,0.900574) 

GO 0. 222 
CALL INTICX,0.90204) 

INTIGRAYIUN SECTION 

DO--2450° 187 75 

CALL PNIX (0 CE) + DEL 

GAUL ENTXCZ4127661).) 

CALL INTKCY C1 euhd) 
GALL INGX CHR CID Wa CT) 2 

CONTINUE 

CHANGE VF TEMP. BUUNDARY CUNDITION 

IFCHNN WELT) GO TU 703 
EE OC5) la Y COD.) G0 RO e725 
NNNaNivhiet 

YCOVSCHTCERY (CS) PHT eHCSe CT Cod/TUIIS CHT CR OPH] NCS) 

TUBE WALL EquATIoWs 

Q(6)s0,0003577/ Fi 
2(66)20,0002/U0 
HP (46) =1 

00 154 bata 

EFCQCLY. LT.at6d9 Utryancée? 
PEC2 OCIS TL tO) F444 OTUOD 
CONTINUE 

CHANGE TO DIiNENSTUWNAL FURM 

DO 160 Lalac6 
NCL SYC LT) 2 0 
FCT) 8Q¢i) # FG 
UCL) aZ¢1) "UU 
UF CT) SHPCI) ®UFEQ 

CONTINUE 
JJ +1 

GO..70 1,05 

STURAGE OF RESULTS 

dO 170 L=le6 

PCT,N)RUC1) 
RCTS Nee Cl) 

SCI NISY C1) 

CONTINUE 
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2U0 

505 
166 

42U00 

666 

12 

17 

14 

368 

INTERNEDIATE PRINTOUT 

NON+4 

KN1TEN™1 
WRITEC2,5090)KN1,X 

FORHATC/  SK,14HSEGUENT HOe = #1 Se/e5Xe 15ND LESS LENGTH & 4F10.4) 
00-780 talc 
GHRETE ClwS Os) Y Cl sy TOT) 

FORMAT (7/7 GAA GHOELESS TER. 8° PE VG0:8 plex pe TEA. = WE1O. 3) 
CONTINUE 
tFCKN1.EQ.11) Gu TO 620% 
GO 10 656 

FINAL RESULTS PRINTSOUT SECTIUN 

WRITE C2:,'5.) 

FORHATCTHT a S/O Ke SSHEORMALDEHYDE CONCENTRATION RESULTS,) 
WRITEC?,6) 

FORKIATC/JscX el IIRADI ALY GRID) 
WROTE C272). Cia Te iy0 ) 

PURTIA TC (34. 9,0 61.0%5.159.) 

WRITEC2,8) 

FORHAT C7.,2K , 1. OHAXTAI© GRID) 

DO #60 yste' 
WRITES 27900.) ..(P C1; 30), 131,61) 
FORMAL SX kD nr COX TE Te. 42) 

CONTINGE 

WHET Me C2, 12>) 
FORHAT CANA JJ eh0K eo, PHY ER COHCENHTRATION RESULTS.) 

WRITEC2,6) 

WR TEC 2967) Cl cheno) 
WRITE ¢2 7.5) 

Oil 7 7ar ag tol 

WARE TEL 2 9.) CRC 190), 1844681) 
CONTINUE 

WRITEC2,14) 

FORMATCTNT/// 1 GOX,PBHTEMPERATURE PROFILE RESULTS.) 
WRITEC2,6) 

WRITEC2;7)(1,1289 76) 

WRITE(2,8) 

PO 2868° jie, [11 

WRITEC2Z69).5, (05 C2 eJ)4 181,41) 
CONTINUE 

END 
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SUBROUTINE RATEV (TI, TAU, Fe UF pAr Se CyAFeVO-EL) 
COHMMONW/CONC/UD0,FO,UFEQ,H1251,T70,R2 
FNACT1I) = °¢(19. 475.18) €EXR 676542,5/T1))*1000, 
FNBCT1)3¢0(6170. 46.351) WEXp("9562,15/T71)) 
FNC CTI) 30 (610.%*4,26) WE Kp (77045,8/T1))41000, 
FNO(T1)3¢(10.%*?,15) wEXP679562,15/T1)) 
FNE CTI) (1.2/9.4 C010. #95118) MEXR 696542, 5/712) 81000, 
FNE CTI) S61./9 9 0610.45.18) WEXP (676542,5/T1)) 41000, 
Q134,0 

ads 0 

a@3s4,0 

Q4=4,0 
Q530 6333 
Q6e4.2 
UF 2s35.e (CUOMU) HCP RFO) M2, KUF 
UF Sa2.e(URUD) © CF OF) UF 

GISQT*ENACTI) Fw 

Glaue4F ib CTT) UE 
GSSQSwRHC CT) ) Fw 

G4eub6eF iD CT1) eUF2 

USSu5wFWE CTY) *FwlFe2 
G6SQG*FLE CTY) WIPES 
O15519"9624+G3—G46%05"Ge0 
02=G1"G2 
USRG280) #546463 
WIREL/ (2, #V0) 
ASCOTHUT)/ FU 

BECU2"N7)/U0 
AFE(O3ws1)/ iF EU 
C=COVU HHT) J CST TUR?) 
RETURN 

END 

SUBROUTINE RATER CTI, Tell, Fe UF eAotis Ce Ake VOrEL) 
COMMON/CONC/UO FO, UEE UGH 1547 1-0 ee 

FNACT19 53° ¢6159.4*#5.18) WE Kp 6965462,5/T1))*1000, 

FNB CTI) SC (10, *40,351) EK 2699 562,15/T71)) 
FNC (TI) 30 (10. %46, 20) MEK (9790465,8/T1)) "1900, 
PNDCT1)30(14) ww 615) KERR O99 56d (15/7 74)>) 
PNE CTI) S61 02/9.) #0010, 5018) MEXR (96542,5/71)2 81000, 
PNFCT1) 361 ./9 dw C10. 5,18) HEX) 6765462,5/T1)) "1000, 
Q1=0,0 

a235,0 
a3s5,0 
Q4310,9 

85216,6067 
u6e24, 

UF2=3.* (UGH) eC FRE 0) =2,6UF 
UF 3a2,e(CURUD) + CFOmF) HUF 
GTSQ1 WFAA CTI) Fru 
G2SQ2*Fijs (T1) UF 

GSSQ3* FNC CT1) PRUE 
G&SQ4*FiA00T1) UF 2 
LVSSQS"E VE CTI) © FeUF2 
GOSQGw ENE CTY) URS 
OV SG1 962403865 "659G5 

023G1"52 
US8G2"0) 8046463 

WIREL/ (COL e V0) 
AZC)IwI])/ Fy 

BS Cu2wit)y/Uy 

AFRB(COS«I1) /yFeQ 
CSCO wh) / CST wT eR2) 

RET IRN 
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SUBROUTINE RATESCT1,1 -USFeUEsAsb se CeARCVO,EL) 
COMMON/COHNC/UN,FO,UFEQ,H1¢S1-+T9,R2 
PNACTIVS CCl aS Sh) WEA O54e 55/71) ) 4.1000, 
FNE CTI EC C10.%*6.351) MEX OR9562,15/T1)) 
ENC CT1) 36010. 4 #420) WExP 687045, 8771) 41000, 
FNDO(TIIEC(C10. 447,15) wb XP 699562,15/71)) 

FNE CTI) R(1.2/9, 246040. 5018) MEXR C6542 .5/T1)) 41600, 
PNECT1) S017. 79.0) ©6011), 5. 1) RERD (P6942. 5/74) 01000, 
Q155, 

Q2s5, 
Q3=40, 

Q4s40, 

a5e0,0083 

Q620,012 
UPF2e3.~ (U0) eC RRP) #2, eK UF 
UF Sa2,e(URUy) + CF ORF) #UF 

GTSQ1*FRACT1) #Fwl 
G2eQ2*Fiib (TT) WUE 
G3RQ3wFNCC TI) #FwUF 

G4S3Q4eF ND CTY) KUF2 
GSSQ5 Fie (T1) we FeUF2 
GOSQ6wERE CTY) #UFS 

O1SG1=G246 35-6445 5 eG0 
O2=G1=G2 
O3e,2"61 =944G35 

WISEL/ (2. *Vu) 
AzCITRUII/ Fu 
d= C0204) /U0 

AFR (O36 1) / FER 

CSCO WUT wT) / (ST *TUaR2]) 
KETURNWN 

END 

SUBROUTINE KATEQCTY, LeU, Fe Ut sAnls - CyeAReVO,EL) 
COHMON/COHWC/UG,FO,UFEQ,H1,81,T0,Re 

FNA CT 1) CO. +45. 13) EXP 6265 G2,-57 71 )) 21000), 

FNB(T1)5¢(10.%*6.31) wEXp (79562.15/T1) >? 
FNC (TI) S0°010. *¥6.20) MEXR (6979469,8/T1))"1000, 
RENO CT1) aC CTO, ee? . 13) mE XP 679 562,1 5/79)? 
FNECT1)5¢61,2/9.) 46010, we 5.618) MEXR 696542, 5/T1)) 01000, 

FNE CTI) S£L1.6/9 we CCT, eH 618) EXP 696546,5/T1)) 41600, 
Q1=1,0 
Q2=1, 

Q5280, 

Q5316.6607 

Q6=42, 
UF2aS.e CURT) eC RR F0) 2, eUF 
UF3a2,*¥(URUG) eC FOSF) eUF 

GTSQTeFHACTT) Feb 

G2Su24FNK (TY) «UF 

G3SQS"FNCCT1) wFwliF 
G4SQ4RF OC TI) WUF2 

GSEQSRFNE CTI) FUR? 
GOR Q6wFNE CTT) eUFS 
01851866463 -646%0 5840 

YV25G1"G2 
O5552"61"646465 

WISEL/ 62. Vu) 

ASCII REYT)/ Fy 

BeECO2"U1)/Un 

CS COT U1 WHT / CST T0 eRe!) 
AFS(QSwi1) Ji FER 

RET!HIRA 
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SUBROUTINE RATESCT1, LeU, FeUcreArur GC sAFeVOrEk) 

COMHON/CONC/UN+FO,UFEQsH1+S1,T0,R2 
FNACT1)30(610.4*5.18) *EXP676562,5/T1)) "1000, 
FNBCT1)56(10, 4¥6. 351) wEKP699562,15/T1)2 
FNCCTI2 aC C10. we4. 26) wEXP 69 70465,.8/T1)) "1000, 
FND (171) 26610. 447.15) wEXR6"9562,75/T1)? 
FNECTI) RCT. 2/9. 0010, 5013) MEXR (96542 5/71)) 01000, 
FNF(T1)9361,/9,3 40610, #518) MEX 676542,5/T1)) 41000, 
Qizi,e 

Q2n41,0 
Q5=150, 

uSe40, 
a5s50, 

Qorte2, 
UF2s3.e (U0) CFR FO 82, eK UF 
UF 3Se2, «(Ue ) eC FORE) HUF 
GTRQUV* FRA CTY) wR et 

G2BQ2FiKB CT) *UF 
GSSQS5"F YC (T1) sF RUF 
GSSQ4*F UD CTT) UF? 
OSRQS*EUE CTI) wFeUF2 
GOSQOwENE CTT) wUES 

01551" 6246346405965 

U25G1"Gz 
Q3 5-614 0246 5"64 
WIREL/ (2. V0) 
AzCOtTRN1) / Fu 
BECO2*Y1) /UU 
AFR(OS WIT) /UFER 

C= C1)1 U4 HT) / (S14 TOR?) 
RETURN 

END 

SUBROUTINE RATEG CIM, d vee EPA Rh aGyAPAVOVEL) 

COMHON/CONC/UUF FOU EU, H1~+81,T0,R2 
ENA CTI) e001). #¥5..16) 6X? 64056 eb 111061000, 

PNB CT1)36010."40,5198EXP(79562,15/T1)? 
PAC CTT 9 a1) wee, 260 WER PCR 745.6771) 81000, 
FND(T1)3((10.447,15)8EXP079562,15/T1)) 
FNECTI BCT E/9 0010, 5615) MEXR C6542 ,5/T1)9"10090~ 
FNECTIT) C1. /9 C10, 445.18) MEXR 676546,.5/T1)) #1000, 
Q120,7 

a2d=t,0 
Q3=8,0 
Q4e4,0 

Q5=41,0833 
QOs4,56 

UF2e3,w(U0mi) CF eF0)=2, UF 
Ur Sa2,e (UU) + CK ORF) UF 
GTSQU*FNACT1) # Fwd 

G2SQ2wFNACT1) #UF 

G3SQ3"FVCCT1) eR RUF 

G43N4"FVOCTI) *UF2 

GSSQ5wFRE CTI) wFwUF2 
GOSQO*ELE CTI) e UES 
OL SG1 "Go 4G5"G44E5 a6 
O2251-"G2 

V3SaG1402405=64 
WISEL/ CC. wi) 

ASCOT / FS 

d= (02%) /UG 
AFR (0356/1) Ji FEU 

C=C wit) /CStwTOwk2) 
RETURIN 
END 

FIN) SH aT.



APPENDIX 8 

CALCULATIONS AND CALIBRATION CHARTS 
  

Examples of calculations required to evaluate residence 

times and pump delivery rates are given below. Calibration 

charts for the urea and formalin pumps follow. 

a. CALCULATION OF UREA SOLUTION AND FORMALIN 

WEIGHTS FOR A GIVEN MOLAR RATIO 

Assume Formalin Strength = 36% w/w 

Urea Solution Strength = 50% w/w 

U:F Molar Ratio as 22 

Then 

wyoO .. 1 
F/30 Bie 

Or 

ae 
Ge eee 

For 1g mol of formaldehyde i.e. 30g, the urea required is 

given by 

UG = Ss) =) oT, 272 

Since the urea solution is 50% w/w this is equivalent to 

Gos Sat at Roa Ss 4, O4e A.S.1, 
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30g of formaldehyde at 100% is equivalent to 

B= =), 100 = “835¢ A. 84.2% 

Total weight is therefore given by addition of A.8.1. to 

A S23. thus: 

S4,54>.+: $3.5 -*¢.138 ,04¢ 

therefore for a charge of w g at U:F molar ratio of 1:2.2. 

Weight of 50% w/w Urea Solution 

ss 54,54 w 
138,04 

Weight of 36% w/w Formalin 

83, 9°W 
] Yee 048 

ii. CALCULATION OF RESIDENCE TIMES 

A sample of the calculations giving the residence 

times corresponding to each of the sampling valves in the 

reactor, is presented below. 

Assuming the 53.50s residence time for the reaction 

length of reactor, two residence times have to be accounted 

for. This is because the diameter of the reactor tube 

Chances from +".1.d,.to 5/8! iad,..30ft from the reactor 

inlet (Chapter 5), 

Let Ral = residence time in s0ft of, 7" 1 .d, tube 

RT2 = residence time in 8ft of 5/8'' i.d. tube 

Then 

RT1l +2 RT2 = Haro <s BES 3 
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And 

Solving A.8.3. and A,8,4. simultaneously: 

RT1 ll 20,04 s 

RT2 33.46 s 

Since the 30ft of +" i,d. tube is divided into three 

10ft lengths, then the residence times corresponding to 

each of the sampling valves are: 

SAMPLING RESIDENCE 
VALVE TIME 

s 

{= 6,68 

2 13.36 

3 20,04 

4 53.50 

Similar calculations can be made for the 26,75 s 

residence time (Chapter 5), 

iii. CALCULATION OF VOLUMETRIC FLOW RATES 

To calculate the individual volumetric flow rates 

for the urea solution and formalin, the Peel asnds times 

calculated in (ii) above have to be corrected for actual 

lengths of tube, thus: 

41,408 RT1 = 20.04 “4° 27.66 s 

RTO’ = 493—44 ne $5.25   
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Hence the total residence time is 62.91 s, and the total 

volumetric flow rate is given by 

VFR = sa = .. £060 om?/s 

where 

V = the total volume of reactor in cubic inches 

ERT = the equivalent residence time, s 

Hence for the above example 

‘(OO 316 55,411 . 3 
VFR = Tans | eee Ot 1000 = 14.43 cm’/s 

The total volumetric flow rate calculated above is 

used to evaluate the individual delivery rates of the 

formalin and urea pumps, thus: 

Assuming a 50% w/w urea solution and a 36% w/w 

formalin: 

Density of the above composition = 1.114 g/cm 

Therefore 

The mass flow rate = 14,43 x 1,114 = 16.075 g/om® 

Using the calculations discussed in part (i) of this 

appendix, 

Mass flow rate of urea solution 

04.54 
a 16.075 733-94 = O30 g/s 

Mass flow rate of formalin 

ot as 83.5 
= 16,075 738.04 9.724 g/s 

Density of 50% w/w urea solution = 1.14 g/cm? 

Density of 36% w/w formalin mL aOF g/cm> 
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therefore 

Volumetric flow rate for urea solution 

Oo 315 3 
Seas = 5.67 tm’ /s   

H
 

and 

Volumetric flow rate for formalin 

©
 ,724 

‘S07 
  = 8,76 em?/s 

The pump settings for these throughputs can be read 

off the calibration graphs of this appendix. 

iv. CALIBRATION CHARTS FOR UREA PUMP 

Fig. A,8.1. shows the calibration graph for the 

urea pump, Fig. A,8.2. is an enlarged section of Fig. A,8.1. 

at the lower pump settings which were predominantly used. 

Vi CALIBRATION CHART FOR FORMALIN PUMP 

Fig, A.8,3, shows the calibration graph for the 

formalin pump. Fig. A.8.4, is an enlarged section of 

Fig. A.8.3. at the lower pump settings which were 

predominantly used. 
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APPENDIX 9 

QUANTITATIVE ANALYSIS 
  

ke ANALYTICAL REAGENTS 
  

The chemical reagents used in the quantitative 

analytical methods described later in this appendix were 

prepared as follows:- 

dis 0.1N IODINE SOLUTION 
  

1 
20.00g of potassium iodide* was dissolved in 20 to 

30 cal®.of Bisteiied water. Te sais solution was ‘ddded 

12.70g of iodine and the mixture thoroughly agitated 

until the iodine dissolved, The above solution was made 

up to 1000 om? in a volumetric flask, 

ii. 0O.1N SODIUM THIOSULPHATE 
  

An approximate 0.1N solution of sodium thiosulphate 

was prepared by dissolving 25g of the crystallised 

chemical in 1000 cm? of distilled water, 1 om® of 

chloroform was added to the above solution to give better 

stability during storage(129). 

1 Footnote* : Chemicals are of the specifications 
given in Appendix 6. 
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iii. 2M SODIUM SULPHITE SOLUTION 
  

504,0g sodium sulphite was dissolved in a quantity 

of distilled water by thorough agitation, The solution 

was then made up to 1000 om? Wath further addition. of 

distilled water. 

iv. THYMOLPHTHALEIN INDICATOR (0,1% IN ALCOHOL) 
  

0.4g of solid thymolphthalein was dissolved in 

600 om? of alcohol and the solution made up to 1000 om? 

with distilled water, 

: The following reagents, also used in the analytical 

technique, were prepared using standard methods(129), 

These were: 

v. Sodium hydroxide solution, 10% w/v 

vi. Sodium hydroxide solution, 1 Normal 

vii. Sulphuric acid, 10% v/v 

Vill Suiphurie acid, 1. Normal 

2. ANALYTICAL TECHNIQUES 

The quantitative methods used for analysis of the 

resins prepared in the reactor were as follows: 

a. STANDARDISATION OF NORMAL SODIUM HYDROXIDE (NaOH) 

Zo em® aliquots of BDH standard IN HCl were pipetted 

into a conical flask. Three drops of thymolphthalein: . 
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indicator were added and the contents of the flask 

titrated with the NaOH solution until a light blue 

colour was obtained. This was the end-point. 

Cal culation: 

Normality of NaOH = N woo 
NaOH t 

where t = volume of NaOH used to neutralise the IN HCl, om? , 

ii. STANDARDISATION OF NORMAL SULPHURIC ACID (H2S0a) 

2D om? aliquots of the H,SO, were pipetted into a 

conical flask. Three drops of thymolphthalein indicator 

were added and the contents of the flask titrated with 

the caustic which was normalised above, until a light 

blue colour was obtained, This was the end=point. 

Calculation: 

25° x N =txwvnN 
HoSO4 NAOH 

N.. = t-Nnaow 
HoS04 ne 

where t = volume of caustic used to neutralise the 

3 
H,SO,, cm, 

iii. STANDARDISATION OF 0.1N SODIUM THIOSULPHATE 
  

(Na2S203) 

3.5670g of potassium iodate were dissolved in distilled 

water and made up to 1000 om? in a volumetric flask. 

This gave an exactly 1 N potassium iodate solution. If 
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the above weight was slightly different the exact 

normality was calculated (Nxr03)" 

3 
25 cm of the above solutions were treated with 

excess of pure potassium iodide Cle sol the<sod:s1'd- or 20 em? 

of a 10% w/w solution).6 om? of normalised H,S0, were 

added. The iodine liberated was titrated with the 

Na,8,0. solution: while constantly agitating: when the 

colour of the liquid became pale yellow, 0.2-0.5g of 

iodine starch indicator were added. The titration was 

continued until the end-point, i,e. where the colour 

changed from blue to colourless, Titrations were 

repeated until two consecutive ones agreed to within 

aay? ony. 

Calculation: 

Nya Ss O * NKIO 
2.2 3 

ty 

where 

tl = volume of Na,S,0, solution used to neutralise 

the potassium iodate solution, em? , 

iv. BLANK DETERMINATION FOR IODIMETRIC ANALYSIS 

50 om? of 0.1 N iodine solution were pipetted into 

an iodine flask containing 50 om? of distilled water, 

- of 10% w/v To this solution was added a volume of 30 cm 

sodium hydroxide solution, The contents of the flask 

were thoroughly mixed and allowed to stand in the dark 

for 30 minutes. 
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45 om® of 10% H,SO, were added to the flask and 
2 

the liberated iodine was titrated against 0.1 N sodium 

thiosulphate using 0.2-0,5 g of iodine starch indicator. 

(The colour change at the end-point is blue to colourless), 

The volume of the sodium thiosulphate consumed by 

the liberated iodine in the flask was noted, This was 

used as the blank value in subsequent analysis, 

or NEUTRALISATION OF SODIUM SULPHITE SOLUTION 

About three drops of thymolphthalein indicator 

were added to 250 em? of 2 Molar sodiumsulphite solution. 

The solution was then titrated with normalised NaOH until 

a blue colour was obtained, This was the end-point for 

a neutral sodium sulphite solution, 

It should be noted that the neutral sodium sulphite 

is such with respect to the en a A indicator 

which operates at a pH of between 9,3 and 10.5. Normally 

it requires about 3 drops (0.2 em?) of normal caustic 

to neutralise approximately 250 om? of the sulphite. If 

any appreciable amount of caustic is required as has 

been noted when using some grades of sodium sulphite a 

blank determination should be carried out each time the 

sodium sulphite is used in any determination, 

The procedure for doing a blank corresponds to that 

of "standardisation of formalin" (vi) except that the 

sample is omitted. 
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vi. STANDARDISATION OF FORMALIN 

Approximately lg of sample was accurately weighed 

and transferred into a 250 em? conical flask which 

contained approximately 50 om? of distilled water. 

About 1 em? of thymolphthalein indicator was added and 

the contents just neutralised from colourless to blue 

using normalised sodium hydroxide solution. 

50 om? of neutralised sodium sulphite solution 

were then added to the above solution and the flask 

contents agitated and si tedbed with normalised sulphuric 

acid until all the blue colour disappeared, This was 

the end-point. The per cent w/w of formaldehyde is 

calculated from: 

NaySO, + CH,O(aq) + H,O + HOCH,NaSO, + NaOH 

30g.CH,O = 1000 cm® IN NaOH = 1000 cm® IN H,SO, 

%CH,O w/w = SS * =< 100 

w = weight of sample, g 

t = volume of H,S0, required to neutralise the 

liberated alkali, cm® 

n = exact normality of the above sulphuric acid 

vii. DETERMINATION OF FREE FORMALDEHYDE 

THE ACIDIMETRIC SULPHITE METHOD 

With reference to Chapter 5, where the technique 

for the collection of samples from the reactor has been 

described, the acidimetric sulphite method for determinat- 

ion of free formaldehyde was conducted as follows:- 
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A standard test tube (height 15 cm, radius 2.5 cm), 

including a stopper, was weighed accurately. Approx- 

imately 30 om? of distilled water were placed in the 

tube which was then reweighed, 

Approximately 5g of sample were introduced into the 

test tube from a reactor sampling valve as described in 

Chapter 5, External water was wiped off the outside 

and the tube weighed, inclusive of sample, water and 

stopper, accurately. Appropriate subtraction gave the 

weights of the reactor sample and the solution. 

Depending on the quantity of free formaldehyde 

expected, between 4 and 6 g of the above solution were 

weighed by difference from a weighing bottle and decanted 

Ento, 2:45.00 om? conical flask containing approximately 

200 cm? of distilled water, The weight of the sample 

was chosen such that a reasonable titrate volume was used. 

The solution was agitated to disperse the sample, 

then carefully neutralised with normal NaOH to thymol- 

phthalein, At the end point the colour changed from 

colourless to blue, 

10 om® of Normal H,SO,were added from a burette 

followed by 25 om? of neutralised sodium sulphite solution, 

The solution was allowed to stand for exactly 1 minute. 

The excess H,S0, was then back titrated with the Normal 

NaOH using thymolphthalein indicator. The end-point was 

given by a change of colour from colourless to blue. 
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Calculations: 

Na SO. ~ CH,O(aq) + H,0 - HOCH,NaSO, + NaOH 

1000 om® Normal NaOH 

  

30g CH,O = 

% Free CH,O w/w = (10 Nagsog - t NwaoH)0-03 wo | 100 
wl w3 

where 

wl = weight of sample used in analysis, g 

w2 = weight of solution in the test tube, g 

w3 = weight of sample from the reactor, g 

Ny ee exact normality of H,SO 
2504 4 

Ny aOH = exact normality of NaOH 

t = volume of the NaOH used to neutralise the 

3 
H,S0,, cm 

viii. DETERMINATION OF COMBINED (FREE AND METHYLOL) 

FORMALDEHYDE 

THE IODIMETRIC METHYLOL ANALYSIS 

From the contents of the test tube described in 

(vii) above, lg of sample was weighed by difference using 

a weighing bottle, The sample was quantitatively 

transferred into an iodine (Mexican) flask containing 

50 om? of distilled water,. The contents were thoroughly 

agitated to disperse the sample, 

50 om? of 0.1N iodine solution were pipetted into 

the flask followed by 30 em® of 10% NaOH, The contents 

were thoroughly mixed then allowed to stand in the dark 

-329-



for 30 minutes. 45 om? of 10% H,SO, were then added 

and the liberated iodine was titrated against 0.1N 

sodium thiosulphate solution, When a pale yellow colour 

was obtained 0.2-0.5g of iodine starch indicator was 

added and the titration continued until the end-point. 

The colour change at the end-point was from blue to 

colourless, 

Calculation: (For reaction see (129)) 

1000 em? Normal Na,S.O 30g CHO = 58.04 

3¢ = 1000 cm® 0,1N Na,S,0, 

0.003g = 1 cm® 0.1N Na,8,0, 

Since Na,8,0, is dibasic 

0.0015g = icm® 0.1N Na,S,0, 

Therefore % (Free and Methylol) CH,O w/w 

~ 0.0015 N(T2-T1) w2 
6.1 at ‘fay. te 

where 

wl = weight of sample used in analysis, g 

w2 = weight of solution in test-tube, g 

w3 = weight of sample from the reactor, g 

N = exact normality of NaoS50., 

T2 = volume of the Na 5,0. solution consumed by 

the iodine in blank, om? 

Tl = volume of the Na,S50, solution consumed by 

the iodine in sample solution, om? 

-330-



10. 

eo 

12. 

13. 

BIBLIOGRAPHY 

ELLIS:.C#, - “THE CHEMISTRY OF SYNTHETIC RESINS". 

Reinhold Pub,Corp,, New York (1935), 

DIETZE, M., Chemiefasern, March (1967), 

ELLWOOD, P., Chem.Eng. 74, Nov. (1967). 

POLLAK, F., B. Patents, 171,094 (1920); 181,014 

(1921); 193,420 (1922); 201,906:°(1922); 238,904 

(1924); 248,729 .(1925), 

GOLDSCHMIDT, H. and NEUSS, O., B. Patents, 187,605 

(1921); 202,651 (1922); 208,761. (1922). 

ELLIS, C.4 U.S. Patents, 1,482,357 (1922); 1,482,358 

(1922) ;:$, 596,881. (1922); 1,536, 8e2 (19223. 

BRITISH CYANIDES CO. LTD., B. Patents, 248,477 

(1924); 258,950 (1925); 266,028 (1925). 

I.G. FARBENINDUSTRIE, A.G., B. Patents, 258,289 

(1925); 288,346 (1926). 

MESKIN, A.S., Internal Report No, C.10535. BIP LTD,, 

Chemical Division, Oldbury. 

BIRD, RB, ,.STEWAR?, W.B.,> LIGHTFOOT,’EiN., - 

"TRANSPORT PHENOMENA", Wiley, New York, (1960). 

FRANKS, R.G,E., - "MODELLING AND SIMULATION IN 

CHEMICAL ENGINEERING", Wiley, New York (1972). 

HIMMELBLAU, D.M., BISCHOFF, K.B., - "PROCESS ANALYSIS 

AND SIMULATION : DETERMINISTIC SYSTEMS", Wiley, 

New York (1970), 

SMITH, C.L., PIKE, R.W., MURRILL, P.W,, - "FORMULATION 

AND OPTIMISATION OF MATHEMATICAL MODELS", 

-331-



14. 

La. 

a6. 

aa 

ae 

Lo; 

20. 

al, 

22. 

23. 

24. 

25. 

26. 

ors 

International Textbook Co., (1970). 

BROTZ, W., - "FUNDAMENTALS OF CHEMICAL REACTION 

ENGINEERING", Addison-Wesley, Reading, Mass. 

(1965). : 

WALAS, S.M., - "REACTION KINETICS FOR CHEMICAL 

ENGINEERS", McGraw-Hill, New York (1959). 

CHAPPELEAR, D.C., SIMON, R.H.M., - "ADVANCES IN 

CHEMISTRY SERIES". No.91, American Chemical 

Society, iiohi note D.C. 264969).4 

HUI, A.W., HAMIELEC, A.E., J. Applied Polymer Sci,, 

Volii6, 749: (1972). 

DENBIGH, K.G., Trans. Faraday Soc., Vol.43, 648 (1947). 

EDGAR, T.D., HASAN, S., ANTHONY, R.G., Chem.Eng.Sci., 

Vol. 25,.1463..(1970). 

HUI,'A.W., HAMIELEC, A.E., Ind,Eng,Chem.P.D.D., Vol,8, 

105 (1969), 

TERENZI, J.F., COSWAY, H.F., Ind,Eng.Chem,Fund., 

Vol.6, 199-(1969). 

DENBIGH, K.G., J.Applied Chem., Vol.1,227 (1951). 

KNORR, R.S., O'DRISCOLL, K.F., J.Applied Polymer 

Bola, VOt.25;: e0a5 .CI97O). 

DUERKSEN, J.H., HAMIELEC, A.E., HODGINS, J.W., . 

aL. Chae. “ac, VOL. 1S. 2061 "(1 967): 

POEHLEIN, G.W., Symposium on Polymerisation Reaction 

Engineering, Laval University, Quebec City, 

Canada, June 5-7 (1972), 

DUERKSEN, J.H., HAMIELEC, A.E., J. Polymer Sci., 

Vol.25,: 155 (2968). 

LYNN, &.,°HOFE, J.B. ALL. Chom, J, Vel. lt, 67651 £o7us. 

-332-



28, 

29, 

30. 

31. 

32, 

33. 

34. 

35. 

36. 

37. 

38, 

39. 

40. 

41, 

42. 

MERRILL, 55:5. 02,5 HAMRIN, CR, j)dr,, A.I,Ch.B. J:, 

Vo1l.16, 194 (1970). 

WALLIS, J.P.A., Ph.D. Thesis, University of Calgary, 

Calgary, Alberta, Canada. 

CINTRON-CORDERO, R., MOSTELLO, R.A., BIESENBERGER, J.A. 

Can.J,Chem,Eng. Vol,46, 434 (1968), 

BIESENBERGER, J.A., SACKS, M., DUVDEVANI, I., 

Symposium ohuPolamen Reactor Engineering, Laval 

University, Quebec City, Canada. June 5-7 (1972), 

EDWARDS, W.M., SALETAN, D.I., Ind.,Eng.Chem, Vol.59 

Ca), 37. CLOG7)< 

BOSWORTH, R.C.L., Phil.Mag. Vol,40, 314 (1949). 

JOHNSON, M.M., Ind.Eng.Chem.Fundam,, Vol,9, 681. 

(1970). 

NOVOSAD, Z., ULBRECHT, J., Chem.Eng.Sci. Vol.21, 

405 (1966), 

ULRICHSON, D.L., SCHMITZ, R.A., Ind.Eng.Chem.Fundam. 

Vol.4,2 (1965), 

CLELAND, “F.4...° WELHELM, (R.Hi,; A. I.Ch.E: J, 

Vol,2,489 (1956). 

HSU, C., A.I,Ch.E. J, VOL.11,938 (1965). 

. LAUWERIER, H.A,, Applied Sci,Res,, Section 4, 

Vol.8,366 (1959), 

WISSLER, E.H., SCHLECHTER, R.S., Applied Sci,Res., 

Section A, Vol.10, 198 (1961). 

VIGNES, J.P., TRAMBOUZE, P,J., Chem.Eng.Sci,, 

VOL 1 13, (9628). 

HOVORKA, R.B., KENDALL, H.R,, Chem.Eng.Progr., 

Vol.56,(8), 58 (1960), 

-333- 

’



43. 

44. 

45. 

46. 

47, 

48. 

49. 

50. 

aus 

52. 

53. 

54. 

55. 

56. 

57. 

WAN, C.G., ZIEGLER, E,N., Chem,Eng,Sci. Vol.25,723 

(1970). 

WAN, C.G., ZIEGLER, E.N., Ind.Eng,Chem.Fundam. Vol.12, 

(1), 63(1973). 

GIANETTO, A., BERBOTTO, G., Ing.Chim,Ital. Vol.1, (3), 

6 (1965). 

GIANETTO, A., BERBOTTO, G., Ing,.Chim.Ital, Vol,1, (3), 

79 (1965). 

GIANETTO, A., BERBOTTO, G,, Ing.Chim.Ital. Vol.1, (3), 

Lilt (2868) . , 

FARREL, M.A., LEONARD, E.F., A,I.Ch.E.J, Volus. (3). 

190 (1963). 

FELDER, R.M., HILL, F.B., Chem.Eng.Sci. Vol,24, 

385 (1969). 

CATCHPOLE, J.P., FULFORD, G., Ind, and Eng, Chem. 

Vol. 58 > °S;, ° (1966). 

HOLMAN, J.P.,-"HEAT TRANSFER", McGraw-Hill, New York, 

(1963). 

SELLARS, J.R., TRIBUS, M., KLEIN, J.S., Trans. A.S.M.E., 

Vol . 78; P.441, (1956), | 

HODGMAN, C.E., Ed., = "HANDBOOK OF PHYSICS AND. 

CHEMISTRY" 38th Edition, Chemical Rubber Publishing 

Co,, Cleveland, Ohio (1956). 

PERRY, J.H., Ed., -''CHEMICAL ENGINEERS' HANDBOOK", 

Third Edition, McGraw Hill Book Co,, Inc. (1950). 

INTERNATIONAL CRITICAL TABLES, VOL.5, P.69, 

ARNOLD, J.H., J.Am.chem.Soc., Wol 52, 3937,:.(1930). 

KRAMERS, H., WESTERTERP, K.R.,-''CHEMICAL REACTOR 

DESIGN AND OPERATION", Chapman and Hall Ltd., 

London (1963). 

-334-



58. 

39. 

60. 

61. 

62, 

63. 

64. 

65. 

66. 

67. 

68. 

69. 

10.4 

rhs 

te 

73. 

14, 

1D, 

75.. 

ar 

KERN, D,Q.,-''PROCESS HEAT TRANSFER", McGraw Hill 

Book;.Co%: Ine. ¢€1960):: 

LAPIDUS, L.,-"DIGITAL COMPUTATION FOR CHEMICAL 

ENGINEERS", McGraw Hill Book Co. Inc. (1962). 

WILKE, © .8s.,. CHANG P.,.A.I,Ch. EJ... Vol 1, 864-970, 

(1955). 

TOLLENS, B., BER,, VYOL,17, 659..¢1884). 

EINHORN, A., HAMBERGER, A., Chem.Ber, Vol.41, 24-28 

(1968), 

JOHN, H., U.S. Patent, 1,355,834 (1920). 

POLLAK, F,, B: Patent, 171,094 (1920). 

WALTER, G., Trans. Faraday Soc,, Vol,.32,377-395 (1936). 

BHAG Oe, US. BPatent,’ 1,536,682 (19a2):. 

HENKEL AND CIE, G.N.B.H., B. Patent, 455,008 (1935). 

DIXON, A,E., J,Chem.Soc,, Vol.113,. 238-239. (1918), 

BMYTHE, U.Ba,. J:Phys.. Coll ,Chem: ,: Vol .§1 ,° 36941947) « 

SMYTHE, LE. , Jd -Am.Chem.Soc.., Vol .73;2735: (1951). 

CROWE, G.A., LYNCH, C.L., J.Am-Chem:Soec.; Vol. 70, 

3796 (1948). 

CRGFE, Gs, LYNCH. C.L,, Idem, VYok.71, 3791 (ages). 

CROWES, G.A., OYNCH, C.L., Idem, Vol.72, 3622 (1950). 

BETTELHEIM, L., CEDWALL, J., Svensk Kemisk Tidskrift, 

Vol.60,208 (1948). 

DE JONG, d.1f., Dm JONGE, J.,Rec;Trav.Chem,, Vol:71.., 

643-660 (1952). 

DE JONG, J.I., DE JONGE, J., Idem, Vol.71, 661-667 

(1952). 

DE JONG, J.I., DE JONGE, J., Idem, Vol,71, 890-898 

(1952). 

-335-



78. 

19. 

80. 

Si, 

82. 

83. 

84. 

85. 

86. 

87. 

88. 

Oo. 

90. 

al. 

92. 

93. 

94, 

95. 

96. 

o7., 

98. 

DE JONG, J.1., DE JONGE, J,, EDEN, H., Idem, Vol.72, 

88-90 (1953). 

DE JONG, J.1., DE JONGE, J., Idem, Vol.72, 139-156 

(1953). 

DE JONG. Jit. 

(1953). 

DE JONG, J.I. 

(1953). 

DE*JONG;?J..Y. 

(1953). 

LANDQVIST, N. 

(1955). 

LANDQVIST, 

LANDQVIST, 

LANDQVIST, 

LANDQVIST, 

LANDQVIST, 

LANDQVIST, 

LANDQVIST, 

LANDQVIST, 

Sq
 

Pe
 e
y 

ey
 

S
e
 

e
e
 

~ 

> 

? 

? 

? 

ITO). Yo. Kogvo 

DE JONGE, J., Idem, Vol,72, 169-172 

DE JONGE, J., Idem, Vol,72, 202-206 

DE JONGE, J., Idem, Vol,72, 1027-1036 

Acta.Chem.Scand., Vol,9, 1127-1142 

Idem, Vol,9, 1459-1465 (1955). 

Idem, Vol,9, 1466-1470 (1955). 

Idem, Vol,9, 1471-1476 (1955). 

Idem, Vol,9, 1477-1483 (1955). 

Idem, Vol.11,°776-779 (1957). 

Idem, Vol.11, 780-785 (1957), 

Idem, VoT.i1, 786-791...( 1957) . 

Idem, Vol,11, 792-803 (1957). 

Kaguku Zasshi, Vol.64, 382-785, 385, 

389 (1961). 

ILICETO, A., Ann.Chim,(Rome), Vol,43, 625 (1953). 

ZIGEUNER, G., Monatsh., Vol.82, 175 (1951). 

ZIGEUNER, G., Idem, Vol,.83, 1099 (1952). 

ZIGEUNER, G., PITTER, R., Idem, Vol.86,57 (1955). 

DE JONG, J.I., DE JONGE, J., Rec.Trav.Chim., Vol, 

72,207 (1953). 

DE JONG,. J.T: DE JONGE, @., :Idem; Vol’. 72,213..( 1953). 

-336-



99% 

100. 

201, 

102. 

103. 

104. 

105. 

106, 

107. 

108. 

109, 

130, 

ake 

iF2.. 

LIS, 

VALE, C.P., TAYLOR, W.G.K. ,-'"AMINOPLASTICS", Iliffe, 

London (1946). 

KIENLE, R:H., Ind. Eng.Chem,, Vol.22, 590 (1930). 

HODGINS, T.D,, HOVEY, A.G., Ind,Eng.Chem., Vol,31, 

673 (1939). 

KADOWAKT, H,, Bull,Chem.Soc, Japan, Vol.11,248 

(1936). 

BROOKES, A.,-"UREA RESINS, INCLUDING MELAMINE RESINS", 

Plast.Inst.Monograph. No.2. Plastics, Vol.14, 6 

(1942). 

REDFRAN; C.A., Brit. Plastics, Vol,14, 6 (1942). 

MARVEL, E.S,. et al., J.Am.Chem,Soc., Vol.68, 

1681 (1946). 

THURSTON , J.T., Unpublished Paper given at the Gibson 

Island Conference on Polymeric Materials. (1941). 

BL LTD, Chemicals Division, Oldbury, West 

Midlands, Private Communication. 

GAY ,;. B. , PAYNE,. S., Computer Journal, Vol.,16, 2, 

118-121 (1973). 

SATO, K., Bull,Chem,Soc, Japan, Vol,40, 724-731 

(1960). 

GORBUNOV, Y.N., YASHINA, V.Z., Plast.Massy,, No,4 

(1960). 

SMART, C., Final Year Practical Project, University 

of Aston in Birmingham (1974). 

FERNANDO, B.P.B., M.Sc. Thesis, University of Aston 

in Birmingham (1976). 

KUSTER, J.L., MIZE, J.H.,-"OPTIMISATION TECHNIQUES 

WITH FORTRAN", McGraw Book Co, (1973). 

-337-



114. 

LAs. 

240; 

£47. 

118. 

2135. 

120. 

121. 

122. 

123. 

124, 

125. 

126. 

La? 

128. 

129, 

130. 

Bi & 

132. 

NELDER, J.A., MEAD, R., Computer dournal, Vol,.7; 

308-313 (1964). 

SCHON, S.A., J.Chem.Phys,, Vol.26, 72-76 (1929). 

WALKER, J.F.,-''FORMALDEHYDE", Reinhold PUD. 

New York (1944). 

NEILSON, H., EBERS, E,S., J.Chem,Phys., Vol.5,823 

(1937), 

HIBBEN, J.H., J.Am,Chem.Soc., Vol.53, 2418-9 (1931). 

KRISHNAMURTI, P,, Indian. J.Phys., Vol.6, 309 (1931). 

DAVIS, W.A., J.Soc.Chem,Ind,, Vol.16, 502 (1897). 

LUTTKE, H,, Fishers Jahresbericht, 512 (1893). 

NATTA, G.G., BACCAREDA, M., Givron.Chim.Ind.Applicata,. 

VO1L.15 -274:.G19S3). 

SMYTHE, L.E., Am.Chem.Soc,, Vol.95,574 (1953). 

LEE; W.Y., Ana.Chem.,. Vol,4.°No.77, 1284-1285 (1922). 

LADLUM, P,R,, dpaiyei 98, 107-115 (1973). 

LADLUM, P.R.,*Idem, 116-121 (1973). 

ALDERSLEY et al., Brit, Polym.Journal, Vol,1, 101-109, 

(1969.). 

HOPE, P., STARR, B.P. Pf Idem, V¥o1l,5, 363+378 (1973) . 

VOGEL, A.I.,-'"'A TEXTBOOK OF PRACTICAL ORGANIC 

CHEMISTRY INCLUDING QUANTITATIVE ORGANIC ANALYSIS", 

3rd Edition, Longmans (1956). 

JENSEN, V.G., JEFFREYS, G.V,,-''MATHEMATICAL METHODS 

IN CHEMICAL ENGINEERING", “Academic Press, 

New York (1965). 

FROBERG, C,E,,-" INTRODUCTION TO NUMERICAL ANALYSIS", 

Addison Wesley Pub, Co, (1970). 

SELBY, M.S., - "STANDARD MATHEMATICAL TABLES", 

1 

-338-



pp.85-86, The Chemical Rubber Co., Cleveland, 

Ohio (1976). 

133. DENBIGH, K.G., - "THE PRINCIPLES OF CHEMICAL 

EQUILIBRIUM", Cambridge University Press (1955). 

-339-


