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Chapter 1 Formaldehyde
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1.1 Introduction Formaldehyde CH2O is the first of the series of aliphatic aldehydes. It is also known as exomethane and methanol according to IUPAC system. Formaldehyde has become an industrial chemical of outstanding importance. The formaldehyde industries continue to expand in 1972,world production has reached a probable volume of at least 7.? million metric tons (calculated as 37% soln).Because of its relative low cost, high purity, and variety of chemical reasons, fom1aldehyde has become one of the world's most important industrial and research chemical. It is not only an Important low. cost chemical intermediate, it is also a synthetic tool like hydrogenation, oxidation etc. In formaldehyde, the carbonyl carbon in functional group of aldehyde is directly linked with one hydrogen atom. Since pure monomeric formaldehyde is a gas at ordinary temperature and cannot be readily handled in this state, it is marketed chiefly in the form of aqueous solutions containing 37% to 50% formaldehyde by weight. In addition, solution of formaldehyde in methanol, propanol and butanol arealso available commercially.The standard 37% U.S.P soln.contains sufficient' methanol (715% by weight) to prevent precipitation of polymer under ordinary conditions of transportation and storage. A 40% aq.soln of methanol containing about 8% methanol is called formalin used for the preservation of biological specimens. Commercial forms of fom1aldehyde also include the polymeric hydrate, para formaldehyde, HO (CH2O)nH. This is known as paraform or some times as trioxymethylene. This polymer behaves chemically as a solid form of fomaldehyde. The cyclic timer, s-trioxane (a-trioxymethylene) is also commercially available as a special form of formaldehyde. The so called alphapoly oxymethylene ,HO(CH2O)nH in which n is greater than 100 may be regarded as the end product of the series.



1.2 History Formaldehyde was first discovered by Russian chemist A.M. Butlerov in 1859.He was working. with derivatives of methyl iodide, allowed the iodide to react with silver acetate and then hydrolyzed the resulting solution. A vapor with an irritating and pungent odour was evolved, but because of a mistake in determining the vapor density, Butlerov failed to identify it as formaldehyde. Although Butlerov failed to realize that he was dealing with forrpaldehyde, his description of its physical and chemical properties 7



including the isolation of para formaldehyde which he called dioxymethylene and synthesis of hexamethylene tetramine are unquestionable. Historically, fonnaldehyde has been and continuously to be manufactured from methanol. A. W Von Holfmann synthesized formaldehyde deliberately in 1868 by the reaction of methanol and air in the presence of platinum catalyst, and definitely established its chemical identity. Practical methods of manufacturing developed with Loew's use of a copper catalyst around 1886 and blanks silver catalyst process patented in 1910. Commercial production was initiated in Germany in 1888 and the manufacturing in USA commenced about 1901.However production was, on a limited scale before the commercial devolvement of phenolic resins in 1910. During the decades following World War II, however, as much as 20% of the formaldehyde produced in the United States was made by vapour phase, non catalytic oxidation of propane and butane. This non- selective oxidation produces a broad spectrum of co-products. Conversion 'of low molecular weight hydrocarbons in the oxidation step together with a complex separation system, results in an energy intensive plant that with increasing fuel .costs, suffers economically when competing with newer more selective manufacturing methods. Hence, the methanol process is preferred. Formaldehyde is also manufactured by the oxidation of natural gas and lower aliphatic hydrocarbons. These petrochemical processes are based on the pioneer work of John. C. Walker in 1925.The work of Loew and Tollen's which indicated that Hoffmann's process could be conducted feasibly on a. continues basis, played a very important role in pushing formaldehyde towards commercial production. In 1966, process formaldehyde by the oxidation of dimethyl ether was commercialized in Japan, but operation was discontinued later. Today, an of the world's formaldehyde is manufactured from methanol and air by an older process using a metal catalyst and a newer one using a metal oxide catalyst.



1.2 Uses Of Formaldehyde As basic chemical building unit formaldehyde is an intermediate in a large variety of organic compounds ranging from ammonia to phenolic resins to slow release fertilizer. Aqueous solutions of formaldehyde and its' polymers are available and play an important role in the industry. Now we shall review various uses of formaldehyde. Major uses of formaldehyde are: 1) Formaldehyde and its polymers arc used in synthetic -resin industry, where it is employed principally in the production of thermosetting resins, oil soluble resins and adhesives. 2) In the presence of alkali, it can be employed to precipitate the metal from solutions of gold, silver, copper and to reduce other carbonyl compounds to alcohols. 8



3) The largest use of formaldehyde is in the manufacturing of amino and phenolic resins. Phenol and many substituted phenols from methanol compounds which undergo polycondensation to give phenol formaldehyde resins. The methylol urea undergoes polycondensation, producing urea formaldehyde resins. Amino and phenolic resins are both used as molding compounds. The bulk of amino resins are melamine resins used in dinner ware. Phenolic molding resins are used in appliances, electric control, telephone and wiring services. Phenolic resins are used as a binder for thermal and sound insulation in both glass and fiber and mineral wool. This is expected to be the fast as growing formaldehyde used to offset increasing energy cost. 4) Urea formaldehyde concentrate finds use in adhesive and coating compositions. Most particleboard products' are based on urea-formaldehyde resins. 5) Phenol-formaldehyde is used as an adhesive in weather resistant plywood. 6) In paper industry formaldehyde and its derivatives impart wet strength shrink resistance and grease resistance. Formaldehyde is used as a pigment binder and an agent for imparting water resistance in coated paper. 7) Leather and fur can be tanned by the action of formaldehyde in: the presence of buffer-salts which maintain approximate neutrality. Formaldehyde can be employed on sheep pelts to give Mouton type furs which will not. Curl on dyeing. 8) The action of formaldehyde on proteins also finds use in the photographic industry .because of its. Hardening insolubilizing action on the gelatin surfaces of sensitized films and papers. 9) The utility of formaldehyde in medicinal products is due to its ability to modify and reduce the toxicity of viruses, venoms, irritating pollens as well as to pa1liate undesirable toxic effects in certain vitamins, antibiotics. Formaldehyde also plays an important role in the synthesis of many drugs. 10) In petroleum industry, fom1aldehyde is of interest as a purifying and stabilizing agent for liquid fuels' and other hydrocarbon products. 11) Formaldehyde is used for the manufacturing of acetal resins. These resins are mainly used for automotive and building products. 12) Direct use of foffi1aldehyde as a bactericide, disinfectant, fungicide, preservative and deodorant. It is also used for sterilizing agent in mushroom culture. 13) Formaldehyde is a mild acid inhibitor ai1d finds some use as a pickling addition agent. It is an effective inhibitor for hydrogen sulphide corrosion in oil well equipment. Formaldehyde finds used as a modifying and synthetic agent in practically every field that involves chemical technology. It is also used for the manufacturing of a great variety of chemicals including elastomeric sealants, herbicide, fertilizer coatings and pharmaceuticals. Formaldehyde is an outstanding synthetic tool but specialized knowledge of its unique chemistry is essential for effective use.



9



1.4



Properties of Formaldehyde



At ordinary temperature, pure formaldehyde is a colorless gas with pungent suffocating odour.Formaldehyde is produced and sold as water solution containing. Variable amounts of methano1.These solutions are complex equilibrium mixtures of methylene glycol, polyoxymethylene glycols and he111i formals of these glycols. Ultraviolet spectroscopic studies indicate that even in highly concentrated solutions the content of unhydrated HCHO is less than 0.04 wt%



1.4.1 Formaldehyde Gas At ordinary temperatures, pure formaldehyde is a colorless' gas that has a strong pungent odour is extremely irritating to the mucous membrane of the eye, nose and throat. Formaldehyde gas is combustible and forms explosive combinations with air in the range covering mixtures containing about 7-72% vol. The auto ignition temperature is reported as approximately 300°C.The heat of combustion is 134.lkcal/gmol or 4.47kcal/g. Values per gmol at 25 °e are Heat of formation



= -27.70 kcal



Free energy



= -26.666 kcal



Heat capacity



=



8.461 cal/c



Entropy



=



52.261 cal/c



Ionization value, 10.88 – volt is reported by Franklin. The dissociation energy is obtained by Reed is equivalent to 75.l ±2.3 kcal/mol. At low temperatures, it condenses to a clear, mobile liquid (F.P -118°C ,B.P. -19.2°C). At ordinary temperature the formaldehyde gas is readily soluble in water, alcohols and other polar solvents. Its heat of solution in water and the lower aliphatic alcoh01s is approximate1y 15 kcal/mo1.



1.4.2 Formaldehyde Liquid Liquid formaldehyde monomer tends to polymerize on storage. Even the purest samples show signs of polymerization in four hours. Density of pure liquid is 0.9151 at -80°C and 0.8153 at 20°C. According to Spence and Wild, the partial pressure of liquid formaldehyde may accurately be calculated with the following 10



equation LogP = -1429/T+1.7510gT-0.00G3T+3.0177 The heat of vaporization of liquid formaldehyde at its boiling, point (-19.2°C) as calculated from partial pressure is 5.570 kcal/mo1.At low temperature liquid formaldehyde is miscible in all proportions with a wide variety of non-polar organic solvents such as toluene, chloroform and ethyl acetate. 1.4.3 Formaldehyde Solution In general, commercial formaldehyde solutions are of high purity capable of meeting high product requirements. Formaldehyde is described as containing not less than 37% formaldehyde (CH2O) with methanol added to prevent polymerization. It is clear, colorless liquid possessing the characteristic pungent odour of formaldehyde. The properties of the formaldehyde solutions vary with, formaldehyde content, methanol content and temperature. The following tables show some of its property.
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1.5



Physical Properties



It is colorless, pungent smelling gas readily soluble in water, alcohol and ether. It is a powerful disinfectant and antiseptic. When condensed it yields a colorless liquid.



Table 1.1: Physical properties of typical aqueous .commercial formaldehyde



solutions. CH2O Content (%)



37



37



37



45



. 50



CH3OH Content (%)



1



5



10



1



1



210



208



206



211



211



lb/gal



9.29



9.29



9.09



9.47



9.70



g/ml



1.113



1.101.



1.089



1.135



1.150



Approx. expansion



0.0005



0.0006



0.0006



0.0006



0.0006



185



171



147



177



175



0.8



0.8



0.8



0.6



0.6



'. Boiling Point (OF) Density at 18°C:



coefficient Flash Point oF ( Closed.cup) Approx.Specific Heat (cal/g.oC)
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Table 1.2: Influence of methanol content on density and refractive index of 370/0 formaldehyde.



Methanol%



Density ( 18°C)



Refractive Index (18°C)



0



1.1128



1.3759



5



1. 1009



1.3766



10



1.0890



1.3772



15



1.0764



1.3776'



20



1.0630



1.3778
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Table1.3: Flash Point of Commercial Formaldehyde solutions. Formaldehyde



Methanol Content



Flash Point



Content (wt %)



(Wt %)



(OC)



(0F)



37.2



0.5



85



185.



37.2



4.1



75



167



37.1



8.1



67



152



37.2



10.1



64



147



37.1



11.9



56



133



37.5



14.0



56



132



.
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Table 1.4:



Viscosity Values for Commercial Formaldehyde



Formaldehyde



Methanol



' Temperature



Absolute



Concentration



Concentration



(OC)



Viscosity



(%)



(%)



30



-



25



1.87



30



-



60



1.04



37



-



60



1.21



60



1.82



25



2.45,



25



2.58



25



2.58



25



2.69



(Centipoise)



50 6 37 8 37 10 '37 12 37
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1.6



Properties Of Monomeric Formaldehyde



Density at -80oC



=



0.9151 gm/cm3



Density at -20°C



=



0.8153 gm/cm3



Boiling point at 101.3 Kpa



=



-9 °C



Melting point



=



-18 °C



Heat of formation at 25°



=



-15.9 kJ/mol



Std. Free energy at 25°



=



-109.9 kJ/mol



Heat capacity Cp



=



35.5 J / 11101- K



Entropy SO



= 1.7



218.8 J/mol-K



Chemical Properties



Formaldehyde is noted for its relatively and its versatility as a chemical intermediate. It is used as forms of anhydrous monomer, solutions, polymers and derivatives. The chemical properties of formaldehyde are the general properties of characteristics aldehyde group ( --CH=O ).The pure, dry formaldehyde 'gas is relatively stable at 80 to 100°C. But slowly polymerizes at lower. temperature. Formaldehyde is readily reduced to methanol by hydrogen over many metal and metal oxide catalysts. It is oxidized to formic acid or CO2 and H2O.The Cannizzaro reaction gives formic acid and methanol.



Some chemical reactions of formaldehyde with other chemicals are: 1.7.1 Reaction with Ammonia Formaldehyde reacts with ammonia to form hexamethylene tetra amine with the elimination of water. It is important industrial chemical used in disinfecting urinary canal 16



6HCHO + 4NH3



(CH2) 6N4 + 6H2O



hexamethylene tetra amine



1.7.2 Cannizzaro Reaction The reaction which involves the self-oxidation and reduction of formaldehyde into acids and alcohols in the presence of a strong base ( e.g NaOH ) is called Cannizzaro reaction, the reaction gives sodium formate and methanol



2HCHO + NaOH



1.8



HCOONa + CH3OH



Formaldehyde Occurance



Traces of formaldehyde are formed in the incomplete combustion of many organic substances e.g. coal. wood, sugar etc. formaldehyde is therefore always present in smoke and soot, and always in small amount in atmosphere.



1.9



Health and Safety Aspects



1.9.1 Formaldehyde Danger to Health: Liquid or gaseous formaldehyde is extremely toxic. Because of its sharp smell and its tear-inducing, effects, formaldehyde can easily be discovered before the concentration becomes dangerous. All rooms in which work with formaldehyde is done must have good ventilation to avoid collection of gases. Liquid formaldehyde can be -absorbed by skin and has a dangerous effect. Each spatter on the skin should therefore be washed away at once and with care. An appropriate skin cream should be applied. If there is any risk of splashing, protective glasses should be worn. If nevertheless formaldehyde gets into the eye’s, they must carefully be washed by means of clean water. Afterwards a doctor should be consulted. Formaldehyde may cause eczema. Most people working with "formaldehyde at first feel only. slight reaction, which normally means a slight reddening of the skin and dryness of the hand. Its sensitivity varies in each case and it usual1y disappears after 2 to 3 weeks. By frequent washing with super fat soap and application of protective cream, as well as by wearing 17



rubber or PVC gloves, eczema can be avoided. All persons having formerly suffered from eczema are discouraged from working with formaldehyde. Formaldehyde gas irritates the mucous membranes of the eyes, nose and throat. Its solution has a hardening or tanning action on the skin. Some persons are hypersensitive to formaldehyde and even a slight exposure may lead to severe reaction in such cases. For optimum safety, formaldehyde solution should be handled in closed equipment where ever possible. Danger of Fire: Formaldehyde is inflammable under certain conditions, e.g. as vapors from strong formaldehyde solution or par formaldehyde. Throughout the. Formaldehyde factory smoking and open fires are therefore prohibited. The management of the factory must consent to any welding work to be carried out in the factory premises.



1.9.2 Methanol Danger to Health: Methanol is toxic, methanol in liquid or gaseous form is easily absorbed by the body. It can penetrate the body in following ways: a) As vapors by heating. b) Through the mouth. c) Through skin (particularly in case of cuts & scratches) Once absorbed by body, methanol in increasing doses may lead to nausea, blindness, mental disorder & finally to death. There is no 'safe_ dosage, and individual sensibility differs to a high degree. When working with methanol the footing should be observed: a) Gloves of rubber or PYC should be worn. b) Should there be any danger of spatters or leaks, protective glasses should be worn. c) Methanol must be used. or stored exclusively in rooms where there is sufficient ventilation. d) If methanol is spilled, the spot in question must immediately be cleaned with a large quantity of cold water. Clothes which have been splashed by 18



methanol must be removed immediately. If the eyes are spattered with methanol, they must be washed for at least 30 minutes. It is also. Recommended to call for a doctor. In critical cases, first aid may be rendered. Take the patient out into the 9pen air; avoid further contact with methano1.Keep him-warm and calm. Give him oxygen. In case breathing fails, give him artificial respiration. If methanol has entered the mouth, give the patient an emetic consisting of salt and water. Danger of Fire: Methanol in liquid or gaseous form is easily inflammable. In the vicinity of sroan and large storage tanks and near factories, smoking and open fires are strictly prohibited. Together with air or oxygen, methanol vapors form an explosive mixture. Safety precautions to be taken when handling methanol "are the usual ones for flammable liquids. Inhalation of its vapors should be avoided. The maximum allowable methanol vapors concentration for 8 hours working period is 200 ppm of air. Blindness may result when methanol is absorbed into the blood stream through the skin or through other means.
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Chapter 2 Manufacturing Processes Of Formalin
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2.1



Process Comparison and Selection Criteria



Today about all of the world's commercial formaldehyde is manufactured from methanol and air by using metal or metal oxide catalyst but a portion is produced by the partial oxidation of lower petroleum hydrocarbons. The former procedure gives essentially pure formaldehyde containing methanol and traces of formic acid as a primary product, where as the later gives a mixture of lower aliphatic aldehydes, alcohols and acids which on refining yield an excessive group of petro-chemicals. Although there are, other mcellaneous methods for producing formaldehyde including the hydration of carbon oxides, the pyrolytic decomposition of formates etc... But they do not appear to have achieved commercial importance.



2.1.1 Natural Gas Process Normally three methods are used for the manufacturing of formaldehyde from natural gas: 1) Oxidation in gaseous phase by passing mixture of gas and air over catalyst. 2) Oxidation of natural gas by ozone. 3) Iodination of subsequent hydrolysis. Formaldehyde is also synthesized by cracking of methane in electric discharge. Many types of catalyst e.g. copper, nickel, cobalt, chromium, manganese, gold and silver are used for production of formaldehyde. Maximum conversion of 60% to 70of methane to formaldehyde occurs in this process.



2.1.2 Methanol Process Formaldehyde is produced by vapor phase oxidation of methanol in excess of air followed by absorption of water liquid methanol is vaporized in vaporizer then it is mixed with compressed air. These mixed streams are then introduce into tubular reactor, filled with silver catalyst Heat is generated by oxidation of Methanol. In this process, 87.4% conversion of methanol to formaldehyde takes place. In natural gas process, the conversion of low molecular weight hydrocarbons in the oxidation step together with a complex separation system, results in energy-intensive plant, that, with increasing fuel .costs, suffers economically when competing with newer, 21



more selective manufacturing methods Hence the methanol process is preferred. In natural gas process, maximum conversion of methane to formaldehyde is 60% to 70% while in methanol process, conversion of methanol to formaldehyde is 85% . that is why, methanol process is preferred over natural gas process. No doubt, Pakistan is blessed with a large quantity of natural gas which is a good raw material for the manufacturing of formaldehyde but we prefer methanol to natural gas as it is fractioned from petroleum and is cheaper one though imported from Middle East up to some extent. Also, natural gas sources are decreasing in Pakistan day by day, that is why, nowadays instead of using natural gas process we prefer to import methanol and methanol process is used in our country;



2.2



Catalyst Comparison for Methanol Process



Formaldehyde is manufactured commercially from methanol and air by an older process using a metal catalyst and newer one using a metal oxide catalyst. Reactor feed to former is on the methanol-rich side of a flammable mixture and virtually complete reaction of oxygen is obtained, conversely, feed to metal oxide catalyst is lean in methanol and almost complete conversion of methanol is achieved. Methanol process gives essentially pure formaldehyde containing traces of formic acid as a primary product. Two types of catalysts are currently used for methanol oxidation: 1) Iron Molybdenum oxide catalyst. 2) Silver or copper catalyst.



2.2.1 Iron Molybdenum Oxide Catalyst We normally use Iron Molybdenum oxide catalyst for best efficiency. Unreacted methanol content in formaldehyde ranges between 0.5-1.0percent in this case. Another reason is that we feed a specific ratio of methanol and air in reactor. If this ratio is between 7.5-35 it produces an explosive mixture. In case of iron molybdenum oxide catalyst this ratio is less than 7.5 therefore less methanol is used in this process. So this catalyst is more economical to use Initial cost of this plant is although high but cost of product is low. A typical metal oxide catalyst' has an effective life of 12 to 18 months. Compared to silver catalyst, it is much more tolerant to trace contamination. It requires less frequent change-outs but a longer down time for each replacement. 22



2.2.2 Silver or Copper Catalyst We can also use silver or copper catalyst but in this case unreacted methanol content in formaldehyde ranges between 4% to 7% Methanol and air ratio exceeds 35% so large amount of methanol is used in process. So although initial cost of this plant is low, cost of product will be high. This catalyst poisons very rapidly and no reactivation of catalyst is possible in Pakistan. The silver catalyst has useful life of three to eight months. It is easily poisoned by traces of 'transition group metals and by sulphur. By using silver or copper catalyst, carbon monoxide and dioxide, methyl formate and folmic acid are by-products. In addition, there are also physical losses, liquid phase reactions, and small quantity of methanol in the produ'ct, resulting in an overall plant yield of about 87% (based on methanol). Due to above reasons we study the process of formaldehyde from methanol, based on Iron Molybdenum Oxide Catalyst.



2.3



Process Description



The PFD shows a process to produce formaldehyde and. water. Fresh methanol, Stream 2, at 30°C and 14.7 psia mixes with recycled methanol, Stream 15, at 68.3°C a 16 psia. Stream: 3 (recycled and fresh methanol) is at 35.4°C and 14.7 psia. Pump, P-I01, raises the pressure up to 35 psia. Stream 4 enters a heat exchanger where the methanol is vaporized. Stream 5 is then at 150°C and 29 psia. Fresh air is available at 25°C and 14.7 psia in Stream 1. Compressor, C 101, raises the pressure to 35 psi a in Stream 5. This stream is then heated by medium-pressure steam. The temperature is raised to 150°C in Stream 7. Stream 6 and Stream 7 mix at a pressure of 29 psia. The combined mixture is at 149.6°C and 28 psia in Stream 8. The reactor converts 87.4% of the methanol. The exit reactor temperature is 343 °C. The metal oxide catalyst that has approximately uniform activity over a One year period, and catalyzes the oxidation reaction. CH3OH + 0.5 O2



HCHO + H2O



Heat is removed by making high-pressure steam from boiler feed water. The outlet, Stream 9, is at 343°C and 25 psia. A valve drops the pressure of this stream to 5 psia before. it enters the absorber T -101. Fresh water is sent through the T -101 at 30°C and 20 psia. T -101 is set to absorb 99% of the' formaldehyde that enters. Stream 13 is then heated to 102°C before entering T -102, the formalin distillation column T -101 recovers a 37 wt% solution of formaldehyde in water. Most of the methanol is recovered in the 23



distillate. Stream 15, the distillate, is recycled back to the inlet of fresh methanol at 68.3°C and 16 psia. The bottoms Stream 16 is pumped, by P-I03, up to 38.5 psia for storage. Deionized water at 30°C in Stream 18 is added to. Achieve the 37 wt% solution of formaldehyde in water. Storage of formalin is tricky. At high temperatures, undesirable polymerization of fomaldehyde is inhibited, but fom1ic acid formation is favored. At low temperatures acid fom1ation is inhibited, but polymerization is favored. With 2 wt% methanol, the storage tank contents must be maintained between 35°C and 45°C.
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Chapter 3 Material Balance Calculations
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3.1



Mass Balance Calculation Reactor F = 100 Kgmol/hr CH3OH



=



0.2982



O2



=



0.1459



CH2 O



=



0.00001477



H2 O



=



0.0472



N2



=



0.5511



Total



=



1.00



Reaction:



A



=



?



CH3OH



=



?



O2



=



?



CH3OH + 0.5O2



CH2O



=



?



H2 O



=



?



N2



=



?



CH2O + H2O
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Basis: 100 Kgmol/hr of F



N2:



(0.5511) 100



XN2. A Reactor Conversion



=



XN2. A



=



55.11Kgmol/hr



=



87.4%



HCHO Produced:



29.28 kgmol CH3OH 1 Kgmol CH2 O Produced



0.874



1 Kgmol CH3 OH Produced



=



26.06Kgmol CH2 O



Thus from equation: CH3 OH reacted



=



20.06 Kgmol



& Excess /Un- reacted CH3 OH



=



29.82 - 26.06



=



3.76 kgmol
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O2 required for oxidation of Methanol:



29. 82 kgmol CH3OH



0.5 Kgmol O2 required



0.874



1 Kgmol CH3 OH reacted



Unreacted O2



=



13.03 kgmol O2 required



=



14.549 – 13.03



=



1.56 Kgmol O2



H2O Formed



29.82 kgmol CH3OH



1 Kgmol H2 O



0.874



1 Kgmol CH3OH reacted



=



26.06 Kgmol H2O
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Water present already in feed = 0.472 kgmol



Total Water



= 269.06 + 0.472 = 26.532 kgmol



A =



CH3OH



3.76



+



A



=



+



A



= 113.02 Kgmol/hr



O2



+



CH2O



+



H2 O



1.56



+



26.06



+



26.532



+



+



N2



55.11



29



2.2



Absorption Column W



=



211 Kgmol/hr



G



H2 O



=



1.0



CH3OH



=



0.0369



O2



=



1.56



CH 2O



=



0.259



H2 O



=



190.42



N2



=



55.11



A CH3 OH O2 CH2O H2 O N2



= = = = = =



113.022 kgmol/hr 0.0332 0.0138 0.2305 0.2347 0.4876



B CH3OH CH2O H2 O



= 247.388Kgmol/hr



= = = =



? ? ? ?
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CH3 OH: X CH3 OH, B = 0.99 × (.0332×113.022) = 3.68064 Kgmol/hr CH2O: X CH2O, B



= 0.99 × (.2305×113.022) = 25.795 Kgmol/hr



For stream B: Species CH3OH CH2O H2O Total



Kgmol/hr 3.68064 25.795 471.158 76.68



Kg/hr 117.78 773.85 848.84 1740.476



Weight % 44 (assumed)



B = 76.68 Kgmol/hr G =A+W–B G = 113.022 + 211 – 76.68 G = 247.388 Kgmol/hr H2O:



X H2O,G = X H2O,A + X H2O,A –



X H2O,B



X H2O,G = 190.426 Kgmol/hr



In terms of fraction CH3OH



=



0.048



CH2O



=



0.3364



H2 O



=



0.615
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3.3



Distillation Column



B



=



R



=



?



CH3OH



=



?



CH2O



=



?



H2 O



=



?



76.68 Kgmol/hr



C



=



?



CH3OH =



0.048



CH3OH



=



?



CH2O



=



0.3364



CH2O



=



?



H2 O



=



0.615



H2 O



=



?



Following assumptions are valid 1) 70% of the formalin is recovered 2) 98% of the formaldehyde is to be distilled out 3) Product not more than 2% by weight of formalin is required.



For stream C Species CH2O CH4O H2O Total



Kmol/hr 25.332 1.006 46.032 72.478



Kg/hr 717.591 32.192 860.408 1609.6



Weight % 2
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H2O: X H2O,R = X H2O,B –



X H2O,C



X H2O,R = .6418 Kgmol/hr



For stream R Species CH2O CH4O H2O Total



Kmol/hr 0.46233 2.5848 1.126 4.203



Mole fraction 0.11 0.615 0.268 1.00
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Figure 1: Production of Formalin from Methanol 34



1.4



Scale Up To 50,000 Mtons/Yr:



50000 Mton



1 year



1000 kg = 6250 kg/hr



Yr



8000 hr



Avg Mol. Wt



1 Mton



= 30(0.261) + 18 (0.738)



= 21.114 kg /kgmol



6250 kg



1 kgmol = 296.012 Kgmol/hr



Hr



25.92kg



Note: All streams calculations are per hour. Stream (8): 72.4785 kgmol product needs feed



=



100 kgmol



1 296.012



//



//



//



//



=



100/74.28



//



//



//



=



100/74.28 × 296.012



=



408.414 Kgmol



Stream (8)
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Stream (9): 100 Kgmol (8) enters to produces (9)



= 113.022 Kgmol



1



//



//



//



//



=



408.414 kgmol



//



//



= 1.13022 × 408.414



Stream (9)



= 461.597 Kgmol/hr



Stream(10): (9)



=



(10)



Stream(11): 113.022 Kgmol (9) needs (11)



=



21.1 Kgmol



1



=



21.1/113.022



=



21.1/113.022 × 461.597



=



861.752 Kgmol/hr



113.022 Kgmol Produce (12)



=



247.388 Kgmol



1



=



247.388/113.022



=



247.388/113.022 ×461.597



Stream (12):



=



1010.36 Kgmol/hr



113.022 Kgmol (9) Produce (13)



=



76.68 Kgmol



1



=



76.68/113.022



=



76.68/113.022 × 461.597



=



313.17 Kgmol/hr



//



//



461.597 //



// Stream (11):



Stream(12):



//



461.597



// //



//



Stream(13):



//



461.597 //



// // Stream (13):
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Original (18)



=



176.90(w)/676.71



=



26.141Kgmol/hr



Thus, (19)



=



72.4785 + 26.141



(19)



=



98.62 kgmol/hr



=



(14)



76.68 Kgmol (14) Produce (15)



=



4.203 Kgmol



1



=



4.203/76.68



=



4.203/76.68 × 313.1713



=



17.166 Kgmol/hr



76.68 Kgmol (14) Produce (16)



=



72.4785 Kgmol



1



=



72.4785/76.68



=



72.7485/76.68 × 313.1713



=



296.01 Kgmol/hr



Stream(14): (13) Stream(15):



//



313.1713



// //



// Stream (15)



Stream(16):



//



313.1713



// //



//



Stream (16): Stream(17): (16)



=



(17)
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Stream(18): 72.4785 kgmol (16) needs (18) 1



//



=



26.141 kgmol



//



//



=



26.141/72.478



//



//



=



26.141/72.478 × 296.01



(18)



=



106.76 Kgmol/hr



(19)



=



(17) + (18)



(19)



=



402.775 kgmol/hr



=



471.71/676.71 × 100 = 69.7



=



69.7/100



//



=



69.7/100 × 408.414



Stream (1)



=



283.724 Kgmol/hr



100 Kgmol (8) needs (2)



=



176.9/676.71 ×100 = 26.14



1



=



26.14/100



// //



=



26.14/100 × 408.414



Stream (2)



=



106.58 Kgmol/hr



296.01 //



Stream(19): Thus



Stream(1): 100 Kgmol (8) needs (1) 1 //



// //



408.414 //



Stream(2):



//



408.414



// //
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Stream(3): (3) = (2) + (15) (3) = 106.58 + 17.166 Stream (3) =



I) II)



123.74 Kgmol/hr



Stream(3) = Stream(4) = Stream(6) = 123.74 Stream(1) = Stream(5) = Stream(7) = 283.72



Check: Stream (6) + Stream (7) = Stream (8) 123.74



+



283.72 407.4



=



408.414



=



408.414
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Chapter 4 Energy Balance Calculations
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4.1



Compressor C-101



H = nair



[



𝑇5 𝐶𝑝𝑑𝑡] 𝑇1



H = nair



[



382 298



(1)



28.09 + 0.1965𝑇 + 0.4799T2 – 1.965T3]



nair = 283.724 kgmol/hr



So, Adiabatic Compression: T1  P1    T 2  P2 



1







Where  = 1.4 P1 = 101.3 kPa P2 = 241.2 kPa T1 = 298 K T2 = 382 K = 283.724 [28.09(382-298+ 0.1965x 10-2 (3822-2982) + 2 -5 3 3 0.4799 x 10 (382 -298 ) – 1.965 x 10-9 (3824 - 2984)] 3 4 = 231.88 (2359.56 + 56.1204 + 46.8372 – 6.5865) H = 696806.6 kJ Since H = WS & compressor μ = 85% So, Ws 



696086.6  819772.5kJ  820MJ 0.85 41



4.2



Heat Exchanger Duty (E-102)



Given is: T5



=



382 k



T7



=



423k



& Thus T5



= nair [  Cp.dT ]



H



T7



=



283.724[28.09(423-382) + 0.1965x10-2 (4232 -3822) 2 -5 3 3 + 0.4799x10 (423 -382 ) - 1.965x10-9(4234 -3824)] 3 3 283.724 [1151.69+32.247+31.9-5.267]



Hair



=



343518.83kJ



Since



=



η (h7 –h5) = q5-7 = m S



=



Now, Medium pressure steam is at 1200 kPa & at this pressure S



=



1984.3 kJ/kg



m



=



343518.83kJ 1984.3kJ/kg



m



=



141.5kg/hr



Thus:
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4.3



Heat Exchanger Duty (E-101)



Since stream (4) is vaporized so 1st we determine Bubble point then calculate energy transfer T4 to Tbubble and them add S of stream (4) T4



=



308.5 k



Tb



=



361.73 k



Tavg



=



T4 + Tb 2



Tavg



qCH3OH



=



335.115 k



=



121.7856 [40.046 – 3.8287 x 10-2 (T) +2.4529 x 10-4 (T2) -2.1679 x 10-7 (T3)]



=



121.7856 [40.046-12.83 + 27.54 – 8.1587]



=



n Cp (361.73 – 308.5)



=



5729.68 (53.23)



=



304991.06 kJ + n



=



304991.06 kJ +4682993.423



qCH3OH



=



4987984.483 kJ



qH2O



=



 T = 53.23



qH2O



=



1.948 (29.526-8.8999x 10-3 T + 3.8083x 10-5T2)



=



1.948 (29.526 –2.982 + 4.2768 – 1.228)  T



=



1.948 (29.59)  T+ n



=



3068.24 + 80469.85



=



83538.094 kJ



qCH3OH
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q CH2O



.0060939 [34.4260 T –



=



-2.9779x10-2 2 T  2



1.5104x104 3 -1.2733x 107 4 T  T ] 3 4



=



11.875 + 156.9 = 168.8 kJ



Q



=



q CH4O + qH2O + qCH2O



Q



=



5071691.357 kJ/hr =



kJ 1kJ



Q



=



1000J 1J



9.484 X 10-4 Btu hr



4809992.083 Btu/hr



Since: n (h6-h4)



=



Q4-6



=



m



At 1200 kPa  = 1984.3 kJ/kg



So, m



m



=



=



5071691.357 kJ/kg 1984.3 kJ



2555.9 kg/hr



(Mass of Steam)
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4.4



To Determine  At Given Temperature



If  is known at boiling point; Using Watson equation to determine   Tc  T  Lv  Lv, b   Tc  Tb 



Here



0.38



Tc



=



Critical temp



Tb



=



boiling point



Lv,b



=



Latent heat at normal b.p



Thus:



LH2O



=



647.3  361.73  40683   647.3  373 



LH2O



=



41308.96kJ/kgmol



n H2O



=



80469.85 kJ



LCH2O



=



408  361.73  40683   408  253.8 



LCH2O



=



25748.67 kJ/kmol



n CH2O



=



126.74kJ



0.38



0.38
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4.5



512.6  361.73   512.6 – 337.6 



L CH3OH



=



40683 



L CH3OH



=



38452.768



n CH3OH



=



4682993.423 kJ



0.38



Energy Balance across Reactor (R-101) Reactants



Products











423k



616k



Reactant



Products



298 K



298 K



H



=



H1 + H2 + H3



For H1 H1



=



HCH3OH



=



121.7856 [40.046 (T2 – T1) –



3.8287x10-2 T 2 2 -T 21    2



2.4529x104 3 3 2.1679x 107 4 4 T -T   2 1  T 2 -T 1  ] 3 4



T2 - T1



=



298-423



=



-125k



T



2



T



3



T



2



-T 21 



=



2982-4232



=



-90125k



2



-T31 



=



2983-4233



=



-49223375k



2984-4234



=



-2.42x1010k



4 2



-T 41 



=
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= HCH3OH



=



HCH2O



=



121.7856 [-5005-75++1725.3 - 4024.66 + 1311.57] -729926.8655 kJ/hr



.0060939 [34.4260 (T2- T1) –



-2.9779x10-2 T 2 2 -T 21    2



1.5104x104 3 3 -1.2733x 107 4 4 T -T   2 1  T 2 -T 1  ] 3 4



HCH2O



=



.0060939 [-4303.25+1341.916-2478.2+770.3]



HCH2O



=



-28.45 kJ/hr



HN2



=



224.142 [29.342(T2 –T1) –



-3.595x10-3  T22 -T21   2



1.006x105 3 3 -4.311x 109 4 4 T 2 -T 1     T 2 -T 1  ] 3 4



HN2



=



-817555.70 kJ/hr



HO2



=



59.582 [29.526(T2 – T1) –



-8.899x10-8 T 2 2 -T 21    2



3.808x105 3 3 -3.262x 108 4 4 T 2 -T 1     T 2 -T 1  ] 3 4



HO2



=



-221471.06 kJ/hr



HH2O



=



1.948[33.933(T2-T1) –



-8.4186x10-3 T 2 2 -T 21    2



2.9906x105 3 3 -1.7825x 108 4 4  T 2 -T 1    T 2 -T 1  ] 3 4



HH2O



=



-8269.53 kJ/hr
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Thus, H1



=



HCH3OH + HCH2O



H1



=



-1777251.612 kJ/hr



+



HN2 + HH2O



+



HO2



For H2 (From data) (Hf)CH3OH



=



121.7856 (-201170)



=



-24499609.15 kJ/hr



(Hf)CH2O



= =



.0060939 (-115920) -706.405 kJ/hr



(Hf)H2O



= =



1.948 (-241800) -471026.4 kJ/hr



H2



=



-24971341.96 kJ/hr



Thus,



For H3 H3



=



T2 - T1



=



616-298



=



318



T



2



T



3



T



2



-T 21 



=



6162-2982



=



290652



2



-T31 



=



6163-2983



=



207281304



6164-2984



=



1.36x1011



4 2



-T 41 



=



48



HCH3OH



=



121.7856[40.046 (T2 – T1) –



3.8287x10-2  T22 -T21   2



2.4529x104 3 3 2.1679x 107 4 4 T 2 -T 1     T 2 -T 1  ] 3 4



HCH3OH



=



2039746.835 kJ/hr



HCH2O



=



.0060939 [34.4260 (T2- T1) –



-2.9779x10-2 T 2 2 -T 21    2



1.5104x104 3 3 -1.2733x 107 4 4 T -T   2 1  T 2 -T 1  ] 3 4



HCH2O



=



77.55 kJ/hr



HN2



=



224.142 [29.342(T2 –T1) –



-3.595x10-3 T 2 2 -T 21    2



1.006x105 3 3 -4.311x 109 4 4 T -T   2 1  T 2 -T 1  ] 3 4



HN2 HH2O



=



2099308.59 kJ



=



-8.4186x10-3 T 2 2 -T 21   1.948[33.933(T2-T1) –  2 2.9906x105 3 3 -1.7825x 108 4 4 T 2 -T 1     T 2 -T 1  ] 3 4



HH2O



=



21481.589 kJ/hr



HO2



=



59.582 [29.526(T2 – T1) –



-8.899x10-8 T 2 2 -T 21    2



3.808x105 3 3 -3.262x 108 4 4 T 2 -T 1     T 2 -T 1  ] 3 4



HO2



=



5730459.37 kJ/hr
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Thus, H



=



HCH3OH + HCH2O



=



4733659.924 kJ/hr



3



H 3



+



HN2 + HH2O



+



HO2



Hence: H



=



H



=



H



1+



H



H



2+



3



- 22014933.6 kJ/hr



Across Reactor: Q



=



mcp (Tb-25) +m 



Cp of steam at 380k &1200 kPa is =



4.18 kJ/kgmol.k =



187.960C



TB



=



461.11k



Q



=



m (4.18 (461.11-298) + 1984.3)



=



m (2666.09)



m



=



22014933.65 2666.09



m



=



8257.35kg/hr
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4.6



Heat Exchanger Duty (E-103) Stream (13)



=



313.1713 kgmol/hr



CH3OH



=



.485



CH2O



=



.3364 =



105.35



H2 O



=



.615



192.6



T14- T13



=



22k



T142- T132



=



16016k



T143- T133



=



8747398k



T144- T134



=



4.2x10k



T14



=



375k



T13



=



353k



HCH3OH



=



15.18 [881-306.6+715.2-227.63]



HCH3OH



=



16120.7 kJ/hr



HCH2O



=



105.35[757.372-238.4+440.4-133.7]



HCH2O



=



86984.54 kJ/hr



HH2O



=



192.6[746.5-67.4+87.2-18.7]



HH2O



=



143987.76 kJ/hr



H



=



HCH3OH + HCH2O + HH2O



H n (h14 - h13)



= =



247093 kJ/hr q13 - q14 =



m



=



247093 1984.3



m



=



124.52 kg/hr



=



=



15.18



m
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Chapter 5 Equipment Design
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5.1



Reactor Design



Reactor conversion



=



87.4%



(Methanol Formaldehyde)



Isothermal Reactor



=



246.3oC (519.3K)



Pressure = 182.6Kpa



5.1.1 Volume of the Catalyst Basic performance equation for Plug Flow Rector is:



∫XAf dXA



=



(V)



1



CAo ∫XAf dXA



=



-r



0



FAO



τ



or



0



A



-r



A



The rate expression for methanol- formaldehye system is:



-rm



=



K1Pm 1+k2 Pm



Here



T =



Where



from (2)



519.3K



log10 k1 = 10.79 -



5640 T



log10 k2 = 11.43 -



3810 T



Pm V = nRT



=



=



0.8492



=



k1



12394



=



k2



Pm = CART



So,



-rm



=



k1 CART 1+k2CART



=



RT k1 CA RT (1/RT + k2 CA)



Put in eq (1) we have
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τ



=



∫XAf



CAO



1/RT + k2 CA



0



dXA



k1 CA



Now: CA



CAO (1-XA)



=



(1 + έAXA) HCHO + H2O



CH3OH + 0.5O2 Here έA =



VxA = 1 - VxA = 0 VxA= 0



=



2 - 1.5



=



0.333



1.5



Now, total no. of moles entering.



n



=



408.4135 kmol/hr



PVo



=



nRT



Vo



=



408.4135x8.314x519.3 182.6



Vo



=



9656.6 m hr



VO



3



=



1hr 60 min



nRT P



Vo



3



=



160.9 m /min



Now: F methanol



=



121.78kgmol hr



1hr 60 min



F methanol



=



2.02 kgmol /min
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Thus:



CAo = CAo



Fm = Vo



2.02 160.9



= 0.0126



Kmol 3



m From (3)



τ



=



∫XAf 1/RT + k2 CA dXA



CAo



k C



0



Put



1 RT



k1



τ



1



=



1 8.314x519.3



=



0.00189



=



0.8492



k2



=



=



CAO



∫0.874 0



Since CA



A



=



CAO



12394



& XAF = 0.874



0.00189+12394 CA 0.8492 CA



(1-XA)



dXA



So (4) becomes:



(1+0.33XA)



τ



= CAO



∫0.874 0



Put CAO =



τ



(1+0.33XA)



CAO (1-XA)



(0.00189(1+0.33XA)+12394CAO(1-XA))



dXA



(1+0.33XA)



0.0126 & simplify



= 1.178



∫0.874 0.00189(1+0.33XA) +0.0126x12394(1-XA) dXA 0



(1-XA)



55



Solving integration



=∫



0.00189+(1+0.33XA) dXA+ 156.16∫



0.874



0.874



0



0



(1-XA)



= 0.00189



[∫



0.874



0



= 0.00189



dXA + 0.33∫0.874



1



0



1-XA



[In (1- X )∫



0.874



A



0.874



0



]



= 0.00189 -[In(1-0.874)-In (1)] +0.33



0



(1-XA)



]+56.16x(0.874)



dXA



]



0.874



= 0.00189 (2.07)+0.33[-In (1-XA) ∫0.874



)



1-1+ XA d XA +136.5 1- XA



[∫ 0



0.874



1-XA



+ 0.33 ∫



0



[



1



(1-XA) dXA (-XA ∫



]



1 d XA 0.33∫0.8741-1 XA



1- XA



+136.5



1- XA



- XA ∫0.874 ] + 136.5



0



0



= 0.0039+0.33 (2.07-0.874)+ 136.5 = 0.39+ 136.5 = 136.9 Thus:



τ



= 1.178x136.9 = 160.78



Kmol 3



m



τ=



0.1692 hr



τ=



10.15min



3



kg.hr



m



Kmol



950kg



56



τ=



CAO W FAO



W=



τ FAO



=



W = 10.15x2.02



CAO



1627.9 kg



0.0126



Vol. of catalyst = Wt of catalyst ρCat V



=



=



1627.9 950



3



= 1.7 m



5.1.2 Catalyst Dimensions



Diameter of catalyst



=



3mm



Voidage



=



55% -65%



//



=



60% = 0.60



Density



=



950kg/m



Volume of vessel



=



VB



Let



//



VB-VP VB



=



0.6



VB-1.7



=



0.6



=



VB – 0.6 VB =



3



= ?



1.7



VB



0.4 VB



=



1.7



VB



=



4.25m



3
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Diameter of tube



=



3in



//



=



3



=



0.25ft =



Length of table



=



12 20ft



=



6.096m



Vol. of tube



=



π Di2 L1 = 3.141 x (0.0762) x 6.096



=



4 3 0.027m



=



VB



//



//



No. of tubes



2



4



=



vt



Pitch



0.0762m



4.25 0.0277



=



153 tubes



=



1.25 x O. D



=



1.25 x 3.50



=



4.37



=



111.125mm



=



0.0889m



Its square pitch



Now:



(



DB



=



Diameter of tube =



do



Do



=



outer dia



3.5in =



For “f=1”



=



Nt/ k1



)1/n1 88.9



pass & square pitch
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n1 =



k1



=



0.215



&



DB



=



0.0889 ( 153



2.207



1/2.207



)



0.215 DB



=



1.74 m



=



1742 mm



For the graph along the fixed tube



DS - DB



=



27.4mm



DS



=



27.4 + DB



DS



=



1742 + 27.4



DS



=



1769.4mm



DS



=



dia of inside shell = 1.76m



5.1.3 Pressure Drop Using Ergun Eq 2



150 (1-e) ( μ x uc )



P =



+



1.75 (1-e ) (ρ x uc2)



e3 d2



l



e3 d



Here



1



=



6.096m



D



=



0.003m



e



=



0.6



𝜇



= Viscosity of fluid = N.s = 0.02 cp = 0.00002 N.s 59



2



2



m



m



uc



=



Superficial velocity of fluid = m s density of fluid = 1.25 kg 3 m



S



=



ML



=



0.2982 (32) + 0.1459 (32) + 0.0001477 (30) + 0.00472 (18) + 0.5511 (28)



ML



=



29.7



S



=



182.6 kpa



kg kgmol



29.7 kg



= 1.25 kg Kmol



8.314



519.3



m3



P = 1505.18 Uc + 8231.48 Uc2



Uc



=



?



Area of tube π/4 d2



= =



2



π/4 (1.76) 2.43 m2



Thus, superficial of fluid



G



G



=



=



408.4135



kmol



29.7kg



1hr



hr



kmol



3600s



3.3 kg/s 60



UC



3.3 kg



=



s Uc



=



3



m



2



1.25 kg



2.43m



1.08 m s



Put in (1) P



=



1505.18 (1.1) + 8231.48 (1.1)



=



11615.7 Pa



=



11.615 kpa



2



14.7psi



101.3 kpa



P



=



1.68 Psi



5.1.4 Reaction Vessel Design Dia of Reactor



=



1.76m



Height of Reactor



=



Length of tubes + 0.3 Length of tubes



=



6.096m + 0.3 x 6.096



=



7.92 m = 8m 61



Design pressure



=



1.82 bar



Taking 10% above operating pressure



=



(1.82) x 1.1



=



2 bar



=



0.20 N/ mm2



Design temp



=



400C0



For carbon – Steel at T



=



400C0



=



70



f



N/ mm2



Thus:



5.1.5 Cylindrical Section = 0.22 x 1.76x103 2x70-0.22



e



=



PiDi 2fPi



e



=



2.51mm



Adding corrosion allowance for 20 yrs So thickness of the vessel is



=



2.51+0.75x20



=



18 mm 62



5.2



Absorption Column Design



W = 861.752 Kg-mol/hr Equilibrium relationship = y = x(solute free) y = mx At bottom of tower



y1  0.2305 so 0.2305 SMF solute.mole. fraction   0.299  1  0.2305 SFG mole. fraction.solute. free.gas A  461.591Kgmol / hr  0.128Kgmol / sec y1 



5.2.1 Number Of Plates  y2  0.00105 0.00105  0.00105 1  0.00105 y1  y2  N 1    (Souders and Brown equation) y1 mx2  N 1  1



y2 



  Absorption.Factor 



W  1.86 mA



 N 1   0.9964  N 1  1 N  7.83 Assuming Tray spacing 24” from graph Kv = 0.30ft  L  62.4lb / ft 3 M g  0.0332(32)  0.0138(32)  0.2305(30)  0.2317(18)  0.4876(28)  26.3lb / lbmol



g 



PM g RT







1.35atm * 26.3  0.044lb / ft 3 0.7302*1108
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Superficial or Flooding Velocity based on the net column cross-sectional area from the correlation given by Fair (1961): 62.4  0.044 0.044 vm  11.28 ft / sec vm  0.3



Actual Velocity



v  0.7vm v  7.899 ft / sec
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5.2.2 Minimum Diameter Of Column 4*0.128* 2.2* 26.3  *0.044*11.28  4.36 ft 



Minimum Diameter of Column  5.36 ft



(vm  g  11.28*0.044  .5) From graph we have overall column efficiency =96% Actual no. of plates = 7.83/0.96 = 8 plates
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Tower diameter:







5.36 ft *1m  1.62m 3.280 ft



active.area   / 4(1.622 )  2.06m 2 Tray area used by one downcomer = 8.8%



Ad  0.088* Area  0.088* 2.06 Ad  0.18m 2



For 40mm wide supporting ring, because between sports of 50mm wide disengaging 2



and disturb zones, these areas total => 0.222m
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 AT  2 Ad  0.222  2.06  2*0.18  0.222



Total area



 2.64m 2



Actual Tower diameter



= 1.83m



Assuming hole dia = 4.5mm = 0.0045m Sheet thickness = 2mm Hole area



  r 2  15.9mm 2 tray _ thickness 2mm   0.44  0.5 hole _ dia 4.5mm



Assumes the hole covers 5% of the actual area hole _ area  0.05 active _ area (From M & S Fig.18.27)



Cv  0.69
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5.2.3 Pressure drop across plate ht  hd  hl U 2    hd  0.186  o2   v   Cv    L   11.282   0.044  hd  0.186   2   0.69   62.3  hd  0.035inch _ of _ liquid hl   (hw  how ) assu min g hw  2inch,   0.70



Length of weir is



 4.35 ft *1m  d  LW  1.62    1.62   2  2*3.2008 ft   2.14m qL 



861.752 Kgmol *1hr *18 Kg *1m3 1hr *60 min*1Kgmol *100 Kg



qL  0.258m3 / min q  how  43.4  L   LW   0.258   43.3    2.14   10.59mm



2/3



2/3



how  10.59mm *1inch / 25.4mm how  0.416inch hl   (hw  how ) hl  0.70(2  0.416)  1.69inch _ of _ liquid ht  hl  hd  1.69  0.035  1.72inch _ of _ liquid * 25.4mm /1inch  43.86mm _ of _ liquid 69



5.2.3 Height of Column A rough estimate of the height of column is (No. of stages + 2) × tray spacing 2 is added to compensate for top/bottom clearances = (8 + 2) × 24in = 240 in = 6.1 meter
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5.3



Distillation Column



Light key component =



CH3OH =



A



Heavy key component =



H 2O



B



=



Rf = ratio of the key component in the liquid part of the feed



rf 



x fB x fA







0.615  12.81 0.048



Xnl = Pinch composition of the light key component



xnl 



rf (1  rf )(1   i x fh )







12.81 (1  12.81)(1  0)



xnl  xnA  0.927 xnB  xml 



xnA 0.927   0.0724 rf 12.81



 AB  1.265 5.3.1 Calculation of Minimum Reflux ratio and Number of Plates



1 0.268   0.615  1.265( )  0.265  1  0.927 0.0724    0.43



Rm  Rm



 xdA xdB    AB    AB  1  xnA xnB  R  Rm  1.2 Rm 



1



R  0.43  1.2 R  0.516
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 x x  log ( A ) D ( B ) B  xA   xB Nm  1  log  AB 0.656   0.615 log ( )D ( )B 0.268 0.0138   Nm  1 log1.265 N m  19



From Eq 15.4   Peter & Timmerhaus   ( R  Rm )0.556  N  Nm  0.75 1   N 1 R 1   N  52 stages



From Eq (15.6) (Peter & Timmerhaus)



log



B x (x )   0.206 log  ( HK ) F ( LK B ) 2  NB ( xHK ) D   D xLK



ND



From Kern (H.T) 0.26  0.23  0.29  0.26 3  AB  0.26 1.265  0.3289







  0.8



Actual no. of plates = 65 no. of plates N = Theoretical = 52 N = Actual



= 65
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Eq…1



log



ND  295.96 0.615 0.0138 2   0.206log   ( ) NB  17.23 0.048 0.268 



ND



 0.95



NB



N  ND  NB



Eq…2



65  N D  N B By solving eq1 & 2 •



NB = 33



•



ND = 32



Thus feed enters the column 33 stages above the bottom stage.



(Peter & Timmer)



Ln  D  Rm  17.23  0.43  7.40 kgmol



hr Vn  Ln  D  7.40  17.23  24.63 kgmol hr Lm  Ln  F  7.40  313.17  320.50 kgmol



hr Vm  Lm  W  320.50  295.96  24.61 kgmol hr



Assume plate spacing = 0.5m =18in Vapour composition CH3OH = 0.615 CH2O



= 0.11



H2O



= 0.26



mol.mass = 0.615(32) + 0.11(30) +18(0.268) mol.mass =



27.8 lb/lbmol
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Vm =



Vn =



24.63 kgmol/hr x 1kg/27.804kgmol



=



0.8858 kg/hr



Lm =



320.50 kgmol/hr x 1kg/0.0138(32) +0.33(30) +0.656(18) = 14.46kg/hr



Ln =



7.40kgmol/hr x 1kg/0.615(32) +0.11(30) +0.268(18)



FLV 



Lw Lm



v l



K 2bottom



2.66kg/hr



 From R.K SINNIOT vol.6



PM  0.063 lb 3 ft RT 1atm P  16.5 psia  1.122atm 14.7 psi M  27.8 lb lbm



g 



14.3469 1.06 FLV  0.8858 927.46 FLV bottom  0.552 FLV top 



=



0.268 1.00916  0.0126 0.8858 568.65  0.05



R  0.7302 T  6760 R



K1top  0.09



5.3.2 Superficial velocity U f top  0.09



568.65  1.00916  2.134 m s 1.00916



927.46  1.06  1.47 m s 1.06 U top  2.134  0.8  1.707 m s U bottom  1.47  0.8  1.18 m s U f bottom  0.05



Max. flowrate for top =



3 0.8858 kg  0.877 m s 1.00916 hr



0.8858 1.06 B  0.835



Max. flowrate for bottom 



Net area required & given 12% (R.K .SINNIOT)



0.877 0.513 3  m  0.59m 2 1.707 0.86 0.835 0.707 Bottom    0.80m 2 1.18 0.88



Top 
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5.3.3 Column Diameter



4 AcT



dtop 







dbottom  Active area top



 0.86m



4 Acb







 1.00m



= AT = 0.513m2



Active area bottom = AB = 0.707m2 Assuming hole dia



Ah 



 4



(5 103 )2  0.0039m2



Assuming hole dia •



Assuming hole covers 10% of active area per tray (R.K.SINNIOT)



•



Area covered by holes



At  0.1*0.513  0.0513m2 Ab  0.1*0.707  0.0707m2 No of holes per tray….



0.0513  13.15  14holes 0.0039 0.0707 Bottom   8.8  19holes 0.0039



Top 



Total no. of holes above feed = 14x32 = 448 Total no. of holes below feed = 19x33 = 594 Total holes = 448x594 = 1042 holes 75



Total area covered by holes = 1042x0.0039 = 4.0638m2 Height of column =



(no. of plates-1) plates spacing + top free space + hold up



Assume hold up & top free space as 18in same as plate spacing : = (65-1)18in + 18in + 18in



Height of Column



 1188in 



2.54cm 1m  1in 100cm



h  30m 5.3.4 Plate Pressure Drop



h  hD  hL u0 2  v hD  51( 2 )( ) c0 l 1.707 2 1.00916 hD  51( )( ) 0.892 568.65 (from McCabe ,smith) For top Co = pg # 706 (fig 21.25)



Similarly



hL   (hw  how )



  0.70
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For weir height hW = 50mm



how



VL 23  43.4( ) Lw



Lw  1.62  (



d top



) 2 0.86 Lw  1.62   0.696m 2 0.877 23 how  43.4( ) 0.696 how  22.96mm ( how  hw )   hl (22.96  50)0.7  51.072 hl  51.072 hTop  hd  hl hTop



= 51.445mm of liquid



Same procedure for bottom feed as did for top feed 𝐻𝑑 = 0.1150 mm of liq For weir height hW = 50mm ℎ𝑜𝑤 = 43.28 mm ℎ𝑙 = 66mm hBottom= 66.11mm of liquid
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5.4



Heat Exchanger Design E-101:



5.4.1 Heating Area, Number of Tubes F



=



T1



=



5902.3lb/hr



0



370.2 F



T2



= 370.200F



E-101



t1 = 960F



t2 = 302.20F



F = 8607.7 lb/ hr



Hot fluid



= saturated steam at 370.20F in shell side



Cold fluid



=



CH3OH + CH2O + H2O



in tubes



Exchanger with steam:



1) Its condensate is corrosive and flow rate is high so always used in shell. 2) Steam heat transfer coefficient V. hi Standard value



=



1500 Btu/ hr0 F
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3)



pr. Drop of steam V.V. Low



(1) Heat balance



=



Q



= 4809992.086 Btu hr



(2) LMTD



θ1 - θ2 _________ = 148F ln(θ 1/ θ 2)



LMTD = Here



θ1



=



370.2 - 302 =



680F



θ2



=



370.2 - 96



274.20F



=



Thus: LMTD



=



1480F



For steam FT



=



1.0



=



LMTD * FT



∆ Tm



(3)



= 1480F



tC = average of temp of cold stream



From table let the selected



UD = 75



=



0



198.5 F



(range 50 -100)



(Overall design coefficient)



Now:



Q



=



UDA tm
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Here tm



0



= true mean temperature difference LMTD = 148 F



So, A



=



Q



here Q = 4809992.08



Btu



UDtm



A



=



hr



4809992.08



2



=



433.3 ft



=



0.1963 ft



=



433.3



75 x 148



Length of tube



=



Flow area



=



16 ft



at



no. of tubes per shell



2



1 x 16 x 0.1963



=



OD tubes 1 1 4 Shell ID



=



′′



103 tubes



𝑠𝑞𝑢𝑎𝑟𝑒 𝑝𝑖𝑡𝑐ℎ 1.25 inch 17 1 4



′′



Number of tubes for 1 passes =



(table 9) 112 tubes



(table 9)



80



Corrected Area



0.2618 * 112 * 16 = 469.14 ft2



=



(table 10)



So Corrected UD



=



3920605



69.27 Btu/hr.ft2.°F



=



148 × 469.14



Thus overall selected U is correct 1 shell pass & 2 Tube passes Tube side = Cold fluid



Shell Side = Steam



(4) Flow area per tube:



(4) Flow area:



at = 0.302 in2



B = ID = 17.25 = 3.45in 5



Now flow area/ tube at from table 10



at = Nt x at = 112 x .302 144n



144 x1



5



B = Baffle Spacing



at =



ID x CB PT x 144



Here C = clearance between tubes = 0.25in



2



at = 0.2539ft



PT = Pitch = 1.25in



as = 17.25x3.45x0.25 1.25x 144 (5) Mass velocity G



t =



2



as = 0.0827ft



W



= 10285



at



0.235 81



(5) = Mass velocity



G



t = 339019.2



lb hr.ft



Gs = W /as =



2



5920.3 0.0827



Gs = 64609



(6) at Tavg = 1990F



μ =



0.33 cp x 2.42



μ =



0.7986



hr ft



0.67 in



= 0.0558ft (table 10)



At Tavg =



0



370.2 F



(Methanol + H2O)



μ =



12



μ = Ret = DT GT/μ =



2



lb/ft.hr (6)



ID =



lb



0.0155 x 2.42 0.0375 1b/ft.hr



0.0558 x 339019.2 0.7986



De = 0.99 inch = 0.0825 ft



( fig 28)
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Ret



=



23685



Res



= Ds Gs = 0.0825x 64609 = 3.45in μ .0375



(7) At Re =



23685



Res



=



141198.4



(From table) JH



=



(8)



160



(7)



Re = 141198.4



JH



= 240



Cp = 2.03Btu/1b. K



= 0.0187 Btu/hr ft2.°F (table 5)



𝑪 𝛍 1/3



(8) K



𝑲



= 0.0187 Btu/hr ft2 .°F



C = (9) hi



hi



=



= .47 (table 5)



0.47 Btu/1b.°F



9) hO =?



?



= jh× (K/D)×(Cpµ/K)1/3 2



= 180 Btu/hr.ft .°F hio = (hi)×(I.D/O.D) = 120.6Btu/hr.ft2.°F



hO



=



Φs



jH



𝑲



𝑪𝛍



1/3



𝑲



DS =



240 * 0.47*.0187 0.0792



ho = 190 Btu/hr.ft2.°F
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Uc



=



(hio× ho)/( hio+ho)



Rd



=



(Uc – UD)/(Uc ×UD) =



73.9 Btu/hr.ft2 0F



=



0.00083hr.ft2 0F/Btu



5.4.2 Pressure Drop Calculations SHELL SIDE Re



f



=



0.012 ft2/in2 ( fig 29)



=



= 370.2 0F



Tavg



S =



Ds



141198



1



=



(table 6)



TUBE SIDE Re



f



=



=



Tavg



23685



0.0002



=



199 0F



S = 0.8



17.25/12 = 1.44 ft



Number of crosses :



N+1



= 12× (L/B)



= ∆PS =



f  G1  L  no. of passes  2



∆Pt =



5.22 1010  S  D



55.6



f  G s  Ds  N  1 5.22 1010  S  s  De



= 0.0006 Psia



=.0914Psia 84



5.5 Pump Calculations capacity Mass flow rate in of pump



= 3931.878kg/hr



Average Density ρ



= 794.91 kg/m 3



Volumetric flow rate



= Mass flow rate / density = 3931.878/794.91 m 3 /hr =4.95 m 3 /hr = 21.7 GPM



h = 35ft = 10.66m



Efficiency = 80 - 0.0285(H) +3.78*10 -4(H) (GPM) - 2.38*10 -7(H) (GPM)2 + 5.39*10-4 (H)2- 6.39*10-7(H)2(GPM) + 4*10-10(H)2(GPM) 2 = 80 - 0.0285(35) +3.78*10 -4(35) (21.7) - 2.38*10 -7(35) (21.7)2 + 5.39*10-4 (35)2 6.39*10-7(35)2(21.7) + 4*10-10(35)2(21.7) 2 = 79% Power = (GPM) ΔP / (1715) (Efficiency) = (21.7)(14)/(1715*0.79) Power = 0.32 hp
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NPSH Pump specific speed (Ns): Ns = (RMP) (GPM)0.5 / (H)0.75 = (2500) (21.7)0.5 / (35)0.75 = 810.8077 IMPELLER DIAMETER: D2 = (1840(Kv) (H))0.5/RPM (From Graph between Kv and Ns) Kv = 0.99 D2 = 1840*0.99*350.5 /2500 = 4.31 inch EYE DIAMETER: (From graph between D1 / D2 & Ns) D1 / D2 = 0.399 D1=1.722 inch Impeller Eye Area: Eye Area= (π/4) D12 = (π/4)* 1.7222 = 2.33 inch2 Suction Eye velocity: CM1 = 0.321*(GPM)/Eye Area = 0.321*21.7 / 2.33 = 3.2
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Peripheral Velocity of Impeller: Ut = (Eye Dia)*(RPM/229) = (1.722)*(2500/229) = 18.8 From graph between CM1 & Ut NPSH =8ft = 2.43m



Specification Sheet



Item



Pump



Type



Centrifugal



Operation



Continuous



Densit y



794.91kg/ m3



Material of Construction



Carbon Steel



Power



0.32hp



NPSH



2.43 m
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Reference graph
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Chapter 6: Instrumentation & Process Control
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6.



INSTRUMENTA TION AND PROCESS CONTROL



Proper process instrumentation is of primary importance of smooth operation in modern large capacity plants. Automatic operation and control of process parameters is a necessity for process units, where extreme working conditions are prevalent. Keeping in view the economic factors and the process constraints some control loops, indicating and recording appliances are recommended. Flow controllers at proper intervals through out this section are also proposed to cause the required production rate. 6.1



Reactor



The most important aspect in the reactor operation is the ri.1aintenance of air to methanol ratio. This is particularly important for safety purposes. It is therefore recommended that a ratio control1er be employed to regulate both flow rates. Controlled flows of methanol are mixed in proper proportions with air through the ratio controller arrangement before the reactants stream enters the reactor tubes. Ratio control is a special type of feed forward control where two disturbances (loads) are measured and held in a constant ratio to each other. It is mostly' used to control the ratio of flow rates of two streams. Both flow rates are measured but only one can be controlled. The stream whose flow rate is not under control is usually referred to as wild stream. Figure below shows ratio control configurations for two streams. Stream A is air and the wild stream. In Figure we measure both flow rates and take their ratio. This ratio is compared to the desired ratio (set point) and the deviation (error) between the measured and desired ratios constitutes the actuating signal for the ratio controller. This ratio is very important to adjust before the feed entering in the reactor. The air to methanol ratio is adjusted at 35:7.5 which is very feasible for the production ofFonl1a1dehyde.Therefore by using ratio control we can easily adjust this ratio for the maximum yield.
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Methanol (Controlled Stream)



Ratio Control System for Air Methanol It is recommended that the inlet temperature and pressure of the feed mixture be indicated and recorded. Recording process conditions is also recommended.



6.2 Heat Exchanger Heat exchangers are inherently stable operating units. Extensive instrumentation is therefore not usually proposed. However: control on flow parameters is necessary and proper indication and recording of the inlet and outlet conditions is recommended. Temperature measuring elements and heat-exchanger installation should be placed as close as possible to the active heat exchange surface, consistent with requirements for adequate mixing of the process stream. A thermal element installed several feet downstream of the exchanger in the process .pipeline will cause a time delay in the control system. This time delay or distance-velocity lag has a particularly noticeable effect on control performance. Thermocouples in protective thermal well are proposed' as temperature measuring elements. Particular care must be taken to minimize 97



the effect of air gap between thermocouple and thermal well by proper installation of conducting, sleeves. These elements introduce measuring lags, which may have time constants of the order of magnitude of the main time constant of the system. However, high fluid velocities past the thermal well tend to minimize the measuring lag. For the switch-condenser and the heat exchanger connected to reactor a temperature transmitter using derivative action for lag compensation is suggested. For the temperature control of heat exchangers the following control schemes can be employed. The normal method for controlling heat exchangers is to measure exit temperature of the process fluid and adjust input of the heating or



cooling medium to hold the desired temperature. It is suggested that for the waste heat boiler this control scheme should be used. Normal Control of Heat Exchanger



6.3 Distillation Column The distillation column recovers the methanol from the water and formaldehyde. It is clear that our first reaction is to use a composition analyzer to measure the concentration of formaldehyde in the distillate and then using feedback control to manipulate the reflux ratio. This control scheme is shown in Figure below. An 98



alternative control system is to use a composition analyzer to monitor the concentration of formaldehyde in the feed. Then in a feed forward arrangement we can change the reflux ratio to achieve our objective. Both of the control systems noted above depend on the composition analyzers. It is possible that such measuring devices are either very costly or of very low reliability for' an industrial environment (failing quite often or not providing accurate measurements). In such cases we can measure the temperature of the liquid at various trays along the length of the column quite reliably, using simple thermocouples. Then using the material and energy balances around the trays of the column and the thermodynamic equilibrium relationships between liquid and vapor streams, we can develop a mathematical relationship that gives us the composition of the, distillate if the temperatures of some selected trays are known.
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Chapter 7 Cost Estimation
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7.1 Cost of Reactor (R-101) From Figure 13-14 (6), For Jacketed and Agitated Reactor For Capacity = 1.6 m3 Purchased cost = $ 10500 (Jan-2002) Catalyst used = 1400 kg Price of Catalyst used = $ 200 /kg Price of Catalyst used = $ 280000



7.2 Cost of Absorption Column (T-101) 7.2.1 COST OF COLUMN Height = 9.1 ft = 77m Diameter = 4 ft = I.22m From Figure 15-11 (6), Purchased Cost of vertical column = $ 6000



7.2.2 COST OF TRAYS IN TRAY TOWER Diameter = 4 ft= I.22m & for sieve trays, From Figure 15-13 (6), Installed Cost per tray = $ 500 Installed Cost for 7 trays = $ 3500 (Floating head Heat Exchanger) From Figure 14-19 (6),



Purchased cost = $ 6500 101



7.7 Cost of Pump (P-101)



For capacity =0.063 m3/s (Centrifugal pump) From Figure 12-23 (6), Purchased cost = $ 2000 7.8 Cost of Pump (P-103) For capacity =0.023 m3/s (Centrifugal pump) From Figure 12-23 . 
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