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CHE4117: Design Project Formaldehyde David Verrelli (Group 8)

BASIC COMPLETE MATERIAL BALANCE

Assume: Atomic masses: Molar masses:

About half of the methanol goes to each of the folowing reactions [Mechetta, p.358]: C 12.011 kg.kmol
-1

CH3OH 0.032 kg.mol
-1

CH3OH + 0.5O2 --> HCHO + H2O (1) 36% of CH3OH reacted H 1.0079 kg.kmol
-1

HCHO 0.030 kg.mol
-1

CH3OH --> HCHO + H2 (2) 60% of CH3OH reacted O 15.9994 kg.kmol
-1

O2 0.032 kg.mol
-1

The former is decreased by the presence of water [Catalyst Handbook, p. 493] N 14.0067 kg.kmol
-1

N2 0.028 kg.mol
-1

Dehydrogenation (2) is more prevalent for catalysis by silver [Formaldehyde
(3)

, p. 9] Sargent-Welch Sci. Co. H2O 0.018 kg.mol
-1

H2 0.002 kg.mol
-1

Assume: - other (side) reactions are considered (as follows): CO2 0.044 kg.mol
-1

NOTE: Compared to a 50:50 split b/n rxn's (1) & (2) with no side reactions,

- nitrogen is inert and approximates any argon present CO 0.028 kg.mol
-1

the scheme outlined here requires:

- methanol is in excess HCOOH 0.046 kg.mol
-1

* less water  [now also by (3); & more methanol compensate for red'n in (1)]

- oxygen (limiting) consumed to: 99.5% (once-through) by analogy with Table 4 (p. 362) of McKetta From Simon Farrar (Orica) * more methanol  [due to "losses" in side-rxn's]

- Off gases released contain all N2, O2 and H2 and (nominal) 13.2% of H2O exiting system by simplification of Table 4 (p. 362) in McKetta G.F.C Rogers & Y. R. Mayhew
(5)

, p. 2 & * more oxygen (in air)  [due to extra methanol consumed]

- by-products form by: Assume: Ullmann's(5), Vol. A11, p. 624. as fresh feed.

H2 + 0.5O2 --> H2O (3) 40.0% of H2 from (2) [WITHOUT recycled]

HCHO --> CO + H2 (4) 0.92% of HCHO formed by (1) & (2) + recycled NOTE: "Fresh Feed" is a hypothetical stream - in practice the components

CH3OH + 1.5O2 --> CO2 + 2H2O (5) 4.0% of CH3OH reacted of this stream would be added variously at different points in the system.

HCHO + O2 --> CO2 + H2O (6) 6.5% of HCHO formed by (1) & (2) + recycled *More complete combustion at the elevated temperature? - see Ullmann's
(5)

, p. 626

- the formation of formic acid (during processing!) is considered here: Formaldehyde
(3)

, p. 9 NOTE (1):  Absorber has not been properly modelled at all.

HCHO + 0.5O2 --> HCOOH (7) 0.020% of HCHO formed by (1) & (2) + recycled

   cf. HCHO + 0.5O2 --> CO + H2O (8) 0.020% of HCHO formed by (1) & (2) + recycled NOTE (2):  Trace quantities of NOx  will be present in all gas/vapour process streams

- the following are not considered: cf. Catalyst Handbook, p. 493 except for the fresh feed. FORMULAE:

CH3OH + 0.5O2 --> H2O + H2 +CO (9) Essentially covered by other reactions NOTE (3):  Water in the incoming methanol has not been considered here.  CH3OH + 1.5O2 --> CO2 + 2H2O (1)

HCHO + HCHO --> CH3OCHO (10) Temperature is too high during processing - Simon Farrar. Formic acid in incoming methanol is negligible, HCHO + O2 --> CO2 + H2O (2)

- Conversion of methanol is: 98.5% (once through) (Ullmann) Yield: 88.9% and may be assumed to be completely combusted to "inert" CO2 H2 + 0.5O2 --> H2O (3)

- Ratio of total off-gas to that which is recycled is: 0.95 ==> Ratio of recycled off-gas to (100%) methanol fed: 157% cf. US patent 4072717, col. 6 Water balance: CO + 0.5O2 --> CO2 (4)

- Percentage of fresh water entering the entire system on the process-side that enters the vaporiser (the rest entering the absorber): 50% Note: Water in Absorber feed is already at a high mole fraction. HCOOH + 0.5O2 --> CO2 + H2O (5)

- Ambient air: Relative humididy = 80% Temperature = 37 °C hence Mole fraction = 0.049599 at 1atm(abs). Total overhead/absorber feed = 0.22847389 if total pressure = 110 kPa(abs)

NOTE: psat(water @ 44°C) = 9.10 kPa(abs) 8.273%

Mass fractions [-]: HCHO CH3OH H2O HCOOH Mole fraction of air [-]: O2 N2 Ar CO2 Approx. O2 N2
G.F.C Rogers & Y. R. Mayhew

(5)
, p. 26 NOTE: psat(water @ 50°C) = 12.33 kPa(abs) 11.209% - Excess air supplied: 20%

"Grade A" 0.54 0.01 < 0.45 < 0.001 0.2095 0.7809 0.0093 0.0003 0.2095 0.7905 NOTE: psat(water @ 55°C) = 15.74 kPa(abs) 14.309% - Assume complete combustion in off-gas burner

NOTE: psat(water @ 60°C) = 19.92 kPa(abs) 18.109%   (except N2)

NOTE: psat(water @ 70°C) = 31.16 kPa(abs) 28.327%

Using the spreadsheet's "iterate" function REACTIONS: (Absorber feed) CHECK !

Stream: Fresh feed Recycled off-gas Total reactor feed (1) (2) (3) (4) (5) (6) (7) (8) NETT Reactor effluent Absorber water in Off-gas Product ACC = 0 = IN+GEN-OUT: Additional fuel/air Combusted off-gas

MOLAR FLOWS [mol.s
-1

] FRACTION: FRACTION: FRACTION: 51.3882561 51.3882561 51.3882561 =Total HCHO formed pre-degradation FRACTION: FRACTION: FRACTION: FRACTION: FRACTION: FRACTION: [mol.s
-1

]

CH3OH 54.35507 0.3008 0 0.0000 54.3551 0.1837 -19.2706 -32.1177 0 0 -2.14118 0 0 0 -53.52943 CH3OH 0.8256 0.0025 0 0.0000 0 0.0000 0.8256 0.0072 0.0000 0.0000 --- 0 0.0000 0 0.0000 CH3OH

HCHO 0 0.0000 0 0.0000 0 0.0000 19.2706 32.11766 0 -0.47476 0 -3.31545 -0.01028 -0.01028 47.5775 HCHO 47.5775 0.1430 0 0.0000 0 0.0000 47.5775 0.4156 0.0000 0.0000 --- 0 0.0000 0 0.0000 HCHO

O2 22.65455 0.1254 0.0553 0.0005 22.7099 0.0768 -9.6353 0 -6.423532 0 -3.21177 -3.31545 -0.00514 -0.00514 -22.59632 O2 0.1135 0.0003 0 0.0000 0.0582 0.0005 0 0.0000 0.0000 0.0000 --- 12.0800 0.1991 2.0230 0.0118 O2

N2 85.48174 0.4731 81.2076 0.7050 166.6894 0.5634 0 0 0 0 0 0 0 0 0 N2 166.6894 0.5010 0 0.0000 85.4817 0.7050 0 0.0000 0.0000 0.0000 --- 45.5811 0.7513 131.0628 0.7628 N2

H2O 18.18057 0.1006 9.5298 0.0827 27.7104 0.0937 19.2706 0 12.84706 0 4.282355 3.315448 0 0.010278 39.72574 H2O 67.4361 0.2027 18.18057 1.0000 10.0314 0.0827 66.0555 0.5771 0.0000 0.0000 --- 3.0092 0.0496 32.7859 0.1908 H2O

H2 0 0.0000 18.7581 0.1628 18.7581 0.0634 0 32.11766 -12.84706 0.474756 0 0 0 0 19.74535 H2 38.5034 0.1157 0 0.0000 19.7454 0.1628 0 0.0000 0.0000 0.0000 --- 0 0.0000 0 0.0000 H2

CO2 0 0.0000 5.1838 0.0450 5.1838 0.0175 0 0 0 0 2.141177 3.315448 0 0 5.456626 CO2 10.6404 0.0320 0 0.0000 5.4566 0.0450 0 0.0000 0.0000 0.0000 --- 0 0.0000 5.9417 0.0346 CO2

CO 0 0.0000 0.4608 0.0040 0.4608 0.0016 0 0 0 0.474756 0 0 0 0.010278 0.485033 CO 0.9458 0.0028 0 0.0000 0.4850 0.0040 0 0.0000 0.0000 0.0000 --- 0 0.0000 0 0.0000 CO

HCOOH 0 0.0000 0 0.0000 0 0.0000 0 0 0 0 0 0 0.010278 0 0.010278 HCOOH 0.0103 0.0000 0 0.0000 0 0.0000 0.0103 0.0001 0.0000 0.0000 --- 0 0.0000 0 0.0000 HCOOH

TOTAL 180.6719 1.0000 115.1954 1.0000 295.8674 1.0000 9.635298 32.11766 -6.423532 0.474756 1.070589 0 -0.00514 0.005139 36.87477 332.7421 1.0000 18.18057 1.0000 121.2584 1.0000 114.4689 1.0000 0.0000 0.0000 --- 60.6703 1.0000 171.8134 1.0000

(  N  O  T     Z  E  R  O  ) (  N  O  T     Z  E  R  O  ) (NOT ZERO) Total out: 235.727267 (SHOULD BE ZERO)

MASS FLOWS [kg.s
-1

] FRACTION: FRACTION: FRACTION: (1) (2) (3) (4) (5) (6) (7) (8) NETT FRACTION: FRACTION: FRACTION: FRACTION: FRACTION: FRACTION: [kg.s
-1

]

CH3OH 1.7416 0.3357 0 0.0000 1.7416 0.2200 -0.61747 -1.02911 0 0 -0.06861 0 0 0 -1.71519 CH3OH 0.0265 0.0033 0 0.0000 0 0.0000 0.026455 0.0100 0.0000 0.0000 --- 0 0.0000 0 0.0000 CH3OH

HCHO 0 0.0000 0 0.0000 0 0.0000 0.578623 0.964371 0 -0.01426 0 -0.09955 -0.00031 -0.00031 1.428571 HCHO 1.4286 0.1805 0 0.0000 0 0.0000 1.428571 0.5400 0.0000 0.0000 --- 0 0.0000 0 0.0000 HCHO

O2 0.7249 0.1397 0.0018 0.0006 0.7267 0.0918 -0.30832 0 -0.205545 0 -0.10277 -0.10609 -0.00016 -0.00016 -0.723055 O2 0.0036 0.0005 0 0.0000 0.0019 0.0006 0 0.0000 0.0000 0.0000 --- 0.3865 0.2250 0.0647 0.0141 O2

N2 2.3946 0.4615 2.2749 0.8341 4.6695 0.5899 0 0 0 0 0 0 0 0 0 N2 4.6695 0.5899 0 0.0000 2.3946 0.8341 0 0.0000 0.0000 0.0000 --- 1.2769 0.7434 3.6715 0.8002 N2

H2O 0.3275 0.0631 0.1717 0.0630 0.4992 0.0631 0.347164 0 0.231442 0 0.077147 0.059728 0 0.000185 0.715667 H2O 1.2149 0.1535 0.3275 1.0000 0.1807 0.0630 1.190003 0.4498 0.0000 0.0000 --- 0.0542 0.0316 0.5906 0.1287 H2O

H2 0 0.0000 0.0378 0.0139 0.0378 0.0048 0 0.064743 -0.025897 0.000957 0 0 0 0 0.039803 H2 0.0776 0.0098 0 0.0000 0.0398 0.0139 0 0.0000 0.0000 0.0000 --- 0 0.0000 0 0.0000 H2

CO2 0 0.0000 0.2281 0.0837 0.2281 0.0288 0 0 0 0 0.094233 0.145912 0 0 0.240145 CO2 0.4683 0.0592 0 0.0000 0.2401 0.0837 0 0.0000 0.0000 0.0000 --- 0 0.0000 0.2615 0.0570 CO2

CO 0 0.0000 0.0129 0.0047 0.0129 0.0016 0 0 0 0.013298 0 0 0 0.000288 0.013586 CO 0.0265 0.0033 0 0.0000 0.0136 0.0047 0 0.0000 0.0000 0.0000 --- 0 0.0000 0 0.0000 CO

HCOOH 0 0.0000 0 0.0000 0 0.0000 0 0 0 0 0 0 0.000473 0 0.000473 HCOOH 0.0005 0.0001 0 0.0000 0 0.0000 0.000473 0.00018 0.0000 0.0000 --- 0 0.0000 0 0.0000 HCOOH

TOTAL 5.1887 1.0000 2.7272 1.0000 7.9159 1.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 7.9159 1.0000 0.3275 1.0000 2.8707 1.0000 2.645503 1.0000 0.0000 0.0000 0.0000 1.7176 1.0000 4.5884 1.0000

(  S  H  O  U  L  D     B  E     Z  E  R  O  ) (  S  H  O  U  L  D     B  E     Z  E  R  O  ) (SHOULD BE ZERO) Total out: 5.51625088 (SHOULD BE ZERO)

NOTE:  Some water enters with "fresh air" Actual reaction conversion: 35.453% 59.089% 25.02% 0.924% 3.939% 6.452% 0.0200% 0.0200%

= 5.643335 mol.s
-1

basis: CH3OH CH 3 OH H2 HCHO CH3OH HCHO HCHO HCHO * Note:  HCHO and H2 calculated from total generated

= 0.101666 kg.s
-1

==> 0.225861 in MainsWater ^^^ Or 97.5% of the CH 3 OH remaining after reactions (1) and (5) have proceded

2:23 PM, 10/5/99 1 of 1 DP#MEB19.XLS (Complete Mat. Bal. (2))
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CHE4117: Design Project Formaldehyde David Verrelli (Group 8)

Stream AAA AbsFeed AbsWater AqMethanol Stream Q_Heat1b Q_Heat2a Q_Heat2b Q_Super1'

Description Description

Vapour frac. 0 1 0 0 Vapour frac. 2.0000* 2.0000* 2.0000* 2.0000*

Temperature C 86.5180* 90.0000* 37.0000* 37.0368 Temperature C 0.0000* 0.0000* 0.0000* 0.0000*

Pressure kPa 185 130 120.0000* 185 Pressure kPa 0.0000* 0.0000* 0.0000* 0.0000*

Molar Flow mol/s* 957.0421 332.7419 18.1792 66.8933 Molar Flow mol/s* 0.0000* 0.0000* 0.0000* 0.0000*

Mass Flow kg/s* 20.0000* 7.9159 0.3275* 1.9675 Mass Flow kg/s* 0.0000* 0.0000* 0.0000* 0.0000*

LiqVol Flow L/s 21.6455 10.655 0.3282 2.4151 LiqVol Flow L/s 0.0000* 0.0000* 0.0000* 0.0000*

Enthalpy kW -26970.2295 3572.8516 -613.5226 -1896.8556 Enthalpy kW 1131.611 857.1907 857.1907 963.2883

Density kg/m3 876.7156 1.0243 998.2847 794.6892 Density kg/m3 0 0 0 0

Mole Wt. 20.8977 23.7898 18.0151 29.4125 Mole Wt. 0 0 0 0

Spec. Heat kJ/kg-C 4.093 1.3378 4.1901 3.7051 Spec. Heat kJ/kg-C --- --- --- ---

Therm Cond W/m-K 0.5255 0.0359 0.6277 0.2323 Therm Cond W/m-K --- --- --- ---

Viscosity cP 0.3197 0.0157 0.6904 0.497 Viscosity cP --- --- --- ---

Z Factor 0.0015 1 0.0008 0.0027 Z Factor --- --- --- ---

Sur Tension dyne/cm 52.6804 --- 70.0165 35.611 Sur Tension dyne/cm --- --- --- ---

Std Density kg/m3 937.6828 --- 1014.836 816.5136 Std Density kg/m3 --- --- --- ---

Formaldehyde mass frac. 0.0000* 0.1806 0.0000* 0 Formaldehyde mass frac. 0.0000* 0.0000* 0.0000* 0.0000*

Methanol mass frac. 0.3151* 0.0033 0.0000* 0.8852 Methanol mass frac. 0.0000* 0.0000* 0.0000* 0.0000*

Oxygen mass frac. 0.0000* 0.0006 0.0000* 0 Oxygen mass frac. 0.0000* 0.0000* 0.0000* 0.0000*

H2O mass frac. 0.6849* 0.1534 1.0000* 0.1148 H2O mass frac. 0.0000* 0.0000* 0.0000* 0.0000*

Hydrogen mass frac. 0.0000* 0.0098 0.0000* 0 Hydrogen mass frac. 0.0000* 0.0000* 0.0000* 0.0000*

CO2 mass frac. 0.0000* 0.059 0.0000* 0 CO2 mass frac. 0.0000* 0.0000* 0.0000* 0.0000*

CO mass frac. 0.0000* 0.0033 0.0000* 0 CO mass frac. 0.0000* 0.0000* 0.0000* 0.0000*

FormicAcid mass frac. 0.0000* 0.0001 0.0000* 0 FormicAcid mass frac. 0.0000* 0.0000* 0.0000* 0.0000*

Nitrogen mass frac. 0.0000* 0.5899 0.0000* 0 Nitrogen mass frac. 0.0000* 0.0000* 0.0000* 0.0000*

Argon mass frac. 0.0000* 0 0.0000* 0 Argon mass frac. 0.0000* 0.0000* 0.0000* 0.0000*

Stream BBB BFWater1a BFWater1b BFWater1c Stream Q_react RCW1_in RCW1_out RecLiq1

Description Description

Vapour frac. 0.2305 0 0 0 Vapour frac. 2.0000* 0 0 0

Temperature C 62.0833 100.0000* 100.0153 151.8571 Temperature C 0.0000* 30.0000* 45.0000* 75.0000*

Pressure kPa 185 400.0000* 500 500.0000* Pressure kPa 0.0000* 400.0000* 360 130.0000*

Molar Flow mol/s* 1252.9148 150.6514 150.6514 221.849 Molar Flow mol/s* 0.0000* 2885.0285 2885.0285 2569.1488

Mass Flow kg/s* 27.9159 2.7140* 2.714 3.9966 Mass Flow kg/s* 0.0000* 51.9741 51.9741 59.3941

LiqVol Flow L/s 31.5978 2.7195 2.7195 4.0047 LiqVol Flow L/s 0.0000* 52.079 52.079 70.1631

Enthalpy kW -25984.197 -4364.6093 -4364.2277 -5547.3923 Enthalpy kW 0.0000* -98890.026 -95597.3417 -54273.8546

Density kg/m3 --- 948.0489 948.0807 902.0124 Density kg/m3 0 1003.6873 992.2268 773.2326

Mole Wt. 22.2808 18.0151 18.0151 18.0151 Mole Wt. 0 18.0151 18.0151 23.1182

Spec. Heat kJ/kg-C --- 4.1965 4.1963 4.3193 Spec. Heat kJ/kg-C --- 4.1894 4.1909 3.7574

Therm Cond W/m-K --- 0.6807 0.6807 0.6863 Therm Cond W/m-K --- 0.6182 0.6376 0.3688

Viscosity cP --- 0.279 0.2789 0.1787 Viscosity cP --- 0.7972 0.5939 0.1746

Z Factor --- 0.0024 0.0031 0.0028 Z Factor --- 0.0028 0.0025 0.0013

Sur Tension dyne/cm --- 58.6054 58.6025 48.2944 Sur Tension dyne/cm --- 71.2338 68.6162 41.0466

Std Density kg/m3 --- 1014.836 1014.836 1014.836 Std Density kg/m3 --- 1014.836 1014.836 839.4352

Formaldehyde mass frac. 0 0.0000* 0 0 Formaldehyde mass frac. 0.0000* 0.0000* 0 0.5407

Methanol mass frac. 0.2881 0.0000* 0 0 Methanol mass frac. 0.0000* 0.0000* 0 0.01

Oxygen mass frac. 0.026 0.0000* 0 0 Oxygen mass frac. 0.0000* 0.0000* 0 0

H2O mass frac. 0.5086 1.0000* 1 1 H2O mass frac. 0.0000* 1.0000* 1 0.4492

Hydrogen mass frac. 0.0014 0.0000* 0 0 Hydrogen mass frac. 0.0000* 0.0000* 0 0

CO2 mass frac. 0.0082 0.0000* 0 0 CO2 mass frac. 0.0000* 0.0000* 0 0

CO mass frac. 0.0005 0.0000* 0 0 CO mass frac. 0.0000* 0.0000* 0 0

FormicAcid mass frac. 0 0.0000* 0 0 FormicAcid mass frac. 0.0000* 0.0000* 0 0.0002

Nitrogen mass frac. 0.1673 0.0000* 0 0 Nitrogen mass frac. 0.0000* 0.0000* 0 0

Argon mass frac. 0 0.0000* 0 0 Argon mass frac. 0.0000* 0.0000* 0 0

Stream BFWater4a BFWater4b BFWater4c BurnerFeed Stream RecLiq2_a RecLiq2_b RecLiq3_a RecLiq3_b

Description Description

Vapour frac. 0 0 0.0000* 1 Vapour frac. 0 0 0 0

Temperature C 100.0000* 100.1359 189.4517 45.7076 Temperature C 75.0145 60 60.0000* 60.0000*

Pressure kPa 400.0000* 1270 1240 110 Pressure kPa 170.0000* 120 120 120.0000*

Molar Flow mol/s* 95.4755 95.4755 95.4755 182.0192 Molar Flow mol/s* 2569.1488 2569.1488 2454.7765 2454.7776*

Mass Flow kg/s* 1.7200* 1.72 1.72 4.59 Mass Flow kg/s* 59.3941 59.3941 56.7500* 56.75

LiqVol Flow L/s 1.7235 1.7235 1.7235 6.0095 LiqVol Flow L/s 70.1631 70.1631 67.0396 67.0396

Enthalpy kW -2766.0752 -2763.9706 -2103.1497 1680.7712 Enthalpy kW -54269.76 -57562.4443 -54999.9036 -54999.9279

Density kg/m3 948.0489 948.3234 865.0236 1.0463 Density kg/m3 773.2152 790.785 790.785 790.7851

Mole Wt. 18.0151 18.0151 18.0151 25.2173 Mole Wt. 23.1182 23.1182 23.1182 23.1182

Spec. Heat kJ/kg-C 4.1965 4.1946 4.4676 1.1762 Spec. Heat kJ/kg-C 3.7575 3.6248 3.6248 3.6248

Therm Cond W/m-K 0.6807 0.6808 0.6714 0.034 Therm Cond W/m-K 0.3688 0.3747 0.3747 0.3747

Viscosity cP 0.279 0.2786 0.1415 0.0176 Viscosity cP 0.1745 0.2115 0.2115 0.2115

Z Factor 0.0024 0.0078 0.0067 1 Z Factor 0.0018 0.0013 0.0013 0.0013

Sur Tension dyne/cm 58.6054 58.5796 40.1818 --- Sur Tension dyne/cm 41.0438 43.9075 43.9075 43.9075

Std Density kg/m3 1014.836 1014.836 1014.836 --- Std Density kg/m3 839.4352 839.4352 839.4352 839.4353

Formaldehyde mass frac. 0 0.0000* 0 0 Formaldehyde mass frac. 0.5407 0.5407 0.5407 0.5407*

Methanol mass frac. 0 0.0000* 0 0 Methanol mass frac. 0.01 0.01 0.01 0.0100*

Oxygen mass frac. 0 0.0000* 0 0.0847 Oxygen mass frac. 0 0 0 0.0000*

H2O mass frac. 1 1.0000* 1 0.0514 H2O mass frac. 0.4492 0.4492 0.4492 0.4492*

Hydrogen mass frac. 0 0.0000* 0 0.0087 Hydrogen mass frac. 0 0 0 0.0000*

CO2 mass frac. 0 0.0000* 0 0.0522 CO2 mass frac. 0 0 0 0.0000*

CO mass frac. 0 0.0000* 0 0.003 CO mass frac. 0 0 0 0.0000*

FormicAcid mass frac. 0 0.0000* 0 0 FormicAcid mass frac. 0.0002 0.0002 0.0002 0.0002*

Nitrogen mass frac. 0 0.0000* 0 0.8001 Nitrogen mass frac. 0 0 0 0.0000*

Argon mass frac. 0 0.0000* 0 0 Argon mass frac. 0 0 0 0.0000*

Stream CCC ColdFeed Condens1 Condens4' Stream RecOff-gas RecVap_a RecVap_b Stack-gas

Description Description

Vapour frac. 0 0.8305 0.9417 0.0000* Vapour frac. 1 1 1 0.9539

Temperature C 62.0833* 38.1968 100.1843 187.3985 Temperature C 50 49.9958 49.9954* 907.692

Pressure kPa 185 185 102.0000* 1185 Pressure kPa 110 101.0000* 101.0000* 110

Molar Flow mol/s* 957.0473 295.8688 150.6551 31.5819 Molar Flow mol/s* 115.1998 115.1998 115.1954* 171.9008

Mass Flow kg/s* 20.0000* 7.9159 2.7141 0.569 Mass Flow kg/s* 2.7268 2.7268 2.7272 4.59

LiqVol Flow L/s 21.6455 9.9523 2.7195 0.5701 LiqVol Flow L/s 3.8276 3.8276 3.8286 5.5203

Enthalpy kW -28961.029 738.1688 1402.9055 -700.9128 Enthalpy kW 1074.1837 1074.1837 1074.1202 6539.7038

Density kg/m3 898.418 2.3013 0.6286 867.1453 Density kg/m3 0.9691 0.8898 0.89 0.3136

Mole Wt. 20.8976 26.7547 18.0151 18.0151 Mole Wt. 23.6706 23.6706 23.6744 26.7015

Spec. Heat kJ/kg-C 4.0504 1.5864 2.2474 4.4586 Spec. Heat kJ/kg-C 1.26 1.26 1.2597 1.3624

Therm Cond W/m-K 0.5172 --- --- 0.6726 Therm Cond W/m-K 0.0382 0.0382 0.0382 ---

11:22, 27/09/99    1 of 3 DP_D151.XLS (DP_D150)



CHE4117: Design Project Formaldehyde David Verrelli (Group 8)

Viscosity cP 0.4463 --- --- 0.1431 Viscosity cP 0.017 0.017 0.017 ---

Z Factor 0.0015 --- --- 0.0064 Z Factor 1 1 1 ---

Sur Tension dyne/cm 56.9883 --- --- 40.6386 Sur Tension dyne/cm --- --- --- ---

Std Density kg/m3 937.6853 --- --- 1014.836 Std Density kg/m3 --- --- --- ---

Formaldehyde mass frac. 0.0000* 0 0 0.0000* Formaldehyde mass frac. 0 0 0.0000* 0

Methanol mass frac. 0.3151* 0.22 0 0.0000* Methanol mass frac. 0 0 0.0000* 0

Oxygen mass frac. 0.0000* 0.0918 0 0.0000* Oxygen mass frac. 0.0008 0.0008 0.0006* 0.0142

H2O mass frac. 0.6849* 0.0631 1 1.0000* H2O mass frac. 0.0632 0.0632 0.0630* 0.1289

Hydrogen mass frac. 0.0000* 0.0048 0 0.0000* Hydrogen mass frac. 0.0139 0.0139 0.0139* 0

CO2 mass frac. 0.0000* 0.0288 0 0.0000* CO2 mass frac. 0.0834 0.0834 0.0837* 0.0568

CO mass frac. 0.0000* 0.0016 0 0.0000* CO mass frac. 0.0047 0.0047 0.0047* 0

FormicAcid mass frac. 0.0000* 0 0 0.0000* FormicAcid mass frac. 0 0 0.0000* 0

Nitrogen mass frac. 0.0000* 0.5899 0 0.0000* Nitrogen mass frac. 0.8339 0.8339 0.8341* 0.8001

Argon mass frac. 0.0000* 0 0 0.0000* Argon mass frac. 0 0 0.0000* 0

Stream Condens4b Condens4c Condens4c' Convert_Eff Stream Steam1a Steam1b Steam1c Steam4a

Description Description

Vapour frac. 0.0000* 0.0000* 0.0000* 0.9689 Vapour frac. 0.7500* 1 0.7500* 1.0000*

Temperature C 187.3985 187.3985 187.3985 700.0000* Temperature C 151.8557 151.8571 151.8557* 187.9668

Pressure kPa 1185 1185 1185 160 Pressure kPa 500.0000* 500 500.0000* 1200.0000*

Molar Flow mol/s* 31.5819 26.8842 26.8842 332.7419 Molar Flow mol/s* 221.849 150.6551 221.8528 95.4755

Mass Flow kg/s* 0.569 0.4843 0.4843 7.9159 Mass Flow kg/s* 3.9966 2.7141 3.9967* 1.72

LiqVol Flow L/s 0.5701 0.4853 0.4853 10.655 LiqVol Flow L/s 4.0047 2.7195 4.0048 1.7235

Enthalpy kW -700.9128 -596.6548 -596.6548 10745.0928 Enthalpy kW 767.4445 1950.6219 767.4574 1302.046

Density kg/m3 867.1453 867.1453 867.1453 0.4855 Density kg/m3 3.3956 2.5491 3.3956 5.6387

Mole Wt. 18.0151 18.0151 18.0151 23.7898 Mole Wt. 18.0151 18.0151 18.0151 18.0151

Spec. Heat kJ/kg-C 4.4586 4.4586 4.4586 1.634 Spec. Heat kJ/kg-C 3.0264 2.5954 3.0264 3.0477

Therm Cond W/m-K 0.6726 0.6726 0.6726 --- Therm Cond W/m-K --- 0.0288 --- 0.032

Viscosity cP 0.1431 0.1431 0.1431 --- Viscosity cP --- 0.014 --- 0.0152

Z Factor 0.0064 0.0064 0.0064 --- Z Factor --- 1 --- 1

Sur Tension dyne/cm 40.6386 40.6386 40.6386 --- Sur Tension dyne/cm --- --- --- ---

Std Density kg/m3 1014.836 1014.836 1014.836 --- Std Density kg/m3 --- --- --- ---

Formaldehyde mass frac. 0 0 0 0.1806 Formaldehyde mass frac. 0.0000* 0 0.0000* 0

Methanol mass frac. 0 0 0 0.0033 Methanol mass frac. 0.0000* 0 0.0000* 0

Oxygen mass frac. 0 0 0 0.0006 Oxygen mass frac. 0.0000* 0 0.0000* 0

H2O mass frac. 1 1 1 0.1534 H2O mass frac. 1.0000* 1 1.0000* 1

Hydrogen mass frac. 0 0 0 0.0098 Hydrogen mass frac. 0.0000* 0 0.0000* 0

CO2 mass frac. 0 0 0 0.059 CO2 mass frac. 0.0000* 0 0.0000* 0

CO mass frac. 0 0 0 0.0033 CO mass frac. 0.0000* 0 0.0000* 0

FormicAcid mass frac. 0 0 0 0.0001 FormicAcid mass frac. 0.0000* 0 0.0000* 0

Nitrogen mass frac. 0 0 0 0.5899 Nitrogen mass frac. 0.0000* 0 0.0000* 0

Argon mass frac. 0 0 0 0 Argon mass frac. 0.0000* 0 0.0000* 0

Stream CoolEff DDD DrumFeed EEE Stream Steam4b Steam4b' Steam4c Steam4c'

Description Description

Vapour frac. 1 0 0.4044 0 Vapour frac. 1 1.0000* 1 1.0000*

Temperature C 170.0000* 62.0967 151.8571 72.6444 Temperature C 187.9668 187.9668 187.9668 187.9668

Pressure kPa 145 245 500 215 Pressure kPa 1200 1200.0000* 1200 1200.0000*

Molar Flow mol/s* 332.7419 957.0473 372.5042 957.0473 Molar Flow mol/s* 31.5819 31.5819 26.8842 26.8842

Mass Flow kg/s* 7.9159 20 6.7107 20 Mass Flow kg/s* 0.569 0.569 0.4843 0.4843

LiqVol Flow L/s 10.655 21.6455 6.7242 21.6455 LiqVol Flow L/s 0.5701 0.5701 0.4853 0.4853

Enthalpy kW 4430.0422 -28959.2476 -3596.7701 -28102.0568 Enthalpy kW 430.6981 430.6981 366.6335 366.6335

Density kg/m3 0.9362 898.4362 6.2766 889.1826 Density kg/m3 5.6387 5.6387 5.6387 5.6387

Mole Wt. 23.7898 20.8976 18.0151 20.8976 Mole Wt. 18.0151 18.0151 18.0151 18.0151

Spec. Heat kJ/kg-C 1.372 4.0504 3.6221 4.0674 Spec. Heat kJ/kg-C 3.0477 3.0477 3.0477 3.0477

Therm Cond W/m-K 0.043 0.5172 --- 0.5215 Therm Cond W/m-K 0.032 0.032 0.032 0.032

Viscosity cP 0.019 0.4462 --- 0.3849 Viscosity cP 0.0152 0.0152 0.0152 0.0152

Z Factor 1 0.002 --- 0.0018 Z Factor 1 1 1 1

Sur Tension dyne/cm --- 56.986 --- 55.1394 Sur Tension dyne/cm --- --- --- ---

Std Density kg/m3 --- 937.6853 --- 937.6853 Std Density kg/m3 --- --- --- ---

Formaldehyde mass frac. 0.1806 0 0 0 Formaldehyde mass frac. 0 0 0 0.0000*

Methanol mass frac. 0.0033 0.3151 0 0.3151 Methanol mass frac. 0 0 0 0.0000*

Oxygen mass frac. 0.0006 0 0 0 Oxygen mass frac. 0 0 0 0.0000*

H2O mass frac. 0.1534 0.6849 1 0.6849 H2O mass frac. 1 1 1 1.0000*

Hydrogen mass frac. 0.0098 0 0 0 Hydrogen mass frac. 0 0 0 0.0000*

CO2 mass frac. 0.059 0 0 0 CO2 mass frac. 0 0 0 0.0000*

CO mass frac. 0.0033 0 0 0 CO mass frac. 0 0 0 0.0000*

FormicAcid mass frac. 0.0001 0 0 0 FormicAcid mass frac. 0 0 0 0.0000*

Nitrogen mass frac. 0.5899 0 0 0 Nitrogen mass frac. 0 0 0 0.0000*

Argon mass frac. 0 0 0 0 Argon mass frac. 0 0 0 0.0000*

Stream Exhaust1 Exhaust2 ExtraAir FFF Stream Steam4d Total_Feed W_APump1 W_BPump1

Description Description

Vapour frac. 1 1 1 0 Vapour frac. 1 1 2.0000* 2.0000*

Temperature C 328.4914 206.3792 37.0000* 86.5180* Temperature C 187.9668 158.2616 0.0000* 0.0000*

Pressure kPa 106 101 110 185.0000* Pressure kPa 1200 170 0.0000* 0.0000*

Molar Flow mol/s* 171.9008 171.9008 60.6691 957.0473 Molar Flow mol/s* 37.0093 295.8674 0.0000* 0.0000*

Mass Flow kg/s* 4.59 4.59 1.7176* 20 Mass Flow kg/s* 0.6667 7.9159 0.0000* 0.0000*

LiqVol Flow L/s 5.5203 5.5203 1.9775 21.6455 LiqVol Flow L/s 0.6681 9.9523 0.0000* 0.0000*

Enthalpy kW 3134.5079 2473.6871 549.2388 -26970.4458 Enthalpy kW 504.7143 3940.1198 4.0946 0.3816

Density kg/m3 0.5658 0.6764 1.2077 876.7184 Density kg/m3 5.6387 1.268 0 0

Mole Wt. 26.7015 26.7015 28.3109 20.8976 Mole Wt. 18.0151 26.7549 0 0

Spec. Heat kJ/kg-C 1.1953 1.1635 1.0368 4.0931 Spec. Heat kJ/kg-C 3.0477 1.2972 --- ---

Therm Cond W/m-K 0.0442 0.0362 0.0264 0.5255 Therm Cond W/m-K 0.032 0.037 --- ---

Viscosity cP 0.0273 0.0232 0.0187 0.3197 Viscosity cP 0.0152 0.0198 --- ---

Z Factor 1 1 1 0.0015 Z Factor 1 1 --- ---

Sur Tension dyne/cm --- --- --- 52.6808 Sur Tension dyne/cm --- --- --- ---

Std Density kg/m3 --- --- --- 937.6853 Std Density kg/m3 --- --- --- ---

Formaldehyde mass frac. 0 0 0.0000* 0 Formaldehyde mass frac. 0 0 0.0000* 0.0000*

Methanol mass frac. 0 0 0.0000* 0.3151 Methanol mass frac. 0 0.22 0.0000* 0.0000*

Oxygen mass frac. 0.0142 0.0142 0.2250* 0 Oxygen mass frac. 0 0.0918 0.0000* 0.0000*

H2O mass frac. 0.1289 0.1289 0.0316* 0.6849 H2O mass frac. 1 0.0631 0.0000* 0.0000*

Hydrogen mass frac. 0 0 0.0000* 0 Hydrogen mass frac. 0 0.0048 0.0000* 0.0000*

CO2 mass frac. 0.0568 0.0568 0.0000* 0 CO2 mass frac. 0 0.0288 0.0000* 0.0000*

CO mass frac. 0 0 0.0000* 0 CO mass frac. 0 0.0016 0.0000* 0.0000*

FormicAcid mass frac. 0 0 0.0000* 0 FormicAcid mass frac. 0 0 0.0000* 0.0000*

Nitrogen mass frac. 0.8001 0.8001 0.7434* 0 Nitrogen mass frac. 0 0.5899 0.0000* 0.0000*

Argon mass frac. 0 0 0.0000* 0 Argon mass frac. 0 0 0.0000* 0.0000*
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Stream HPGas LPAir LPGas MainsWater Stream W_BPump4 W_Blower W_MethPump W_Turb2

Description Description

Vapour frac. 1 1 1 0 Vapour frac. 2.0000* 2.0000* 2.0000* 2.0000*

Temperature C 121.583 37.0000* 43.5838 37.0000* Temperature C 0.0000* 0.0000* 0.0000* 0.0000*

Pressure kPa 185.0000* 101.0000* 101 400.0000* Pressure kPa 0.0000* 0.0000* 0.0000* 0.0000*

Molar Flow mol/s* 228.9755 113.7801 228.9755 12.5395 Molar Flow mol/s* 0.0000* 0.0000* 0.0000* 0.0000*

Mass Flow kg/s* 5.9484 3.2212* 5.9484 0.2259* Mass Flow kg/s* 0.0000* 0.0000* 0.0000* 0.0000*

LiqVol Flow L/s 7.5372 3.7087 7.5372 0.2264 LiqVol Flow L/s 0.0000* 0.0000* 0.0000* 0.0000*

Enthalpy kW 2635.0243 1030.0533 2104.1736 -423.1333 Enthalpy kW 2.1046 530.8508 0.2252 547.7165

Density kg/m3 1.4644 1.1089 0.9963 998.3729 Density kg/m3 0 0 0 0

Mole Wt. 25.9782 28.3107 25.9782 18.0151 Mole Wt. 0 0 0 0

Spec. Heat kJ/kg-C 1.1508 1.0368 1.1387 4.1901 Spec. Heat kJ/kg-C --- --- --- ---

Therm Cond W/m-K 0.0382 0.0264 0.032 0.6277 Therm Cond W/m-K --- --- --- ---

Viscosity cP 0.021 0.0187 0.0179 0.6904 Viscosity cP --- --- --- ---

Z Factor 1 1 1 0.0028 Z Factor --- --- --- ---

Sur Tension dyne/cm --- --- --- 70.0165 Sur Tension dyne/cm --- --- --- ---

Std Density kg/m3 --- --- --- 1014.836 Std Density kg/m3 --- --- --- ---

Formaldehyde mass frac. 0 0.0000* 0 0 Formaldehyde mass frac. 0.0000* 0.0000* 0.0000* 0.0000*

Methanol mass frac. 0 0.0000* 0 0 Methanol mass frac. 0.0000* 0.0000* 0.0000* 0.0000*

Oxygen mass frac. 0.1222 0.2250* 0.1222 0 Oxygen mass frac. 0.0000* 0.0000* 0.0000* 0.0000*

H2O mass frac. 0.046 0.0316* 0.046 1 H2O mass frac. 0.0000* 0.0000* 0.0000* 0.0000*

Hydrogen mass frac. 0.0064 0.0000* 0.0064 0 Hydrogen mass frac. 0.0000* 0.0000* 0.0000* 0.0000*

CO2 mass frac. 0.0384 0.0000* 0.0384 0 CO2 mass frac. 0.0000* 0.0000* 0.0000* 0.0000*

CO mass frac. 0.0022 0.0000* 0.0022 0 CO mass frac. 0.0000* 0.0000* 0.0000* 0.0000*

FormicAcid mass frac. 0 0.0000* 0 0 FormicAcid mass frac. 0.0000* 0.0000* 0.0000* 0.0000*

Nitrogen mass frac. 0.785 0.7434* 0.785 0 Nitrogen mass frac. 0.0000* 0.0000* 0.0000* 0.0000*

Argon mass frac. 0 0.0000* 0 0 Argon mass frac. 0.0000* 0.0000* 0.0000* 0.0000*

Stream MethanolFeed MethanolPipe OHead_Total Off-gas Stream W_VapPump WaterFeed

Description Description

Vapour frac. 0 0 1 1 Vapour frac. 2.0000* 0

Temperature C 37.0355 37.0000* 50.0000* 50 Temperature C 0.0000* 37.0456

Pressure kPa 185.0000* 110.0000* 110.0000* 110 Pressure kPa 0.0000* 185

Molar Flow mol/s* 54.3538 54.3538 236.5498 121.3501 Molar Flow mol/s* 0.0000* 12.5395

Mass Flow kg/s* 1.7416 1.7416* 5.5993 2.8724 Mass Flow kg/s* 0.0000* 0.2259

LiqVol Flow L/s 2.1887 2.1887 7.8596 4.032 LiqVol Flow L/s 0.0000* 0.2264

Enthalpy kW -1473.7222 -1473.9474 2205.7159 1131.5323 Enthalpy kW 1.7814 -423.1333

Density kg/m3 773.4377 773.4186 0.9691 0.9691 Density kg/m3 0 998.2705

Mole Wt. 32.0419 32.0419 23.6706 23.6706 Mole Wt. 0 18.0151

Spec. Heat kJ/kg-C 3.6422 3.642 1.26 1.26 Spec. Heat kJ/kg-C --- 4.1901

Therm Cond W/m-K 0.1747 0.1747 0.0382 0.0382 Therm Cond W/m-K --- 0.6277

Viscosity cP 0.4623 0.4625 0.017 0.017 Viscosity cP --- 0.6898

Z Factor 0.003 0.0018 1 1 Z Factor --- 0.0013

Sur Tension dyne/cm 27.6753 27.6809 --- --- Sur Tension dyne/cm --- 70.0085

Std Density kg/m3 796.4045 796.4045 --- --- Std Density kg/m3 --- 1014.836

Formaldehyde mass frac. 0.0000* 0 0 0 Formaldehyde mass frac. 0.0000* 0.0000*

Methanol mass frac. 1.0000* 1 0 0 Methanol mass frac. 0.0000* 0.0000*

Oxygen mass frac. 0.0000* 0 0.0008 0.0008 Oxygen mass frac. 0.0000* 0.0000*

H2O mass frac. 0.0000* 0 0.0632 0.0632 H2O mass frac. 0.0000* 1.0000*

Hydrogen mass frac. 0.0000* 0 0.0139 0.0139 Hydrogen mass frac. 0.0000* 0.0000*

CO2 mass frac. 0.0000* 0 0.0834 0.0834 CO2 mass frac. 0.0000* 0.0000*

CO mass frac. 0.0000* 0 0.0047 0.0047 CO mass frac. 0.0000* 0.0000*

FormicAcid mass frac. 0.0000* 0 0 0 FormicAcid mass frac. 0.0000* 0.0000*

Nitrogen mass frac. 0.0000* 0 0.8339 0.8339 Nitrogen mass frac. 0.0000* 0.0000*

Argon mass frac. 0.0000* 0 0 0 Argon mass frac. 0.0000* 0.0000*

Stream PRODUCT ProcessVap Q_Abs Q_Burner

Description

Vapour frac. 0 1 2.0000* 2.0000*

Temperature C 60 62.0833 0.0000* 0.0000*

Pressure kPa 120 185.0000* 0.0000* 0.0000*

Molar Flow mol/s* 114.3723 295.8674* 0.0000* 0.0000*

Mass Flow kg/s* 2.6441 7.9159 0.0000* 0.0000*

LiqVol Flow L/s 3.1235 9.9523 0.0000* 0.0000*

Enthalpy kW -2562.5408 2976.8316 -27.5397 0.0000*

Density kg/m3 790.785 1.7759 0 0

Mole Wt. 23.1182 26.7549 0 0

Spec. Heat kJ/kg-C 3.6248 1.2336 --- ---

Therm Cond W/m-K 0.3747 0.0295 --- ---

Viscosity cP 0.2115 0.0154 --- ---

Z Factor 0.0013 1 --- ---

Sur Tension dyne/cm 43.9075 --- --- ---

Std Density kg/m3 839.4352 --- --- ---

Formaldehyde mass frac. 0.5407 0.0000* 0.0000* 0.0000*

Methanol mass frac. 0.01 0.2200* 0.0000* 0.0000*

Oxygen mass frac. 0 0.0918* 0.0000* 0.0000*

H2O mass frac. 0.4492 0.0631* 0.0000* 0.0000*

Hydrogen mass frac. 0 0.0048* 0.0000* 0.0000*

CO2 mass frac. 0 0.0288* 0.0000* 0.0000*

CO mass frac. 0 0.0016* 0.0000* 0.0000*

FormicAcid mass frac. 0.0002 0.0000* 0.0000* 0.0000*

Nitrogen mass frac. 0 0.5899* 0.0000* 0.0000*

Argon mass frac. 0 0.0000* 0.0000* 0.0000*
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STREAM MASS COMPOSITIONS                                                  

Stream name    BBB                                                        

Mass Fraction                                                              

Component Total Vapour Light Liquid Heavy Liquid

Formaldehyde  0 0 0 ---          

Methanol      0.2881 0.1958 0.3232 ---          

Oxygen        0.026 0.0946 0 ---          

H2O           0.5086 0.0658 0.6768 ---          

Hydrogen      0.0014 0.0049 0 ---          

CO2           0.0082 0.0296 0 ---          

CO            0.0005 0.0017 0 ---          

FormicAcid    0 0 0 ---          

Nitrogen      0.1673 0.6077 0 ---          

Argon         0 0 0 ---          

---          ---            ---            ---            ---          

<snip!>

---          ---            ---            ---            ---          

Mass Flows in kg/h                                                         

Formaldehyde  0 0 0 ---          

Methanol      28956.3262 5415.8833 23540.4434 ---          

Oxygen        2616.1794 2615.8643 0.3154 ---          

H2O           51110.7188 1819.2366 49291.4844 ---          

Hydrogen      136.1387 136.1146 0.0241 ---          

CO2           821.2947 819.3807 1.914 ---          

CO            46.4667 46.4565 0.0102 ---          

FormicAcid    0 0 0 ---          

Nitrogen      16810.0879 16809.3906 0.6961 ---          

Argon         0 0 0 ---          

---          ---            ---            ---            ---          

<snip!>

---          ---            ---            ---            ---          

Total flow    27.9159 7.684 20.2319 0

STREAM MASS COMPOSITIONS                                                  

Stream name    ColdFeed                                                   

Mass Fraction                                                              

Component Total Vapour Light Liquid Heavy Liquid

Formaldehyde  0 0 0 ---          

Methanol      0.22 0.13 0.6829 ---          

Oxygen        0.0918 0.1097 0 ---          

H2O           0.0631 0.0137 0.3171 ---          

Hydrogen      0.0048 0.0057 0 ---          

CO2           0.0288 0.0344 0 ---          

CO            0.0016 0.0019 0 ---          

FormicAcid    0 0 0 ---          

Nitrogen      0.5899 0.7046 0 ---          

Argon         0 0 0 ---          

---          ---            ---            ---            ---          

<snip!>

---          ---            ---            ---            ---          

Mass Flows in kg/h                                                         

Formaldehyde  0 0 0 ---          

Methanol      6269.7598 3101.2915 3168.4683 ---          

Oxygen        2616.0107 2615.9941 0.0165 ---          

H2O           1797.4092 326.3094 1471.0997 ---          

Hydrogen      136.1388 136.1351 0.0037 ---          

CO2           821.295 821.1005 0.1945 ---          

CO            46.4667 46.4646 0.0021 ---          

FormicAcid    0 0 0 ---          

Nitrogen      16810.0859 16810.0605 0.0265 ---          

Argon         0 0 0 ---          

---          ---            ---            ---            ---          

<snip!>

---          ---            ---            ---            ---          

Total flow    7.9159 6.627 1.2888 0

STREAM MASS COMPOSITIONS                                                  
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CHE4117: Design Project Formaldehyde David Verrelli (Group 8)

Stream name    Convert_Eff                                                

Mass Fraction                                                              

Component Total Vapour Light Liquid Heavy Liquid

Formaldehyde  0.1806 0.1916 ---        0

Methanol      0.0033 0.0035 ---        0

Oxygen        0.0006 0.0006 ---        0.0001

H2O           0.1534 0.1628 ---        0.0001

Hydrogen      0.0098 0.0104 ---        0

CO2           0.059 0.0018 ---        0.9969

CO            0.0033 0.0034 ---        0.0024

FormicAcid    0.0001 0.0001 ---        0

Nitrogen      0.5899 0.6258 ---        0.0005

Argon         0 0 ---        0

---          ---            ---            ---            ---          

<snip!>

---          ---            ---            ---            ---          

Mass Flows in kg/h                                                         

Formaldehyde  5146.2549 5146.1899 ---        0.0651

Methanol      95.2399 95.2387 ---        0.0012

Oxygen        16.6598 16.5632 ---        0.0966

H2O           4371.5361 4371.4492 ---        0.0869

Hydrogen      279.4381 279.4333 ---        0.0049

CO2           1680.9608 48.5047 ---        1632.4562

CO            95.3084 91.3722 ---        3.9362

FormicAcid    1.5783 1.5782 ---        0.0001

Nitrogen      16810.0879 16809.2734 ---        0.8148

Argon         0 0 ---        0

---          ---            ---            ---            ---          

<snip!>

---          ---            ---            ---            ---          

Total flow    7.9159 7.461 0 0.4549

STREAM MASS COMPOSITIONS                                                  

Stream name    Stack-gas                                                  

Mass Fraction                                                              

Component Total Vapour Light Liquid Heavy Liquid

Formaldehyde  0 0 0 ---          

Methanol      0 0 0 ---          

Oxygen        0.0142 0.0003 0.1968 ---          

H2O           0.1289 0.1387 0 ---          

Hydrogen      0 0 0 ---          

CO2           0.0568 0 0.8031 ---          

CO            0 0 0 ---          

FormicAcid    0 0 0 ---          

Nitrogen      0.8001 0.861 0.0001 ---          

Argon         0 0 0 ---          

---          ---            ---            ---            ---          

<snip!>

---          ---            ---            ---            ---          

Mass Flows in kg/h                                                         

Formaldehyde  0 0 0 ---          

Methanol      0 0 0 ---          

Oxygen        234.4494 4.3651 230.0844 ---          

H2O           2129.9111 2129.8926 0.0185 ---          

Hydrogen      0 0 0 ---          

CO2           939.0356 0 939.0356 ---          

CO            0 0 0 ---          

FormicAcid    0 0 0 ---          

Nitrogen      13219.3457 13219.2148 0.1309 ---          

Argon         0 0 0 ---          

---          ---            ---            ---            ---          

<snip!>

---          ---            ---            ---            ---          

Total flow    4.5897 4.2649 0.3248 0

11:21, 27/09/99    2 of 2 DP_D151.XLS (DP_D160)
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CHE4117: Design Project Formaldehyde David Verrelli (Group 8)

++---------------------- Binary Interaction Parameters ----------------------+-+

¦¦                                                                           ¦ ¦

¦¦   HYSIM displays all binary interaction parameters in the form of two     ¦ ¦

¦¦   corresponding matrices. Any blanks in the matrix correspond to          ¦ ¦

¦¦   a stored value of zero. Any element in the matrix may be overwritten    ¦ ¦

¦¦   by using the cursor to move to that position and either pressing <F2>   ¦ ¦

¦¦   for a menu or entering the number directly. There are also a series of  ¦ ¦

¦¦   Hot Keys available in the form.                                         ¦ ¦

¦¦                                                                           ¦ ¦

¦¦   If you are entering data the components across the top of the menu      ¦ ¦

¦¦   represent the "i" and the components down the side represent the "j".   ¦ ¦

¦¦                                                                           ¦ ¦

¦¦                               a(i,j)                                      ¦ ¦

¦¦                            1    2    3    4                               ¦ ¦

¦¦                j  i-->    ic4  nc4  ic5  nc5                              ¦ ¦

¦¦                |     ic4  ---  2,1  3,1  4,1                              ¦ ¦

¦¦                v     nc4  1,2  ---  3,2  4,2                              ¦ ¦

¦¦                      ic5  1,3  2,3  ---  4,3                              ¦ ¦

¦¦                      nc5  1,4  2,4  3,4  ---                              ¦ ¦

¦¦                                                                           ¦ ¦

¦¦                                                                           ¦ ¦

¦¦                                                 more                      ¦ ¦

+----------------------- Binary Interaction Parameters -----------------------+

¦                                                                             ¦

¦  Each activity model, with the exception of NRTL and Chien-Null has         ¦

¦  two such matrices, you may use the "S" key to switch between the two. The  ¦

¦  second matrix corresponds to the bij matrix and is filled in exactly the   ¦

¦  same manner as the aij matrix. All of the activity models follow this      ¦

¦  format where                                                               ¦

¦                                                                             ¦

¦          Aij = aij + bij * T  ( T = temperature in Kelvin deg)              ¦

¦                                                                             ¦

¦  The NRTL model is different in that it contains a third matrix             ¦

¦  corresponding to the "alpha(i,j)" term. In this case "S" acts as a         ¦

¦  three way switch, pressing from the Bij matrix will give you the alpha     ¦

¦  matrix. The units of Aij are different for each activity model and are     ¦

¦  explained in their corresponding section. If Aijs are not available for    ¦

¦  all binary parameters you may use the various UNIFAC estimation            ¦

¦  methods. You have the choice of using the <F2> menu to regress a specific  ¦

¦  binary pair, or utilize the Hot Keys available in the form.                ¦

¦                                                                             ¦

¦                                              more                           ¦

+-----------------------------------------------------------------------------+

+-------------------- Binary Interaction Parameters --------------------+

¦                                                                       ¦

¦  The LLE option is not available for the Wilson model since it is     ¦

¦  not capable of predicting three phase equilibria. HYSIM's imple-     ¦

¦  mentation of the NRTL equation contains temperature dependent        ¦

¦  energy parameters as well as the alpha parameter. After selecting    ¦

¦  the NRTL equation, the second matrix accessed using the "S" command  ¦
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¦  is the B(i,j) parameter matrix. Pressing the "S" key a second time   ¦

¦  will result in HYSIM displaying the Alpha(i,j) matrix, it is         ¦

¦  important to note that Alpha(i,j) = Alpha(j,i). In order to toggle   ¦

¦  back to the A(i,j) matrix you must press the "S" key a third time.   ¦

¦  As with the other activity models, only the aij parameter is         ¦

¦  regressed, the alpha parameter is set equal to 0.3.                  ¦

+-----------------------------------------------------------------------+

+-------------------- Paramater Estimation Using Unifac ---------------------+

¦                                                                            ¦

¦ HYSIM uses Unifac to generate Aijs or energy parameters for all of         ¦

¦ the available activity models. Only Aij and Aji are regressed for          ¦

¦ each activity model, Bij and Bji are set to zero and the Alpha term        ¦

¦ for the NRTL is set equal to 0.3. Given a binary HYSIM, will calculate     ¦

¦ the Unifac activitys at the two infinite dilution points, and three        ¦

¦ intermediate compositions, at a temperature of 298 K and 1 atm pressure.   ¦

¦ All of the library components in HYSIM carry Unifac structure information, ¦

¦ any Hypothetical components should have these groups assigned if the       ¦

¦ Unifac option is being used. The calculated activities are then used       ¦

¦ in the internal regression routines to produce the Aijs. There are two     ¦

¦ important things to note;                                                  ¦

¦                                                                            ¦

¦ First, the parameters are regressed at atmospheric pressure, this will     ¦

¦ produce better results when using the ideal model for the vapour phase.    ¦

¦ Second, Unifac is a generalized method and is only going to produce        ¦

¦ approximate results +/- (10 - 15 )%. The method will work quite well as    ¦

¦ long as the given binary components are NOT the primary constitients       ¦

¦ being separated in a fractionation system. If no other source of Aij       ¦

¦ data is available this option should be used as opposed to using zero      ¦

¦ for the energy parameters.                                                 ¦

¦                                          Hot Keys                          ¦

+----------------------------------------------------------------------------+

+----------------------------------------------------------------------------+

¦Wilson             UNIQUAC            NRTL               VanLaar            ¦

¦Margules           Chien-Null                                               ¦

¦VanLaar two or four parameter VanLaar equation [Aij = aij + bij*T]          ¦

¦ Which activity model do you require                                        ¦

¦>                                                                           ¦

+----------------------------------------------------------------------------+
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CHE4117: Design Project Formaldehyde David Verrelli (Group 8)

Formaldehyde(1) Water(2)

0.9183 r_i 0.9200 Refer to:

0.780 q_i 1.400 R,P&P; T8-21, T8-3

AIChE.J; T6, T7

-149.00 u_ij 240.00

0.0001 x_i 0.9999

60 T [°C] 60

333.15 T [K] 333.15

9.98E-05 f_i 0.9999

5.57E-05 q_i 0.999944

1.055264 t_ij 0.917004

10 z 10

0.7732 l_i -2.32

2.310288 g_i 1    1.93E-05 = B (van Laar)

   2319.50663 = A (van Laar)

Similarly:

t [°C] T [K] g1


A g2


B

60 333.15 2.310288 2319.507 2.799482 2851.515

25 298.15 2.316579 2082.565 2.811124 2562.229

100 373.15 2.304493 2590.208 2.78857 3181.768

0 273.15 2.32201 1913.26 2.821003 2355.352

45 318.15 2.312822 2217.971 2.804196 2727.577

80 353.15 2.307233 2454.867 2.79375 3016.682

120 393.15 2.302023 2725.532 2.783866 3346.785

Hence:  A = T[K] × 6.76855 +64.54

B = T[K] × 8.26043 +2355.78

27/09/99, 11:12    1 of 1     DP_VLAR4.xls(UNIFAC act.coefft.)
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CHE4117:  Design Project Formaldehyde David Verrelli (Group 8)

Antoine constants from "VLE of Formaldehyde Mixtures: New Data and Model Revision" in AIChEJ, 42(6), p. 1745.

Substance

A2 B2 C2 A2 B2 C2 A B C D eq'n Tc [K] pc [bar]

Formaldehyde 14.4625 -2204.13 -30.15 16.4775 -2204.13 -30.15 -7.29343 1.08395 -1.63882 -2.30677 1 408 65.9

Water 16.2886 -3816.44 -46.13 18.3036 -3816.44 -46.13 -7.76451 1.45838 -2.7758 -1.23303 1 647.3 221.2

Methanol 16.5725 -3626.55 -34.29 18.5875 -3626.55 -34.29 -8.54796 0.76982 -3.1085 1.54481 1 512.6 80.9

(sign altered) TO GIVE [mmHg] (1) ln(pvap/pc) = {A(1 - T/Tc) + B(1 - T/Tc)
1.5

 + C(1 - T/Tc)
3
 + D(1 - T/Tc)

6
}.(Tc/T)

Equation: ln( pº[kPa] ) = A2 + B2 / (T[K] + C2) (2) ln(pvap) = A - B/T + C.ln(T) + D(pvap/T
2
)

Check pure-component boiling points at atmospheric pressure

==> pº = 101.325 kPa t[°C] = - 273.15 + T[K]

254.0521 K = -19.0979 °C -19.0982

373.1525 K = 100.0025 °C 100.0021

Now for Raoult's Law: 337.6612 K = 64.51121 °C 64.51083

Composition: pº [kPa] p [kPa] pº [kPa] p [kPa]

Formaldehyde 0.54 t[°C] = -20 97.36911 52.57932 t[°C] = 0 219.6436 118.6075

Water 0.45 T[K] = 253.15 0.116889 0.0526 T[K] = 273.15 0.593078 0.266885

Methanol 0.01 1.002321 0.010023 4.013874 0.040139

SUM 1 52.64194 118.9146

(Sinnott
(2)

) (R, P & P
(4)

) pº [kPa] p [kPa]

t[°C] = -50 T[K] = 223.15 pTOTAL = 11.316 kPa(abs) 11.316 11.303 -0.1% t[°C] = 20 437.8067 236.4156

t[°C] = -46.9606 T[K] = 226.1894 pTOTAL = 13.509 kPa(abs) 13.509 13.498
 = ERROR

T[K] = 293.15 2.313304 1.040987

t[°C] = -40 T[K] = 233.15 pTOTAL = 19.866 kPa(abs) 19.866 19.874 12.97214 0.129721

t[°C] = -30 T[K] = 243.15 pTOTAL = 33.084 kPa(abs) 33.084 33.185 237.5863

t[°C] = -20 T[K] = 253.15 pTOTAL = 52.642 kPa(abs) 52.643 52.985

t[°C] = -10 T[K] = 263.15 pTOTAL = 80.505 kPa(abs) 80.506 81.367 1.1% t[°C] = 0.01 T[K] = 273.16 Error:

t[°C] = -4.2046 T[K] = 268.9454 pTOTAL = 101.325 kPa(abs) 101.326 102.688
 = ERROR

J.AIChE pº [kPa] 0.5935 -2.9%

t[°C] = 0 T[K] = 273.15 pTOTAL = 118.915 kPa(abs) 118.916 120.767 Sinnott 0.5935 -2.9%

t[°C] = 10 T[K] = 283.15 pTOTAL = 170.368 kPa(abs) 170.371 173.960 R, P & P 0.6120 0.12%

t[°C] = 20 T[K] = 293.15 pTOTAL = 237.586 kPa(abs) 237.590 244.059 ACTUAL 0.6112

t[°C] = 30 T[K] = 303.15 pTOTAL = 323.482 kPa(abs) 323.487 334.511 3.3%

t[°C] = 40 T[K] = 313.15 pTOTAL = 431.129 kPa(abs) 431.135 449.097
 = ERROR

t[°C] = 100 T[K] = 373.15 Error:

t[°C] = 50 T[K] = 323.15 pTOTAL = 563.728 kPa(abs) 563.736 591.940 J.AIChE pº [kPa] 101.316 -0.0090%

t[°C] = 60 T[K] = 333.15 pTOTAL = 724.578 kPa(abs) 724.589 767.523 Sinnott 101.317 -0.0075%

t[°C] = 70 T[K] = 343.15 pTOTAL = 917.055 kPa(abs) 917.069 980.723 R, P & P 101.378 0.053%

t[°C] = 80 T[K] = 353.15 pTOTAL = 1144.583 kPa(abs) 1144.599 1236.857 7.5% ACTUAL 101.325

t[°C] = 90 T[K] = 363.15 pTOTAL = 1410.618 kPa(abs) 1410.639 1541.762
 = ERROR

t[°C] = 100 T[K] = 373.15 pTOTAL = 1718.635 kPa(abs) 1718.660 1901.913 t[°C] = 373.7 T[K] = 646.85 Error:

t[°C] = 110 T[K] = 383.15 pTOTAL = 2072.110 kPa(abs) 2072.141 2324.628 J.AIChE pº [kPa] 20650 -6.1%

t[°C] = 120 T[K] = 393.15 pTOTAL = 2474.514 kPa(abs) 2474.551 2818.469 Sinnott 20651 -6.1%

t[°C] = 130 T[K] = 403.15 pTOTAL = 2929.300 kPa(abs) 2929.344 3394.358 13.7% R, P & P 22001 0.0065%

t[°C] = 140 T[K] = 413.15 pTOTAL = 3439.900 kPa(abs) 3439.950 #NUM!
 = ERROR

ACTUAL 22000

t[°C] = 150 T[K] = 423.15 pTOTAL = 4009.711 kPa(abs) 4009.770 #NUM!

t[°C] = 160 T[K] = 433.15 pTOTAL = 4642.099 kPa(abs) 4642.167 (pure HCHO is super-critical here)

t[°C] = 170 T[K] = 443.15 pTOTAL = 5340.384 kPa(abs) 5340.462

t[°C] = 180 T[K] = 453.15 pTOTAL = 6107.839 kPa(abs) 6107.929

t[°C] = 190 T[K] = 463.15 pTOTAL = 6947.685 kPa(abs) 6947.788

t[°C] = 200 T[K] = 473.15 pTOTAL = 7863.082 kPa(abs) 7863.198

t[°C] = 210 T[K] = 483.15 pTOTAL = 8857.126 kPa(abs) 8857.257

t[°C] = 220 T[K] = 493.15 pTOTAL = 9932.840 kPa(abs) 9932.987

t[°C] = 230 T[K] = 503.15 pTOTAL = 11093.173 kPa(abs) 11093.337

t[°C] = 240 T[K] = 513.15 pTOTAL = 12340.990 kPa(abs) 12341.171

t[°C] = 250 T[K] = 523.15 pTOTAL = 13679.065 kPa(abs) 13679.266

t[°C] = 260 T[K] = 533.15 pTOTAL = 15110.081 kPa(abs) 15110.303

t[°C] = 270 T[K] = 543.15 pTOTAL = 16636.619 kPa(abs) 16636.864

t[°C] = 280 T[K] = 553.15 pTOTAL = 18261.156 kPa(abs) 18261.426

t[°C] = 290 T[K] = 563.15 pTOTAL = 19986.060 kPa(abs) 19986.355

t[°C] = 300 T[K] = 573.15 pTOTAL = 21813.584 kPa(abs) 21813.905

NOTE:  All pressures are absolute

Constant Constant (Sinnott
(2)

) Constant (Reid, Prausnitz & Poling
(4)

)
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CHE4117: Design Project Formaldehyde David Verrelli (Group 8)

Property calculation:  VLE

Experimental data from M. Albert, L. Hahnenstein, H. Hasse & G. Maurer, AIChE.J, p. 1743 (Table 1)

&, also, hence recalculated van Laar data

Note:  Evaluated at t[°C] = 70 , as T[K] = 343.15 (approx.)

x1 p [kPa(a)] y1

0.030 31 0.029

0.064 30.9 0.054 Substance Constant (Reid, Prausnitz & Poling
(4)

)

0.068 31.2 0.056 A B C D eq'n Tc [K] pc [bar]

0.091 30.9 0.071 Formaldehyde -7.29343 1.08395 -1.63882 -2.30677 1 408 65.9

0.110 30.9 0.083 Water -7.76451 1.45838 -2.7758 -1.23303 1 647.3 221.2

0.129 30.7 0.093 Methanol -8.54796 0.76982 -3.1085 1.54481 1 512.6 80.9

0.137 30.5 0.098 (1) ln(pvap/pc) = {A(1 - T/Tc) + B(1 - T/Tc)
1.5

 + C(1 - T/Tc)
3
 + D(1 - T/Tc)

6
}.(Tc/T)

Their data:

Note: In all cases HCHO concentration increases down a column.

T [K] t [°C] P [kPa(abs)]

343.1 69.95 31.0

343.1 69.95 30.9

343.1 69.95 31.2

343.1 69.95 30.9

343.2 70.05 30.9

343.3 70.15 30.7

343.1 69.95 30.5

MEAN: 343.1428571 69.99286 30.87143

s: 0.078679579 0.07868 0.221467

363.1 89.95 71.4

363.1 89.95 71.4

363.2 90.05 70.6

363.1 89.95 71.6

MEAN: 363.125 89.975 71.25

s: 0.05 0.05 0.443471

383.1 109.95 153.1

383.3 110.15 155.0

383.1 109.95 155.1

383.0 109.85 155.1

MEAN: 383.125 109.975 154.575

s: 0.125830574 0.125831 0.984463

413.2 140.05 405.3

413.2 140.05 414.4

413.1 139.95 423.1

413.2 140.05 423.7

413.2 140.05 432.9

413.1 139.95 443.1

413.1 139.95 442.7

413.1 139.95 449.1

MEAN: 413.15 140 429.2875

s: 0.053452249 0.053452 15.3195

Hence with:

Henry's law:     y = 0.7514 x or y = x ???

& Total pressure: PBINARY = 5.86E-05 exp ( 3.85E-02 T[K] )

Note(1):  all pressures in kPa(abs).

Note(2): "with inerts" signifies inert gases present to a TOTAL, COMBINED pressure of "P"

Note(3):  obviously the "BINARY" refers to the situation with no inerts, although hydrolysis & polymerisation still occur.

Data for: x1 T [K] PBIN [kPa] y1 BINARY p1 e.g.  y1 WITH INERTS Ullmann's
(5)

Ratio of

P = ? xMass 1
#

p1 y1 w INERTS y1 w INERTS

(bottom)   
#
 Assuming a binary solution.

TOP Abs. Stage 1 0.402006 335.15 23.23769 0.302067 7.019346 128 0.054839 0.528406 3.487933 0.027249 50%

BOTTOM 0.42 348.15 38.3117064 0.312309799 11.96512131 130 0.092039395 0.542435098 7.762824198 0.059714032 65%

TOP Abs. Stage 2 0.195415 323.15 14.64729 0.146835 2.150735 126 0.017069 0.288159 0.943184 0.007486 44%

BOTTOM 0.196488451 336.15 24.14881957 0.147641422 3.565366059 128 0.027854422 0.289558558 2.101505518 0.016418012 59%

TOP Abs. Stage 3 0.129216 315.15 10.76796 0.097093 1.045492 124 0.008431 0.198284 0.407343 0.003285 39%

BOTTOM 0.13020155 324.15 15.22160042 0.097833445 1.489181608 126 0.011818902 0.199676262 0.726852471 0.00576867 49%

TOP Abs. Stage 4 0 313.15 9.970747 0 0 110 0 0 0 0 #DIV/0!

BOTTOM (top) 0.096071711 316.15 11.1901676 0.072188284 0.807798993 124 0.006514508 0.150485765 0.344611498 0.002779125 43%

NEAR TOP 0.000001 313.15 9.970746937 7.514E-07 7.49202E-06 110 6.81093E-08 1.66672E-06 1.08208E-05 9.83706E-08 144%

Note(4): Order-of-magnitude concordancy(?) with Ullmann's
(5)

 - which has lower pvap's.(!) (Assuming binary liquid)

pF[kPa]=0.1333F.exp{-F
a
.(a0+a1/T+a2/T

2
)}

a = 0.08760 ± 0.00950

a0 = -12.0127 ± 0.0550

a1 = 3451.72 ± 17.14

a2 = 248257.3 ± 5296.8

TOP Abs. Stage 4 5.86E-05 0 0 #DIV/0! 0 #DIV/0! #DIV/0! #DIV/0!

BOTTOM (top) #DIV/0!

y = 4.8998x - 1669.5

R² = 0.8836

y = 5.864E-05e3.846E-02x

R² = 9.972E-01

10.0

100.0

1000.0

333.15 343.15 353.15 363.15 373.15 383.15 393.15 403.15 413.15 423.15

P
 [
k
P

a
(a

b
s
)]

T [K]

Formaldehyde(1)-Water .. AIChE.J data

27/09/99, 10:52     1 of 1 DP_EB-09.xls(Prop`s)





CHE4117: Design Project Formaldehyde David Verrelli (Group 8)

g

r

s

q

p

n

m

l

h

j

k

d

c

b

e

a

f

1

2

3

4

27/09/99, 11:09    1 of 1 dp_abs02.xls(Schematic)





C
H

E
4

1
1

7
: 

D
e
s
ig

n
 P

ro
je

c
t

F
o

rm
a

ld
e
h

y
d

e
D

a
v
id

 V
e

rr
e

lli
 (

G
ro

u
p

 8
)

(M
a

s
s

 &
) 

E
n

e
rg

y
 B

a
la

n
c

e
 o

v
e
r 

A
b

s
o

rb
e

r

N
O

T
E

: 
 H

e
a
ts

 o
f 

s
o

lu
ti
o

n
 o

f 
m

e
th

a
n

o
l 
[i
m

p
lic

it
ly

] 
c
o

n
s
id

e
re

d
.

T
o

ta
l 
p
u

m
p

-a
ro

u
n

d
 f

lo
w

:
8

4
.6

3
9

k
g

.s
-1

(e
x
c
lu

d
in

g
 p

ro
d
u

c
t)

F
o

rm
ic

 a
c
id

 i
s
 t

re
a
te

d
 a

s
 w

a
te

r 
fo

r 
V

L
E

.
T

o
ta

l 
H

E
A

T
-E

X
C

H
A

N
G

E
D

 p
u
m

p
-a

ro
u
n

d
 f

lo
w

:
8

4
.6

3
9

k
g

.s
-1

(e
x
c
lu

d
in

g
 p

ro
d
u

c
t)

S
T

A
G

E
 1

 (
B

A
S

E
 O

F
 C

O
L

U
M

N
)

P
u

m
p

-a
ro

u
n

d
 f

lo
w

:
2

9
.7

3
7

k
g

.s
-1

M
a

s
s
 f

ra
c
ti
o

n
 o

f 
H

C
H

O
 i
n

 l
iq

u
id

 f
ro

m
 s

ta
g

e
 a

b
o
v
e

:
0

.2
8
8

8
9

7
G

O
A

L
 S

E
E

K
!

S
T

R
E

A
M

S
 I
N

:

N
o

.
D

e
s
c

ri
p

ti
o

n
H

Y
S

IM
F

lo
w

t
T

S
p

e
c
ie

s
S

ta
te

M
a

s
s

 f
ra

c
.

M
a

s
s

 F
lo

w
M

R
M

o
le

 f
lo

w
M

o
le

 f
ra

c
.

A
 /

 C
1

B
 /

 C
2

C
 /

 C
3

D
 /

 C
4

C
5

`
c
p



















H

º f
, 

T

[k
g

.s
-1

]
[°

C
]

[K
]

[-
]

[k
g

.s
-1

]
[k

g
.m

o
l-1

]
[m

o
l.

s
-1

]
[-

]
[k

J
.k

g
-1

. K
-1

]
[k

J
.k

g
-1

]
[k

J
.k

g
-1

]
[k

W
]

j
L

 f
ro

m
 s

ta
g

e
 2

-
1

.7
4
2

8
3

1
6

3
.0

0
3

3
6

.1
5

H
C

H
O

A
q

0
.2

8
8

8
9

7
4

0
.5

0
3

4
9

9
5

0
.0

3
0

0
2

6
1

6
.7

6
8
6

7
0

.1
9
6

4
8

8
4

1
6

.3
1

-2
.6

3
9

1
0

.0
0
4

9
8

4
-

2
.7

0
5

3
1

8
7

8
-5

5
5

5
.6

5
6

-5
4
5

2
.8

5
3

-2
7
4

5
.5

0
9
1

H
C

H
O

D
E

F
IN

E
!!

!
1

.7
4

2
8

3
1

4
8

W
A

T
C

H
  

  
 T

-

C
R

O
S

S
3

3
6

.1
5

C
H

3
O

H
A

q
0

.0
0
5

0
.0

0
8

7
1

4
2

0
.0

3
2

0
4

2
0

.2
7
1

9
6

0
.0

0
3

1
8

7
1
0
5
8
0
0

-3
6
2

.2
3

0
.9

3
7

9
0

0
2

.6
6
4

2
9

8
8

8
-7

6
7

5
.2

3
9

-7
5
7

3
.9

9
5

-6
6
.0

0
0
9

8
8

C
H

3
O

H

C
o

m
b

in
e
d

 li
q

u
id

-I
N

 t
e
m

p
e
ra

tu
re

:
1

.7
4

2
8

3
1

4
8

3
3

6
.1

5
H

2
O

L
0

.7
0
5

9
5

2
6

1
.2

3
0

3
5

6
4

0
.0

1
8

0
1

5
6

8
.2

9
5
4

6
0

.8
0
0

2
5

8
2
7
6
3
7
0

-2
0
9

0
.1

8
.1

2
5

-0
.0

1
4

1
2

9
.3

7
E

-0
6

4
.1

7
8

5
7

7
6

-1
5
8

6
6

.0
5

-1
5
7

0
7

.2
6

-1
9
3

2
5

.5
2
8

H
2
O

6
0
.2

0
°C

1
.7

4
2

8
3

1
4

8
3

3
6

.1
5

H
C

O
O

H
A

q
0

.0
0
0

1
5

0
.0

0
0

2
6

1
4

0
.0

4
6

0
2

6
0

.0
0
5

6
8

6
.6

6
E

-0
5

2
.1

9
2

4
1

6
-9

2
4

3
.4

5
5

-9
1
6

0
.1

4
3

-2
.3

9
4

6
8

7
8

H
C

O
O

H

a
R

e
a
c
to

r 
e
ff

lu
e
n

t
A

b
s
F

e
e
d

7
.9

2
0

9
0
.0

0
3

6
3

.1
5

H
C

H
O

V
0

.1
8
0

4
6

7
8

1
.4

2
9

3
0

5
0

.0
3
0

0
2

6
4

7
.6

0
1
9

3
0

.1
4
2

9
8

6
2

3
.4

8
0

.0
3
1

5
7

2
.9

9
E

-0
5

-2
.3

E
-0

8
1

.2
1
0

7
-3

8
6

2
.2

9
4

-3
7
8

3
.5

9
7

-5
4
0

7
.9

1
4
4

H
C

H
O

C
H

A
N

G
E

D
!!

!
7

.9
2

3
6

3
.1

5
C

H
3
O

H
V

0
.0

0
3

3
4

2
0

.0
2
6

4
6

8
6

0
.0

3
2

0
4

2
0

.8
2
6

0
6

0
.0

0
2

4
8

1
2

1
.1

5
0

.0
7
0

9
2

2
.5

9
E

-0
5

-2
.9

E
-0

8
1

.4
4
8

0
-6

2
8

2
.3

7
9

-6
1
8

8
.2

6
1

-1
6
3

.7
9
4

6
6

C
H

3
O

H

(S
h

o
u

ld
 b

e 
7

.9
1

5
9

k
g

.s
-1

)
7

.9
2

3
6

3
.1

5
O

2
V

0
.0

0
0

4
5

9
0

.0
0
3

6
3

5
3

0
.0

3
1

9
9

9
0

.1
1
3

6
0

8
0

.0
0
0

3
4

1
2

8
.1

1
-3

.7
E

-0
6

1
.7

5
E

-0
5

-1
.1

E
-0

8
0

.9
2
6

1
0

6
0
.1

9
8
6

0
.2

1
8

8
4

0
4

O
2

7
.9

2
3

6
3

.1
5

H
2
O

V
0

.1
5
3

4
7

2
1

1
.2

1
5

4
9

8
9

0
.0

1
8

0
1

5
6

7
.4

7
0
7

4
0

.2
0
2

6
6

8
3

2
.2

4
0

.0
0
1

9
2

4
1

.0
6
E

-0
5

-3
.6

E
-0

9
1

.8
8
1

9
-1

3
4

3
3

.1
-1

3
3

1
0

.7
8

-1
6
1

7
9

.2
3
9

H
2
O

7
.9

2
3

6
3

.1
5

H
2

V
0

.0
0
9

8
0

4
9

0
.0

7
7

6
5

5
1

0
.0

0
2

0
1

6
3

8
.5

2
3
2

1
0

.1
1
5

7
1

6
2

7
.1

4
0

.0
0
9

2
7

4
-1

.4
E

-0
5

7
.6

5
E

-0
9

1
4
.3

7
1
8

5
3

1
0

9
3
4

.1
7
0

4
5

7
2
.5

4
3
0

8
3

3
H

2

7
.9

2
3

6
3

.1
5

C
O

2
V

0
.0

5
9

1
5

7
0

.4
6
8

5
2

3
2

0
.0

4
4

0
1

1
0
.6

4
5
8

8
0

.0
3
1

9
7

8
1

9
.8

0
.0

7
3

4
4

-5
.6

E
-0

5
1

.7
2
E

-0
8

0
.8

7
6

2
7

1
5

6
-8

9
4

8
.0

0
7

-8
8
9

1
.0

4
9

-4
1
6

5
.6

6
3
2

C
O

2

7
.9

2
3

6
3

.1
5

C
O

V
0

.0
0
3

3
4

6
8

0
.0

2
6

5
0

6
3

0
.0

2
8

0
1

0
.9

4
6

3
0

1
0

.0
0
2

8
4

2
3

0
.8

7
-0

.0
1
2

8
5

2
.7

9
E

-0
5

-1
.3

E
-0

8
1

.0
4
3

0
3

7
4

8
-3

9
4

8
.5

3
3

-3
8
8

0
.7

3
6

-1
0
2

.8
6
3

8
1

C
O

7
.9

2
3

6
3

.1
5

H
C

O
O

H
V

5
.9

7
6

E
-0

5
0

.0
0
0

4
7

3
3

0
.0

4
6

0
2

6
0

.0
1
0

2
8

3
3

.0
9
E

-0
5

1
1
.7

1
0

.1
3
5

8
-8

.4
E

-0
5

2
.0

2
E

-0
8

1
.0

4
5

5
7

3
4

2
-8

2
3

1
.5

0
6

-8
1
6

3
.5

4
4

-3
.8

6
3

6
2

5
4

H
C

O
O

H

7
.9

2
3

6
3

.1
5

N
2

V
0

.5
8
9

8
9

0
7

4
.6

7
1

9
3

4
3

0
.0

2
8

0
1

3
1

6
6

.7
7
5

0
.5

0
0

9
5

7
3

1
.1

5
-0

.0
1
3

5
7

2
.6

8
E

-0
5

-1
.2

E
-0

8
1

.0
4
1

5
0

9
9

7
0

6
7
.6

9
8
1

4
8

3
1
6

.2
8
1

2
9

8
N

2

m
P

u
m

p
-a

ro
u
n

d
 1

-
2

9
.7

3
7

6
0
.0

0
3

3
3

.1
5

H
C

H
O

A
q

0
.5

4
1

6
.0

5
7
9

5
9

0
.0

3
0

0
2

6
5

3
4

.7
9
8

2
0

.4
1
5

6
3

7
4

1
6

.3
1

-2
.6

3
9

1
0

.0
0
4

9
8

4
-

2
.6

7
6

5
7

3
2

-5
5
5

5
.6

5
6

-5
4
6

1
.9

7
5

-8
7
7

0
8

.1
7
8

H
C

H
O

2
9

.7
3

6
9

6
1

N
O

  
 P

O
L

Y
- 

M
E

R
S

!
3

3
3

.1
5

C
H

3
O

H
A

q
0

.0
1

0
.2

9
7

3
6

9
6

0
.0

3
2

0
4

2
9

.2
8
0

6
1

9
0

.0
0
7

2
1

3
1
0
5
8
0
0

-3
6
2

.2
3

0
.9

3
7

9
0

0
2

.6
5
2

9
3

7
9

6
-7

6
7

5
.2

3
9

-7
5
8

2
.3

8
6

-2
2
5

4
.7

7
1
1

C
H

3
O

H

2
9

.7
3

6
9

6
1

3
3

3
.1

5
H

2
O

L
0

.4
4
9

8
2

1
3
.3

7
6
2

8
0

.0
1
8

0
1

5
7

4
2

.4
9
9

7
0

.5
7
7

0
6

2
7
6
3
7
0

-2
0
9

0
.1

8
.1

2
5

-0
.0

1
4

1
2

9
.3

7
E

-0
6

4
.1

7
8

3
4

7
8

1
-1

5
8

6
6

.0
5

-1
5
7

1
9

.8
-2

1
0

2
7

2
.5

H
2
O

2
9

.7
3

6
9

6
1

3
3

3
.1

5
H

C
O

O
H

A
q

0
.0

0
0

1
8

0
.0

0
5

3
5

2
7

0
.0

4
6

0
2

6
0

.1
1
6

2
9

7
9

.0
4
E

-0
5

2
.1

9
2

4
1

6
-9

2
4

3
.4

5
5

-9
1
6

6
.7

2
-4

9
.0

6
6
2

7
2

H
C

O
O

H

M
as

s 
fr

ac
ti

o
n

 o
f 

H
C

H
O

 i
n

 t
o
ta

l 
li
q

u
id

 f
ed

:
5

2
.6

1
%

M
o
le

 f
ra

ct
io

n
 H

C
H

O
 i

n
 t

o
ta

l 
li

q
u
id

 f
ed

:
0
.4

0
2
0
0
5
9
8
1

(a
v
e

ra
g
e

 o
v
e

r 
2
9

8
K

 t
o
 T

)
S

U
M

 =
 

-3
4
8

0
5

8
.2

4

C
h

ec
k
 m

as
s 

b
al

an
ce

s:
0

H
en

ce
 e

q
u
il

ib
ri

u
m

 p
ar

ti
al

 p
re

ss
u
re

 i
n

 t
h

e 
v
ap

o
u
r:

7
.0

1
9
3
4
5
9
2
6

(F
ro

m
 U

lm
a

n
n

's
(5

)
)

(F
ro

m
 A

IC
h
E

.J
 &

 v
a
n
 L

a
a
r

)
*N

o
te

: 
 A

q
u
e

o
u

s
 c

p
's

 t
a
k
e

n
 a

s
 t

h
o

s
e

 f
o
r 

th
e

 p
u
re

 l
iq

u
id

.

-7
.1

0
5

4
3

E
-1

5
H

en
ce

 e
q
u
il

ib
ri

u
m

 m
o
le

 f
ra

ct
io

n
 i

n
 t

h
e 

v
ap

o
u
r:

0
.0

5
4
8
3
8
6
4

(g
iv

en
 a

 t
o
ta

l 
p
re

ss
u
re

 o
f:

1
2
8

k
P

a(
ab

s)
)


H

en
ce

 "
ap

p
ro

ac
h

 t
o
 e

q
u

il
ib

ri
u

m
" 

is
:

9
9

.5
0

%

S
T

R
E

A
M

S
 O

U
T

:
??

?

N
o

.
D

e
s
c

ri
p

ti
o

n
H

Y
S

IM
F

lo
w

t
T

S
p

e
c
ie

s
S

ta
te

M
a

s
s

 f
ra

c
.

M
a

s
s

 F
lo

w
M

R
M

o
le

 f
lo

w
M

o
le

 f
ra

c
.

A
 /

 C
1

B
 /

 C
2

C
 /

 C
3

D
 /

 C
4

C
5

`
c
p



















H

º f
, 

T

[k
g

.s
-1

]
[°

C
]

[K
]

[-
]

[k
g

.s
-1

]
[k

g
.m

o
l-1

]
[m

o
l.

s
-1

]
[-

]
[k

J
.k

g
-1

. K
-1

]
[k

J
.k

g
-1

]
[k

J
.k

g
-1

]
[k

W
]

k
P

ro
d
u

c
t

-
2

.6
4
5

5
0

3
7

5
.0

0
3

4
8

.1
5

H
C

H
O

A
q

0
.5

4
1

.4
2
8

5
7

1
6

0
.0

3
0

0
2

6
4

7
.5

7
7
5

0
.4

1
5

6
3

7
4

1
6

.3
1

-2
.6

3
9

1
0

.0
0
4

9
8

4
-

2
.8

3
0

2
6

0
4

4
-5

5
5

5
.6

5
6

-5
4
1

4
.1

4
3

-7
7
3

4
.4

9
0
4

H
C

H
O

-7
7

3
4

(p
re

-c
o

o
lin

g
)

2
.6

4
5

5
0

3
3

4
8

.1
5

C
H

3
O

H
A

q
0

.0
1

0
.0

2
6

4
5

5
0

.0
3
2

0
4

2
0

.8
2
5

6
3

6
0

.0
0
7

2
1

3
1
0
5
8
0
0

-3
6
2

.2
3

0
.9

3
7

9
0

0
2

.7
1
1

4
9

8
7

8
-7

6
7

5
.2

3
9

-7
5
3

9
.6

6
4

-1
9
9

.4
6
2

0
3

C
H

3
O

H
#

R
E

F
!

2
.6

4
5

5
0

3
3

4
8

.1
5

H
2
O

L
0

.4
4
9

8
2

1
.1

9
0

0
0

0
2

0
.0

1
8

0
1

5
6

6
.0

5
5
3

4
0

.5
7
7

0
6

2
7
6
3
7
0

-2
0
9

0
.1

8
.1

2
5

-0
.0

1
4

1
2

9
.3

7
E

-0
6

4
.1

8
0

4
3

7
0

3
-1

5
8

6
6

.0
5

-1
5
6

5
7

.0
2

-1
8
6

3
1

.8
6
2

H
2
O

2
.6

4
5

5
0

3
3

4
8

.1
5

H
C

O
O

H
A

q
0

.0
0
0

1
8

0
.0

0
0

4
7

6
2

0
.0

4
6

0
2

6
0

.0
1
0

3
4

6
9

.0
4
E

-0
5

2
.1

9
2

4
1

6
-9

2
4

3
.4

5
5

-9
1
3

3
.8

3
4

-4
.3

4
9

4
4

5
3

H
C

O
O

H
#

R
E

F
!

b
V

 f
ro

m
 s

ta
g

e
 1

-
7

.0
1
7

6
2
.0

0
3

3
5

.1
5

H
C

H
O

V
0

.0
7
1

8
5

5
4

0
.5

0
4

2
3

2
9

0
.0

3
0

0
2

6
1

6
.7

9
3
1

0
.0

5
5

2
7

9
2

3
.4

8
0

.0
3
1

5
7

2
.9

9
E

-0
5

-2
.3

E
-0

8
1

.1
9
0

3
-3

8
6

2
.2

9
4

-3
8
1

8
.2

5
2

-1
9
2

5
.2

8
8
5

H
C

H
O

#
R

E
F

!

7
.0

1
7

3
2

8
4

8
3

3
5

.1
5

C
H

3
O

H
V

0
.0

0
1

2
4

3
7

0
.0

0
8

7
2

7
7

0
.0

3
2

0
4

2
0

.2
7
2

3
8

4
0

.0
0
0

8
9

7
2

1
.1

5
0

.0
7
0

9
2

2
.5

9
E

-0
5

-2
.9

E
-0

8
1

.4
1
3

6
-6

2
8

2
.3

7
9

-6
2
3

0
.0

7
6

-5
4
.3

7
4
4

7
2

C
H

3
O

H
#

R
E

F
!

7
.0

1
7

3
2

8
4

8
3

3
5

.1
5

O
2

V
0

.0
0
0

5
1

8
0

.0
0
3

6
3

5
3

0
.0

3
1

9
9

9
0

.1
1
3

6
0

8
0

.0
0
0

3
7

4
2

8
.1

1
-3

.7
E

-0
6

1
.7

5
E

-0
5

-1
.1

E
-0

8
0

.9
2
2

6
0

3
4
.1

3
6
3

0
.1

2
4

0
9

6
1

O
2

#
R

E
F

!

7
.0

1
7

3
2

8
4

8
3

3
5

.1
5

H
2
O

V
0

.1
7
8

9
6

4
9

1
.2

5
5

8
5

5
1

0
.0

1
8

0
1

5
6

9
.7

1
0
8

6
0

.2
2
9

4
7

4
3

2
.2

4
0

.0
0
1

9
2

4
1

.0
6
E

-0
5

-3
.6

E
-0

9
1

.8
7
5

8
-1

3
4

3
3

.1
-1

3
3

6
3

.6
9

-1
6
7

8
2

.8
6
5

H
2
O

#
R

E
F

!

7
.0

1
7

3
2

8
4

8
3

3
5

.1
5

H
2

V
0

.0
1
1

0
6

6
2

0
.0

7
7

6
5

5
1

0
.0

0
2

0
1

6
3

8
.5

2
3
2

1
0

.1
2
6

8
1

2
7
.1

4
0

.0
0
9

2
7

4
-1

.4
E

-0
5

7
.6

5
E

-0
9

1
4
.3

5
3
5

5
7

2
0

5
3
1

.0
8
1

6
2

4
1
.2

4
1
1

8
6

5
H

2
4

1

7
.0

1
7

3
2

8
4

8
3

3
5

.1
5

C
O

2
V

0
.0

6
6

7
6

6
6

0
.4

6
8

5
2

3
2

0
.0

4
4

0
1

1
0
.6

4
5
8

8
0

.0
3
5

0
4

4
1

9
.8

0
.0

7
3

4
4

-5
.6

E
-0

5
1

.7
2
E

-0
8

0
.8

6
2

9
3

9
1

6
-8

9
4

8
.0

0
7

-8
9
1

6
.0

7
8

-4
1
7

7
.3

8
9
8

C
O

2
#

R
E

F
!

7
.0

1
7

3
2

8
4

8
3

3
5

.1
5

C
O

V
0

.0
0
3

7
7

7
3

0
.0

2
6

5
0

6
3

0
.0

2
8

0
1

0
.9

4
6

3
0

1
0

.0
0
3

1
1

5
3

0
.8

7
-0

.0
1
2

8
5

2
.7

9
E

-0
5

-1
.3

E
-0

8
1

.0
4
2

3
0

7
4

5
-3

9
4

8
.5

3
3

-3
9
0

9
.9

6
8

-1
0
3

.6
3
8

6
5

C
O

8
7

6
0

5

7
.0

1
7

3
2

8
4

8
3

3
5

.1
5

H
C

O
O

H
V

3
.6

8
4

E
-0

5
0

.0
0
0

2
5

8
5

0
.0

4
6

0
2

6
0

.0
0
5

6
1

7
1

.8
5
E

-0
5

1
1
.7

1
0

.1
3
5

8
-8

.4
E

-0
5

2
.0

2
E

-0
8

1
.0

1
9

2
2

7
8

6
-8

2
3

1
.5

0
6

-8
1
9

3
.7

9
5

-2
.1

1
8

1
9

5
5

H
C

O
O

H
4

6
.9

7
.0

1
7

3
2

8
4

8
3

3
5

.1
5

N
2

V
0

.6
6
5

7
7

1
1

4
.6

7
1

9
3

4
3

0
.0

2
8

0
1

3
1

6
6

.7
7
5

0
.5

4
8

9
8

8
3

1
.1

5
-0

.0
1
3

5
7

2
.6

8
E

-0
5

-1
.2

E
-0

8
1

.0
4
1

3
2

9
4

1
0

3
8
.5

2
9
1

8
8

1
8
0

.0
0
5

8
3

5
N

2
3

4
8

2
3

8

l
P

u
m

p
-a

ro
u
n

d
 1

-
2

9
.7

3
7

7
5
.0

0
3

4
8

.1
5

H
C

H
O

A
q

0
.5

4
1

6
.0

5
7
9

5
9

0
.0

3
0

0
2

6
5

3
4

.7
9
8

2
0

.4
1
5

6
3

7
4

1
6

.3
1

-2
.6

3
9

1
0

.0
0
4

9
8

4
-

2
.8

3
0

2
6

0
4

4
-5

5
5

5
.6

5
6

-5
4
1

4
.1

4
3

-8
6
9

4
0

.0
7
8

H
C

H
O

2
9

.7
3

6
9

6
1

3
4

8
.1

5
C

H
3
O

H
A

q
0

.0
1

0
.2

9
7

3
6

9
6

0
.0

3
2

0
4

2
9

.2
8
0

6
1

9
0

.0
0
7

2
1

3
1
0
5
8
0
0

-3
6
2

.2
3

0
.9

3
7

9
0

0
2

.7
1
1

4
9

8
7

8
-7

6
7

5
.2

3
9

-7
5
3

9
.6

6
4

-2
2
4

2
.0

6
6
9

C
H

3
O

H

2
9

.7
3

6
9

6
1

3
4

8
.1

5
H

2
O

L
0

.4
4
9

8
2

1
3
.3

7
6
2

8
0

.0
1
8

0
1

5
7

4
2

.4
9
9

7
0

.5
7
7

0
6

2
7
6
3
7
0

-2
0
9

0
.1

8
.1

2
5

-0
.0

1
4

1
2

9
.3

7
E

-0
6

4
.1

8
0

4
3

7
0

3
-1

5
8

6
6

.0
5

-1
5
6

5
7

.0
2

-2
0
9

4
3

2
.7

4
H

2
O

2
9

.7
3

6
9

6
1

3
4

8
.1

5
H

C
O

O
H

A
q

0
.0

0
0

1
8

0
.0

0
5

3
5

2
7

0
.0

4
6

0
2

6
0

.1
1
6

2
9

7
9

.0
4
E

-0
5

2
.1

9
2

4
1

6
-9

2
4

3
.4

5
5

-9
1
3

3
.8

3
4

-4
8
.8

9
0
2

4
3

H
C

O
O

H

(a
v
e

ra
g
e

 o
v
e

r 
2
9

8
K

 t
o
 T

)
S

U
M

 =
 

-3
4
8

0
5

8
.2

4

O
U

T
 -

 I
N

 =
 

4
.5

2
8

6
E

-0
8

1
0

:5
2

, 
2

7
/0

9
/9

9
  

  
 

1
 o

f 
4

 
D

P
_

E
B

-0
9

.x
ls

 (
A

b
s
`r

)



C
H

E
4

1
1

7
: 

D
e
s
ig

n
 P

ro
je

c
t

F
o

rm
a

ld
e
h

y
d

e
D

a
v
id

 V
e

rr
e

lli
 (

G
ro

u
p

 8
)

S
T

A
G

E
 2

 (
L

O
W

E
R

-M
ID

D
L

E
 S

E
C

T
IO

N
 O

F
 C

O
L

U
M

N
)

P
u

m
p

-a
ro

u
n

d
 f

lo
w

:
4

1
.1

5
8

k
g

.s
-1

M
a

s
s
 f

ra
c
ti
o

n
 o

f 
H

C
H

O
 i
n

 l
iq

u
id

 f
ro

m
 s

ta
g

e
 a

b
o
v
e

:
0

.1
9
9

4
8

9
G

O
A

L
 S

E
E

K
!

S
T

R
E

A
M

S
 I
N

:

N
o

.
D

e
s
c

ri
p

ti
o

n
H

Y
S

IM
F

lo
w

t
T

S
p

e
c
ie

s
S

ta
te

M
a

s
s

 f
ra

c
.

M
a

s
s

 F
lo

w
M

R
M

o
le

 f
lo

w
M

o
le

 f
ra

c
.

A
 /

 C
1

B
 /

 C
2

C
 /

 C
3

D
 /

 C
4

C
5

`
c
p



















H

º f
, 

T

[k
g

.s
-1

]
[°

C
]

[K
]

[-
]

[k
g

.s
-1

]
[k

g
.m

o
l-1

]
[m

o
l.

s
-1

]
[-

]
[k

J
.k

g
-1

. K
-1

]
[k

J
.k

g
-1

]
[k

J
.k

g
-1

]
[k

W
]

h
L

 f
ro

m
 s

ta
g

e
 3

-
0

.6
5

5
1
.0

0
3

2
4

.1
5

H
C

H
O

A
q

0
.1

9
9

4
8

8
6

0
.1

2
9

6
6

7
6

0
.0

3
0

0
2

6
4

.3
1
8

4
8

1
0

.1
3
0

2
0

2
4

1
6

.3
1

-2
.6

3
9

1
0

.0
0
4

9
8

4
-

2
.5

9
6

3
1

2
0

1
-5

5
5

5
.6

5
6

-5
4
8

8
.1

5
1

-7
1
1

.6
3
5

3
H

C
H

O
D

E
F

IN
E

!!
!

0
.6

5
W

A
T

C
H

  
  

 T
-

C
R

O
S

S
3

2
4

.1
5

C
H

3
O

H
A

q
0

.0
0
2

0
.0

0
1

3
0

.0
3
2

0
4

2
0

.0
4
0

5
7

2
0

.0
0
1

2
2

3
1
0
5
8
0
0

-3
6
2

.2
3

0
.9

3
7

9
0

0
2

.6
1
9

9
0

8
9

8
-7

6
7

5
.2

3
9

-7
6
0

7
.1

2
1

-9
.8

8
9

2
5

7
5

C
H

3
O

H

C
o

m
b

in
e
d

 li
q

u
id

-I
N

 t
e
m

p
e
ra

tu
re

:
0

.6
5

3
2

4
.1

5
H

2
O

L
0

.7
9
8

4
1

1
4

0
.5

1
8

9
6

7
4

0
.0

1
8

0
1

5
2

8
.8

0
7
2

0
.8

6
8

5
3

3
2
7
6
3
7
0

-2
0
9

0
.1

8
.1

2
5

-0
.0

1
4

1
2

9
.3

7
E

-0
6

4
.1

7
8

2
8

8
2

1
-1

5
8

6
6

.0
5

-1
5
7

5
7

.4
1

-8
1
7

7
.5

8
3

H
2
O

4
8
.0

5
°C

0
.6

5
3

2
4

.1
5

H
C

O
O

H
A

q
0

.0
0
0

1
0

.0
0
0

0
6

5
0

.0
4
6

0
2

6
0

.0
0
1

4
1

2
4

.2
6
E

-0
5

2
.1

9
2

4
1

6
-9

2
4

3
.4

5
5

-9
1
8

6
.4

5
2

-0
.5

9
7

1
1

9
4

H
C

O
O

H

b
V

 f
ro

m
 s

ta
g

e
 1

-
7

.0
1
7

6
2
.0

0
0

3
3
5

.1
5

H
C

H
O

V
0

.0
7
1

8
5

5
4

0
.5

0
4

2
3

2
9

0
.0

3
0

0
2

6
1

6
.7

9
3
1

0
.0

5
5

2
7

9
2

3
.4

8
0

.0
3
1

5
7

2
.9

9
E

-0
5

-2
.3

E
-0

8
1

.1
9
0

3
-3

8
6

2
.2

9
4

-3
8
1

8
.2

5
2

-1
9
2

5
.2

8
8
5

H
C

H
O

7
.0

1
7

3
2

8
4

8
3

3
5

.1
5

C
H

3
O

H
V

0
.0

0
1

2
4

3
7

0
.0

0
8

7
2

7
7

0
.0

3
2

0
4

2
0

.2
7
2

3
8

4
0

.0
0
0

8
9

7
2

1
.1

5
0

.0
7
0

9
2

2
.5

9
E

-0
5

-2
.9

E
-0

8
1

.4
1
3

6
-6

2
8

2
.3

7
9

-6
2
3

0
.0

7
6

-5
4
.3

7
4
4

7
2

C
H

3
O

H

7
.0

1
7

3
2

8
4

8
3

3
5

.1
5

O
2

V
0

.0
0
0

5
1

8
0

.0
0
3

6
3

5
3

0
.0

3
1

9
9

9
0

.1
1
3

6
0

8
0

.0
0
0

3
7

4
2

8
.1

1
-3

.7
E

-0
6

1
.7

5
E

-0
5

-1
.1

E
-0

8
0

.9
2
2

6
0

3
4
.1

3
6
3

0
.1

2
4

0
9

6
1

O
2

7
.0

1
7

3
2

8
4

8
3

3
5

.1
5

H
2
O

V
0

.1
7
8

9
6

4
9

1
.2

5
5

8
5

5
1

0
.0

1
8

0
1

5
6

9
.7

1
0
8

6
0

.2
2
9

4
7

4
3

2
.2

4
0

.0
0
1

9
2

4
1

.0
6
E

-0
5

-3
.6

E
-0

9
1

.8
7
5

8
-1

3
4

3
3

.1
-1

3
3

6
3

.6
9

-1
6
7

8
2

.8
6
5

H
2
O

7
.0

1
7

3
2

8
4

8
3

3
5

.1
5

H
2

V
0

.0
1
1

0
6

6
2

0
.0

7
7

6
5

5
1

0
.0

0
2

0
1

6
3

8
.5

2
3
2

1
0

.1
2
6

8
1

2
7
.1

4
0

.0
0
9

2
7

4
-1

.4
E

-0
5

7
.6

5
E

-0
9

1
4
.3

5
3
5

5
7

2
0

5
3
1

.0
8
1

6
2

4
1
.2

4
1
1

8
6

5
H

2

7
.0

1
7

3
2

8
4

8
3

3
5

.1
5

C
O

2
V

0
.0

6
6

7
6

6
6

0
.4

6
8

5
2

3
2

0
.0

4
4

0
1

1
0
.6

4
5
8

8
0

.0
3
5

0
4

4
1

9
.8

0
.0

7
3

4
4

-5
.6

E
-0

5
1

.7
2
E

-0
8

0
.8

6
2

9
3

9
1

6
-8

9
4

8
.0

0
7

-8
9
1

6
.0

7
8

-4
1
7

7
.3

8
9
8

C
O

2

7
.0

1
7

3
2

8
4

8
3

3
5

.1
5

C
O

V
0

.0
0
3

7
7

7
3

0
.0

2
6

5
0

6
3

0
.0

2
8

0
1

0
.9

4
6

3
0

1
0

.0
0
3

1
1

5
3

0
.8

7
-0

.0
1
2

8
5

2
.7

9
E

-0
5

-1
.3

E
-0

8
1

.0
4
2

3
0

7
4

5
-3

9
4

8
.5

3
3

-3
9
0

9
.9

6
8

-1
0
3

.6
3
8

6
5

C
O

7
.0

1
7

3
2

8
4

8
3

3
5

.1
5

H
C

O
O

H
V

3
.6

8
4

E
-0

5
0

.0
0
0

2
5

8
5

0
.0

4
6

0
2

6
0

.0
0
5

6
1

7
1

.8
5
E

-0
5

1
1
.7

1
0

.1
3
5

8
-8

.4
E

-0
5

2
.0

2
E

-0
8

1
.0

1
9

2
2

7
8

6
-8

2
3

1
.5

0
6

-8
1
9

3
.7

9
5

-2
.1

1
8

1
9

5
5

H
C

O
O

H

7
.0

1
7

3
2

8
4

8
3

3
5

.1
5

N
2

V
0

.6
6
5

7
7

1
1

4
.6

7
1

9
3

4
3

0
.0

2
8

0
1

3
1

6
6

.7
7
5

0
.5

4
8

9
8

8
3

1
.1

5
-0

.0
1
3

5
7

2
.6

8
E

-0
5

-1
.2

E
-0

8
1

.0
4
1

3
2

9
4

1
0

3
8
.5

2
9
1

8
8

1
8
0

.0
0
5

8
3

5
N

2

p
P

u
m

p
-a

ro
u
n

d
 2

-
4

1
.1

5
8

4
8
.0

0
3

2
1

.1
5

H
C

H
O

A
q

0
.2

8
8

8
9

7
4

1
1
.8

9
0
5

5
1

0
.0

3
0

0
2

6
3

9
6

.0
0
5

9
0

.1
9
6

4
8

8
4

1
6

.3
1

-2
.6

3
9

1
0

.0
0
4

9
8

4
-

2
.5

7
1

5
5

0
1

4
-5

5
5

5
.6

5
6

-5
4
9

6
.5

1
-6

5
3

5
6

.5
3
1

H
C

H
O

4
1

.1
5

8
3

8
3

7
3

2
1

.1
5

C
H

3
O

H
A

q
0

.0
0
5

0
.2

0
5

7
9

1
9

0
.0

3
2

0
4

2
6

.4
2
2

5
6

8
0

.0
0
3

1
8

7
1
0
5
8
0
0

-3
6
2

.2
3

0
.9

3
7

9
0

0
2

.6
0
9

2
5

0
5

7
-7

6
7

5
.2

3
9

-7
6
1

5
.2

2
6

-1
5
6

7
.1

5
2

C
H

3
O

H

4
1

.1
5

8
3

8
3

7
3

2
1

.1
5

H
2
O

L
0

.7
0
5

9
5

2
6

2
9
.0

5
5
8

6
7

0
.0

1
8

0
1

5
1

6
1

2
.8

5
3

0
.8

0
0

2
5

8
2
7
6
3
7
0

-2
0
9

0
.1

8
.1

2
5

-0
.0

1
4

1
2

9
.3

7
E

-0
6

4
.1

7
8

4
9

3
4

5
-1

5
8

6
6

.0
5

-1
5
7

6
9

.9
4

-4
5
8

2
0

9
.3

1
H

2
O

4
1

.1
5

8
3

8
3

7
3

2
1

.1
5

H
C

O
O

H
A

q
0

.0
0
0

1
5

0
.0

0
6

1
7

3
8

0
.0

4
6

0
2

6
0

.1
3
4

1
3

7
6

.6
6
E

-0
5

2
.1

9
2

4
1

6
-9

2
4

3
.4

5
5

-9
1
9

3
.0

2
9

-5
6
.7

5
5
5

3
3

H
C

O
O

H

M
as

s 
fr

ac
ti

o
n

 o
f 

H
C

H
O

 i
n

 t
o
ta

l 
li
q

u
id

 f
ed

:
2

8
.7

5
%

M
o
le

 f
ra

ct
io

n
 H

C
H

O
 i

n
 t

o
ta

l 
li

q
u
id

 f
ed

:
0
.1

9
5
4
1
5
2
3

(a
v
e

ra
g
e

 o
v
e

r 
2
9

8
K

 t
o
 T

)
S

U
M

 =
 

-5
5
6

9
1

3
.7

6

C
h

ec
k
 m

as
s 

b
al

an
ce

s:
0

H
en

ce
 e

q
u
il

ib
ri

u
m

 p
ar

ti
al

 p
re

ss
u
re

 i
n

 t
h

e 
v
ap

o
u
r:

2
.1

5
0
7
3
5
2
3
9

(F
ro

m
 U

lm
a

n
n

's
(5

)
)

(F
ro

m
 A

IC
h
E

.J
 &

 v
a
n
 L

a
a
r

)
*N

o
te

: 
 A

q
u
e

o
u

s
 c

p
's

 t
a
k
e

n
 a

s
 t

h
o

s
e

 f
o
r 

th
e

 p
u
re

 l
iq

u
id

.

0
H

en
ce

 e
q
u
il

ib
ri

u
m

 m
o
le

 f
ra

ct
io

n
 i

n
 t

h
e 

v
ap

o
u
r:

0
.0

1
7
0
6
9
3
2
7

(g
iv

en
 a

 t
o
ta

l 
p
re

ss
u
re

 o
f:

1
2
6

k
P

a(
ab

s)
)


H

en
ce

 "
ap

p
ro

ac
h

 t
o
 e

q
u

il
ib

ri
u

m
" 

is
:

9
9

.5
0

%

S
T

R
E

A
M

S
 O

U
T

:

N
o

.
D

e
s
c

ri
p

ti
o

n
H

Y
S

IM
F

lo
w

t
T

S
p

e
c
ie

s
S

ta
te

M
a

s
s

 f
ra

c
.

M
a

s
s

 F
lo

w
M

R
M

o
le

 f
lo

w
M

o
le

 f
ra

c
.

A
 /

 C
1

B
 /

 C
2

C
 /

 C
3

D
 /

 C
4

C
5

`
c
p



















H

º f
, 

T

[k
g

.s
-1

]
[°

C
]

[K
]

[-
]

[k
g

.s
-1

]
[k

g
.m

o
l-1

]
[m

o
l.

s
-1

]
[-

]
[k

J
.k

g
-1

. K
-1

]
[k

J
.k

g
-1

]
[k

J
.k

g
-1

]
[k

W
]

j
L

 f
ro

m
 s

ta
g

e
 2

-
1

.7
4
2

8
3

1
6
3

3
3
6

.1
5

H
C

H
O

A
q

0
.2

8
8

8
9

7
4

0
.5

0
3

4
9

9
5

0
.0

3
0

0
2

6
1

6
.7

6
8
6

7
0

.1
9
6

4
8

8
4

1
6

.3
1

-2
.6

3
9

1
0

.0
0
4

9
8

4
-

2
.7

0
5

3
1

8
7

8
-5

5
5

5
.6

5
6

-5
4
5

2
.8

5
3

-2
7
4

5
.5

0
9
1

H
C

H
O

1
.7

4
2

8
3

1
4

8
3

3
6

.1
5

C
H

3
O

H
A

q
0

.0
0
5

0
.0

0
8

7
1

4
2

0
.0

3
2

0
4

2
0

.2
7
1

9
6

0
.0

0
3

1
8

7
1
0
5
8
0
0

-3
6
2

.2
3

0
.9

3
7

9
0

0
2

.6
6
4

2
9

8
8

8
-7

6
7

5
.2

3
9

-7
5
7

3
.9

9
5

-6
6
.0

0
0
9

8
8

C
H

3
O

H

1
.7

4
2

8
3

1
4

8
3

3
6

.1
5

H
2
O

L
0

.7
0
5

9
5

2
6

1
.2

3
0

3
5

6
4

0
.0

1
8

0
1

5
6

8
.2

9
5
4

6
0

.8
0
0

2
5

8
2
7
6
3
7
0

-2
0
9

0
.1

8
.1

2
5

-0
.0

1
4

1
2

9
.3

7
E

-0
6

4
.1

7
8

5
7

7
6

-1
5
8

6
6

.0
5

-1
5
7

0
7

.2
6

-1
9
3

2
5

.5
2
8

H
2
O

1
.7

4
2

8
3

1
4

8
3

3
6

.1
5

H
C

O
O

H
A

q
0

.0
0
0

1
5

0
.0

0
0

2
6

1
4

0
.0

4
6

0
2

6
0

.0
0
5

6
8

6
.6

6
E

-0
5

2
.1

9
2

4
1

6
-9

2
4

3
.4

5
5

-9
1
6

0
.1

4
3

-2
.3

9
4

6
8

7
8

H
C

O
O

H

c
V

 f
ro

m
 s

ta
g

e
 2

-
5

.9
2
4

5
0
.0

0
3

2
3

.1
5

H
C

H
O

V
0

.0
2
2

0
1

0
5

0
.1

3
0

4
0

1
0

.0
3
0

0
2

6
4

.3
4
2

9
0

6
0

.0
1
7

2
6

2
3
.4

8
0

.0
3
1

5
7

2
.9

9
E

-0
5

-2
.3

E
-0

8
1

.1
8
1

6
-3

8
6

2
.2

9
4

-3
8
3

2
.7

5
4

-4
9
9

.7
9
4

7
9

H
C

H
O

5
.9

2
4

4
9

7
3

2
3

.1
5

C
H

3
O

H
V

0
.0

0
0

2
2

1
7

0
.0

0
1

3
1

3
6

0
.0

3
2

0
4

2
0

.0
4
0

9
9

6
0

.0
0
0

1
6

3
2

1
.1

5
0

.0
7
0

9
2

2
.5

9
E

-0
5

-2
.9

E
-0

8
1

.3
9
8

9
-6

2
8

2
.3

7
9

-6
2
4

7
.4

0
7

-8
.2

0
6

4
7

7
4

C
H

3
O

H

5
.9

2
4

4
9

7
3

2
3

.1
5

O
2

V
0

.0
0
0

6
1

3
6

0
.0

0
3

6
3

5
3

0
.0

3
1

9
9

9
0

.1
1
3

6
0

8
0

.0
0
0

4
5

2
2

8
.1

1
-3

.7
E

-0
6

1
.7

5
E

-0
5

-1
.1

E
-0

8
0

.9
2
1

1
0

2
3
.0

2
8
1

0
.0

8
3

7
1

4
4

4
O

2

5
.9

2
4

4
9

7
3

2
3

.1
5

H
2
O

V
0

.0
9
1

9
0

0
8

0
.5

4
4

4
6

6
2

0
.0

1
8

0
1

5
3

0
.2

2
2
6

0
.1

2
0

1
1

6
3

2
.2

4
0

.0
0
1

9
2

4
1

.0
6
E

-0
5

-3
.6

E
-0

9
1

.8
7
3

3
-1

3
4

3
3

.1
-1

3
3

8
6

.2
7

-7
2
8

8
.3

7
0
2

H
2
O

5
.9

2
4

4
9

7
3

2
3

.1
5

H
2

V
0

.0
1
3

1
0

7
5

0
.0

7
7

6
5

5
1

0
.0

0
2

0
1

6
3

8
.5

2
3
2

1
0

.1
5
3

1
0

6
2

7
.1

4
0

.0
0
9

2
7

4
-1

.4
E

-0
5

7
.6

5
E

-0
9

1
4
.3

4
5
2

2
0

5
0

3
5
8

.6
3
0

5
1

2
7
.8

4
9
4

8
1

9
H

2

5
.9

2
4

4
9

7
3

2
3

.1
5

C
O

2
V

0
.0

7
9

0
8

2
4

0
.4

6
8

5
2

3
2

0
.0

4
4

0
1

1
0
.6

4
5
8

8
0

.0
4
2

3
1

1
1

9
.8

0
.0

7
3

4
4

-5
.6

E
-0

5
1

.7
2
E

-0
8

0
.8

5
7

0
8

3
3

1
-8

9
4

8
.0

0
7

-8
9
2

6
.5

8
-4

1
8

2
.3

1
0
1

C
O

2

5
.9

2
4

4
9

7
3

2
3

.1
5

C
O

V
0

.0
0
4

4
7

4
0

.0
2
6

5
0

6
3

0
.0

2
8

0
1

0
.9

4
6

3
0

1
0

.0
0
3

7
6

1
3

0
.8

7
-0

.0
1
2

8
5

2
.7

9
E

-0
5

-1
.3

E
-0

8
1

.0
4
2

0
8

1
9

8
-3

9
4

8
.5

3
3

-3
9
2

2
.4

8
1

-1
0
3

.9
7
0

3
3

C
O

5
.9

2
4

4
9

7
3

2
3

.1
5

H
C

O
O

H
V

1
.0

4
8

E
-0

5
6

.2
0
9

E
-0

5
0

.0
4
6

0
2

6
0

.0
0
1

3
4

9
5

.3
6
E

-0
6

1
1
.7

1
0

.1
3
5

8
-8

.4
E

-0
5

2
.0

2
E

-0
8

1
.0

0
7

7
1

3
9

2
-8

2
3

1
.5

0
6

-8
2
0

6
.3

1
3

-0
.5

0
9

5
0

8
9

H
C

O
O

H

5
.9

2
4

4
9

7
3

2
3

.1
5

N
2

V
0

.7
8
8

5
7

9
1

4
.6

7
1

9
3

4
3

0
.0

2
8

0
1

3
1

6
6

.7
7
5

0
.6

6
2

8
2

6
3

1
.1

5
-0

.0
1
3

5
7

2
.6

8
E

-0
5

-1
.2

E
-0

8
1

.0
4
1

3
3

9
0

7
0

2
6
.0

3
3
4

7
7

1
2
1

.6
2
6

6
9

3
N

2

n
P

u
m

p
-a

ro
u
n

d
 2

-
4

1
.1

5
8

6
3
.0

0
3

3
6

.1
5

H
C

H
O

A
q

0
.2

8
8

8
9

7
4

1
1
.8

9
0
5

5
1

0
.0

3
0

0
2

6
3

9
6

.0
0
5

9
0

.1
9
6

4
8

8
4

1
6

.3
1

-2
.6

3
9

1
0

.0
0
4

9
8

4
-

2
.7

0
5

3
1

8
7

8
-5

5
5

5
.6

5
6

-5
4
5

2
.8

5
3

-6
4
8

3
7

.4
3
2

H
C

H
O

4
1

.1
5

8
3

8
3

7
3

3
6

.1
5

C
H

3
O

H
A

q
0

.0
0
5

0
.2

0
5

7
9

1
9

0
.0

3
2

0
4

2
6

.4
2
2

5
6

8
0

.0
0
3

1
8

7
1
0
5
8
0
0

-3
6
2

.2
3

0
.9

3
7

9
0

0
2

.6
6
4

2
9

8
8

8
-7

6
7

5
.2

3
9

-7
5
7

3
.9

9
5

-1
5
5

8
.6

6
7

C
H

3
O

H

4
1

.1
5

8
3

8
3

7
3

3
6

.1
5

H
2
O

L
0

.7
0
5

9
5

2
6

2
9
.0

5
5
8

6
7

0
.0

1
8

0
1

5
1

6
1

2
.8

5
3

0
.8

0
0

2
5

8
2
7
6
3
7
0

-2
0
9

0
.1

8
.1

2
5

-0
.0

1
4

1
2

9
.3

7
E

-0
6

4
.1

7
8

5
7

7
6

-1
5
8

6
6

.0
5

-1
5
7

0
7

.2
6

-4
5
6

3
8

8
.0

7
H

2
O

4
1

.1
5

8
3

8
3

7
3

3
6

.1
5

H
C

O
O

H
A

q
0

.0
0
0

1
5

0
.0

0
6

1
7

3
8

0
.0

4
6

0
2

6
0

.1
3
4

1
3

7
6

.6
6
E

-0
5

2
.1

9
2

4
1

6
-9

2
4

3
.4

5
5

-9
1
6

0
.1

4
3

-5
6
.5

5
2
5

0
1

H
C

O
O

H

(a
v
e

ra
g
e

 o
v
e

r 
2
9

8
K

 t
o
 T

)
S

U
M

 =
 

-5
5
6

9
1

3
.7

6

O
U

T
 -

 I
N

 =
 

8
.2

6
5

5
E

-0
9

1
0

:5
2

, 
2

7
/0

9
/9

9
  

  
 

2
 o

f 
4

 
D

P
_

E
B

-0
9

.x
ls

 (
A

b
s
`r

)



C
H

E
4

1
1

7
: 

D
e
s
ig

n
 P

ro
je

c
t

F
o

rm
a

ld
e
h

y
d

e
D

a
v
id

 V
e

rr
e

lli
 (

G
ro

u
p

 8
)

S
T

A
G

E
 3

 (
U

P
P

E
R

-M
ID

D
L

E
 S

E
C

T
IO

N
 O

F
 C

O
L

U
M

N
)

P
u

m
p

-a
ro

u
n

d
 f

lo
w

:
1

3
.7

4
4

k
g

.s
-1

M
a

s
s
 f

ra
c
ti
o

n
 o

f 
H

C
H

O
 i
n

 l
iq

u
id

 f
ro

m
 s

ta
g

e
 a

b
o
v
e

:
0

.1
5
0

4
1

5
G

O
A

L
 S

E
E

K
!

S
T

R
E

A
M

S
 I
N

:

N
o

.
D

e
s
c

ri
p

ti
o

n
H

Y
S

IM
F

lo
w

t
T

S
p

e
c
ie

s
S

ta
te

M
a

s
s

 f
ra

c
.

M
a

s
s

 F
lo

w
M

R
M

o
le

 f
lo

w
M

o
le

 f
ra

c
.

A
 /

 C
1

B
 /

 C
2

C
 /

 C
3

D
 /

 C
4

C
5

`
c
p



















H

º f
, 

T

[k
g

.s
-1

]
[°

C
]

[K
]

[-
]

[k
g

.s
-1

]
[k

g
.m

o
l-1

]
[m

o
l.

s
-1

]
[-

]
[k

J
.k

g
-1

. K
-1

]
[k

J
.k

g
-1

]
[k

J
.k

g
-1

]
[k

W
]

g
L

 f
ro

m
 s

ta
g

e
 4

-
0

.4
0

4
3
.0

0
3

1
6

.1
5

H
C

H
O

A
q

0
.1

5
0

4
1

4
7

0
.0

6
0

1
6

5
9

0
.0

3
0

0
2

6
2

.0
0
3

7
8

0
.0

9
6

0
7

2
4

1
6

.3
1

-2
.6

3
9

1
0

.0
0
4

9
8

4
-

2
.5

3
2

4
9

3
5

4
-5

5
5

5
.6

5
6

-5
5
1

0
.0

7
1

-3
3
1

.5
1
8

3
4

H
C

H
O

D
E

F
IN

E
!!

!
0

.4
W

A
T

C
H

  
  

 T
-

C
R

O
S

S
3

1
6

.1
5

C
H

3
O

H
A

q
0

.0
0
1

0
.0

0
0

4
0

.0
3
2

0
4

2
0

.0
1
2

4
8

4
0

.0
0
0

5
9

9
1
0
5
8
0
0

-3
6
2

.2
3

0
.9

3
7

9
0

0
2

.5
9
1

8
7

6
8

4
-7

6
7

5
.2

3
9

-7
6
2

8
.5

8
5

-3
.0

5
1

4
3

4
C

H
3
O

H

C
o

m
b

in
e
d

 li
q

u
id

-I
N

 t
e
m

p
e
ra

tu
re

:
0

.4
3

1
6

.1
5

H
2
O

L
0

.8
4
8

5
3

5
3

0
.3

3
9

4
1

4
1

0
.0

1
8

0
1

5
1

8
.8

4
0
4

3
0

.9
0
3

3
0

9
2
7
6
3
7
0

-2
0
9

0
.1

8
.1

2
5

-0
.0

1
4

1
2

9
.3

7
E

-0
6

4
.1

7
9

1
0

6
1

9
-1

5
8

6
6

.0
5

-1
5
7

9
0

.8
2

-5
3
5

9
.6

2
7
9

H
2
O

4
0
.0

9
°C

0
.4

3
1

6
.1

5
H

C
O

O
H

A
q

0
.0

0
0

0
5

0
.0

0
0

0
2

0
.0

4
6

0
2

6
0

.0
0
0

4
3

5
2

.0
8
E

-0
5

2
.1

9
2

4
1

6
-9

2
4

3
.4

5
5

-9
2
0

3
.9

9
1

-0
.1

8
4

0
7

9
8

H
C

O
O

H

c
V

 f
ro

m
 s

ta
g

e
 2

-
5

.9
2
4

5
0
.0

0
0

3
2
3

.1
5

H
C

H
O

V
0

.0
2
2

0
1

0
5

0
.1

3
0

4
0

1
0

.0
3
0

0
2

6
4

.3
4
2

9
0

6
0

.0
1
7

2
6

2
3
.4

8
0

.0
3
1

5
7

2
.9

9
E

-0
5

-2
.3

E
-0

8
1

.1
8
1

6
-3

8
6

2
.2

9
4

-3
8
3

2
.7

5
4

-4
9
9

.7
9
4

7
9

H
C

H
O

5
.9

2
4

4
9

7
3

2
3

.1
5

C
H

3
O

H
V

0
.0

0
0

2
2

1
7

0
.0

0
1

3
1

3
6

0
.0

3
2

0
4

2
0

.0
4
0

9
9

6
0

.0
0
0

1
6

3
2

1
.1

5
0

.0
7
0

9
2

2
.5

9
E

-0
5

-2
.9

E
-0

8
1

.3
9
8

9
-6

2
8

2
.3

7
9

-6
2
4

7
.4

0
7

-8
.2

0
6

4
7

7
4

C
H

3
O

H

5
.9

2
4

4
9

7
3

2
3

.1
5

O
2

V
0

.0
0
0

6
1

3
6

0
.0

0
3

6
3

5
3

0
.0

3
1

9
9

9
0

.1
1
3

6
0

8
0

.0
0
0

4
5

2
2

8
.1

1
-3

.7
E

-0
6

1
.7

5
E

-0
5

-1
.1

E
-0

8
0

.9
2
1

1
0

2
3
.0

2
8
1

0
.0

8
3

7
1

4
4

4
O

2

5
.9

2
4

4
9

7
3

2
3

.1
5

H
2
O

V
0

.0
9
1

9
0

0
8

0
.5

4
4

4
6

6
2

0
.0

1
8

0
1

5
3

0
.2

2
2
6

0
.1

2
0

1
1

6
3

2
.2

4
0

.0
0
1

9
2

4
1

.0
6
E

-0
5

-3
.6

E
-0

9
1

.8
7
3

3
-1

3
4

3
3

.1
-1

3
3

8
6

.2
7

-7
2
8

8
.3

7
0
2

H
2
O

5
.9

2
4

4
9

7
3

2
3

.1
5

H
2

V
0

.0
1
3

1
0

7
5

0
.0

7
7

6
5

5
1

0
.0

0
2

0
1

6
3

8
.5

2
3
2

1
0

.1
5
3

1
0

6
2

7
.1

4
0

.0
0
9

2
7

4
-1

.4
E

-0
5

7
.6

5
E

-0
9

1
4
.3

4
5
2

2
0

5
0

3
5
8

.6
3
0

5
1

2
7
.8

4
9
4

8
1

9
H

2

5
.9

2
4

4
9

7
3

2
3

.1
5

C
O

2
V

0
.0

7
9

0
8

2
4

0
.4

6
8

5
2

3
2

0
.0

4
4

0
1

1
0
.6

4
5
8

8
0

.0
4
2

3
1

1
1

9
.8

0
.0

7
3

4
4

-5
.6

E
-0

5
1

.7
2
E

-0
8

0
.8

5
7

0
8

3
3

1
-8

9
4

8
.0

0
7

-8
9
2

6
.5

8
-4

1
8

2
.3

1
0
1

C
O

2

5
.9

2
4

4
9

7
3

2
3

.1
5

C
O

V
0

.0
0
4

4
7

4
0

.0
2
6

5
0

6
3

0
.0

2
8

0
1

0
.9

4
6

3
0

1
0

.0
0
3

7
6

1
3

0
.8

7
-0

.0
1
2

8
5

2
.7

9
E

-0
5

-1
.3

E
-0

8
1

.0
4
2

0
8

1
9

8
-3

9
4

8
.5

3
3

-3
9
2

2
.4

8
1

-1
0
3

.9
7
0

3
3

C
O

5
.9

2
4

4
9

7
3

2
3

.1
5

H
C

O
O

H
V

1
.0

4
8

E
-0

5
6

.2
0
9

E
-0

5
0

.0
4
6

0
2

6
0

.0
0
1

3
4

9
5

.3
6
E

-0
6

1
1
.7

1
0

.1
3
5

8
-8

.4
E

-0
5

2
.0

2
E

-0
8

1
.0

0
7

7
1

3
9

2
-8

2
3

1
.5

0
6

-8
2
0

6
.3

1
3

-0
.5

0
9

5
0

8
9

H
C

O
O

H

5
.9

2
4

4
9

7
3

2
3

.1
5

N
2

V
0

.7
8
8

5
7

9
1

4
.6

7
1

9
3

4
3

0
.0

2
8

0
1

3
1

6
6

.7
7
5

0
.6

6
2

8
2

6
3

1
.1

5
-0

.0
1
3

5
7

2
.6

8
E

-0
5

-1
.2

E
-0

8
1

.0
4
1

3
3

9
0

7
0

2
6
.0

3
3
4

7
7

1
2
1

.6
2
6

6
9

3
N

2

r
P

u
m

p
-a

ro
u
n

d
 3

-
1

3
.7

4
4

4
0
.0

0
3

1
3

.1
5

H
C

H
O

A
q

0
.1

9
9

4
8

8
6

2
.7

4
1

7
2

4
6

0
.0

3
0

0
2

6
9

1
.3

1
1
0

7
0

.1
3
0

2
0

2
4

1
6

.3
1

-2
.6

3
9

1
0

.0
0
4

9
8

4
-

2
.5

1
0

3
8

7
4

9
-5

5
5

5
.6

5
6

-5
5
1

8
-1

5
1

2
8

.8
3
6

H
C

H
O

1
3

.7
4

3
7

6
7

1
W

A
T

C
H

  
T

-

A
P

R
O

A
C

H
3

1
3

.1
5

C
H

3
O

H
A

q
0

.0
0
2

0
.0

2
7

4
8

7
5

0
.0

3
2

0
4

2
0

.8
5
7

8
6

0
.0

0
1

2
2

3
1
0
5
8
0
0

-3
6
2

.2
3

0
.9

3
7

9
0

0
2

.5
8
1

6
8

6
7

6
-7

6
7

5
.2

3
9

-7
6
3

6
.5

1
3

-2
0
9

.9
0
8

9
2

C
H

3
O

H

1
3

.7
4

3
7

6
7

1
3

1
3

.1
5

H
2
O

L
0

.7
9
8

4
1

1
4

1
0
.9

7
3
1

8
1

0
.0

1
8

0
1

5
6

0
9

.1
0
6

8
0

.8
6
8

5
3

3
2
7
6
3
7
0

-2
0
9

0
.1

8
.1

2
5

-0
.0

1
4

1
2

9
.3

7
E

-0
6

4
.1

7
9

6
4

4
7

6
-1

5
8

6
6

.0
5

-1
5
8

0
3

.3
5

-1
7
3

4
1

3
.0

3
H

2
O

1
3

.7
4

3
7

6
7

1
3

1
3

.1
5

H
C

O
O

H
A

q
0

.0
0
0

1
0

.0
0
1

3
7

4
4

0
.0

4
6

0
2

6
0

.0
2
9

8
6

1
4

.2
6
E

-0
5

2
.1

9
2

4
1

6
-9

2
4

3
.4

5
5

-9
2
1

0
.5

6
8

-1
2
.6

5
8
7

9
1

H
C

O
O

H

M
as

s 
fr

ac
ti

o
n

 o
f 

H
C

H
O

 i
n

 t
o
ta

l 
li
q

u
id

 f
ed

:
1

9
.8

1
%

M
o
le

 f
ra

ct
io

n
 H

C
H

O
 i

n
 t

o
ta

l 
li

q
u
id

 f
ed

:
0
.1

2
9
2
1
5
8
3

(a
v
e

ra
g
e

 o
v
e

r 
2
9

8
K

 t
o
 T

)
S

U
M

 =
 

-2
0
6

3
9

2
.4

2

C
h

ec
k
 m

as
s 

b
al

an
ce

s:
0

H
en

ce
 e

q
u
il

ib
ri

u
m

 p
ar

ti
al

 p
re

ss
u
re

 i
n

 t
h

e 
v
ap

o
u
r:

1
.0

4
5
4
9
1
5
7
7

(F
ro

m
 U

lm
a

n
n

's
(5

)
)

(F
ro

m
 A

IC
h
E

.J
 &

 v
a
n
 L

a
a
r

)
*N

o
te

: 
 A

q
u
e

o
u

s
 c

p
's

 t
a
k
e

n
 a

s
 t

h
o

s
e

 f
o
r 

th
e

 p
u
re

 l
iq

u
id

.

0
H

en
ce

 e
q
u
il

ib
ri

u
m

 m
o
le

 f
ra

ct
io

n
 i

n
 t

h
e 

v
ap

o
u
r:

0
.0

0
8
4
3
1
3
8
4

(g
iv

en
 a

 t
o
ta

l 
p
re

ss
u
re

 o
f:

1
2
4

k
P

a(
ab

s)
)


H

en
ce

 "
ap

p
ro

ac
h

 t
o
 e

q
u

il
ib

ri
u

m
" 

is
:

9
9

.5
0

%

S
T

R
E

A
M

S
 O

U
T

:

N
o

.
D

e
s
c

ri
p

ti
o

n
H

Y
S

IM
F

lo
w

t
T

S
p

e
c
ie

s
S

ta
te

M
a

s
s

 f
ra

c
.

M
a

s
s

 F
lo

w
M

R
M

o
le

 f
lo

w
M

o
le

 f
ra

c
.

A
 /

 C
1

B
 /

 C
2

C
 /

 C
3

D
 /

 C
4

C
5

`
c
p



















H

º f
, 

T

[k
g

.s
-1

]
[°

C
]

[K
]

[-
]

[k
g

.s
-1

]
[k

g
.m

o
l-1

]
[m

o
l.

s
-1

]
[-

]
[k

J
.k

g
-1

. K
-1

]
[k

J
.k

g
-1

]
[k

J
.k

g
-1

]
[k

W
]

h
L

 f
ro

m
 s

ta
g

e
 3

-
0

.6
5

5
1

3
2
4

.1
5

H
C

H
O

A
q

0
.1

9
9

4
8

8
6

0
.1

2
9

6
6

7
6

0
.0

3
0

0
2

6
4

.3
1
8

4
8

1
0

.1
3
0

2
0

2
4

1
6

.3
1

-2
.6

3
9

1
0

.0
0
4

9
8

4
-

2
.5

9
6

3
1

2
0

1
-5

5
5

5
.6

5
6

-5
4
8

8
.1

5
1

-7
1
1

.6
3
5

3
H

C
H

O

0
.6

5
3

2
4

.1
5

C
H

3
O

H
A

q
0

.0
0
2

0
.0

0
1

3
0

.0
3
2

0
4

2
0

.0
4
0

5
7

2
0

.0
0
1

2
2

3
1
0
5
8
0
0

-3
6
2

.2
3

0
.9

3
7

9
0

0
2

.6
1
9

9
0

8
9

8
-7

6
7

5
.2

3
9

-7
6
0

7
.1

2
1

-9
.8

8
9

2
5

7
5

C
H

3
O

H

0
.6

5
3

2
4

.1
5

H
2
O

L
0

.7
9
8

4
1

1
4

0
.5

1
8

9
6

7
4

0
.0

1
8

0
1

5
2

8
.8

0
7
2

0
.8

6
8

5
3

3
2
7
6
3
7
0

-2
0
9

0
.1

8
.1

2
5

-0
.0

1
4

1
2

9
.3

7
E

-0
6

4
.1

7
8

2
8

8
2

1
-1

5
8

6
6

.0
5

-1
5
7

5
7

.4
1

-8
1
7

7
.5

8
3

H
2
O

0
.6

5
3

2
4

.1
5

H
C

O
O

H
A

q
0

.0
0
0

1
0

.0
0
0

0
6

5
0

.0
4
6

0
2

6
0

.0
0
1

4
1

2
4

.2
6
E

-0
5

2
.1

9
2

4
1

6
-9

2
4

3
.4

5
5

-9
1
8

6
.4

5
2

-0
.5

9
7

1
1

9
4

H
C

O
O

H

d
V

 f
ro

m
 s

ta
g

e
 3

-
5

.6
7
4

4
2
.0

0
3

1
5

.1
5

H
C

H
O

V
0

.0
1
0

7
3

2
1

0
.0

6
0

8
9

9
3

0
.0

3
0

0
2

6
2

.0
2
8

2
0

5
0

.0
0
8

4
7

6
2

3
.4

8
0

.0
3
1

5
7

2
.9

9
E

-0
5

-2
.3

E
-0

8
1

.1
7
5

8
-3

8
6

2
.2

9
4

-3
8
4

2
.3

0
5

-2
3
3

.9
9
3

6
3

H
C

H
O

5
.6

7
4

4
9

7
3

1
5

.1
5

C
H

3
O

H
V

7
.2

8
8

E
-0

5
0

.0
0
0

4
1

3
6

0
.0

3
2

0
4

2
0

.0
1
2

9
0

7
5

.3
9
E

-0
5

2
1
.1

5
0

.0
7
0

9
2

2
.5

9
E

-0
5

-2
.9

E
-0

8
1

.3
8
9

0
-6

2
8

2
.3

7
9

-6
2
5

8
.7

6
6

-2
.5

8
8

5
0

8
2

C
H

3
O

H

5
.6

7
4

4
9

7
3

1
5

.1
5

O
2

V
0

.0
0
0

6
4

0
6

0
.0

0
3

6
3

5
3

0
.0

3
1

9
9

9
0

.1
1
3

6
0

8
0

.0
0
0

4
7

5
2

8
.1

1
-3

.7
E

-0
6

1
.7

5
E

-0
5

-1
.1

E
-0

8
0

.9
2
0

2
0

1
5
.6

4
2
6

0
.0

5
6

8
6

5
6

9
O

2

5
.6

7
4

4
9

7
3

1
5

.1
5

H
2
O

V
0

.0
6
4

3
0

7
5

0
.3

6
4

9
1

2
9

0
.0

1
8

0
1

5
2

0
.2

5
5
8

3
0

.0
8
4

6
4

6
3

2
.2

4
0

.0
0
1

9
2

4
1

.0
6
E

-0
5

-3
.6

E
-0

9
1

.8
7
1

7
-1

3
4

3
3

.1
-1

3
4

0
1

.2
8

-4
8
9

0
.3

0
0
4

H
2
O

5
.6

7
4

4
9

7
3

1
5

.1
5

H
2

V
0

.0
1
3

6
8

4
9

0
.0

7
7

6
5

5
1

0
.0

0
2

0
1

6
3

8
.5

2
3
2

1
0

.1
6
0

9
8

2
2

7
.1

4
0

.0
0
9

2
7

4
-1

.4
E

-0
5

7
.6

5
E

-0
9

1
4
.3

3
9
4

9
0

2
0

2
4
3

.7
7
1

3
3

1
8
.9

3
0
0

8
3

H
2

5
.6

7
4

4
9

7
3

1
5

.1
5

C
O

2
V

0
.0

8
2

5
6

6
5

0
.4

6
8

5
2

3
2

0
.0

4
4

0
1

1
0
.6

4
5
8

8
0

.0
4
4

4
8

7
1

9
.8

0
.0

7
3

4
4

-5
.6

E
-0

5
1

.7
2
E

-0
8

0
.8

5
3

1
3

1
3

5
-8

9
4

8
.0

0
7

-8
9
3

3
.5

0
4

-4
1
8

5
.5

5
4
1

C
O

2

5
.6

7
4

4
9

7
3

1
5

.1
5

C
O

V
0

.0
0
4

6
7

1
1

0
.0

2
6

5
0

6
3

0
.0

2
8

0
1

0
.9

4
6

3
0

1
0

.0
0
3

9
5

4
3

0
.8

7
-0

.0
1
2

8
5

2
.7

9
E

-0
5

-1
.3

E
-0

8
1

.0
4
1

9
6

1
6

7
-3

9
4

8
.5

3
3

-3
9
3

0
.8

2
-1

0
4

.1
9
1

3
6

C
O

5
.6

7
4

4
9

7
3

1
5

.1
5

H
C

O
O

H
V

3
.0

1
1

E
-0

6
1

.7
0
9

E
-0

5
0

.0
4
6

0
2

6
0

.0
0
0

3
7

1
1

.5
5
E

-0
6

1
1
.7

1
0

.1
3
5

8
-8

.4
E

-0
5

2
.0

2
E

-0
8

0
.9

9
9

9
6

2
7

8
-8

2
3

1
.5

0
6

-8
2
1

4
.5

0
7

-0
.1

4
0

3
6

4
8

H
C

O
O

H

5
.6

7
4

4
9

7
3

1
5

.1
5

N
2

V
0

.8
2
3

3
2

1
3

4
.6

7
1

9
3

4
3

0
.0

2
8

0
1

3
1

6
6

.7
7
5

0
.6

9
6

9
2

5
3

1
.1

5
-0

.0
1
3

5
7

2
.6

8
E

-0
5

-1
.2

E
-0

8
1

.0
4
1

3
7

5
3

3
0

1
7
.7

0
3
3

8
1

8
2
.7

0
9
0

3
0

6
N

2

q
P

u
m

p
-a

ro
u
n

d
 3

-
1

3
.7

4
4

5
1
.0

0
3

2
4

.1
5

H
C

H
O

A
q

0
.1

9
9

4
8

8
6

2
.7

4
1

7
2

4
6

0
.0

3
0

0
2

6
9

1
.3

1
1
0

7
0

.1
3
0

2
0

2
4

1
6

.3
1

-2
.6

3
9

1
0

.0
0
4

9
8

4
-

2
.5

9
6

3
1

2
0

1
-5

5
5

5
.6

5
6

-5
4
8

8
.1

5
1

-1
5
0

4
7

H
C

H
O

1
3

.7
4

3
7

6
7

1
3

2
4

.1
5

C
H

3
O

H
A

q
0

.0
0
2

0
.0

2
7

4
8

7
5

0
.0

3
2

0
4

2
0

.8
5
7

8
6

0
.0

0
1

2
2

3
1
0
5
8
0
0

-3
6
2

.2
3

0
.9

3
7

9
0

0
2

.6
1
9

9
0

8
9

8
-7

6
7

5
.2

3
9

-7
6
0

7
.1

2
1

-2
0
9

.1
0
1

C
H

3
O

H

1
3

.7
4

3
7

6
7

1
3

2
4

.1
5

H
2
O

L
0

.7
9
8

4
1

1
4

1
0
.9

7
3
1

8
1

0
.0

1
8

0
1

5
6

0
9

.1
0
6

8
0

.8
6
8

5
3

3
2
7
6
3
7
0

-2
0
9

0
.1

8
.1

2
5

-0
.0

1
4

1
2

9
.3

7
E

-0
6

4
.1

7
8

2
8

8
2

1
-1

5
8

6
6

.0
5

-1
5
7

5
7

.4
1

-1
7
2

9
0

8
.9

2
H

2
O

1
3

.7
4

3
7

6
7

1
3

2
4

.1
5

H
C

O
O

H
A

q
0

.0
0
0

1
0

.0
0
1

3
7

4
4

0
.0

4
6

0
2

6
0

.0
2
9

8
6

1
4

.2
6
E

-0
5

2
.1

9
2

4
1

6
-9

2
4

3
.4

5
5

-9
1
8

6
.4

5
2

-1
2
.6

2
5
6

4
5

H
C

O
O

H

(a
v
e

ra
g
e

 o
v
e

r 
2
9

8
K

 t
o
 T

)
S

U
M

 =
 

-2
0
6

3
9

2
.4

2

O
U

T
 -

 I
N

 =
 

2
.0

3
7

3
E

-1
0

1
0

:5
2

, 
2

7
/0

9
/9

9
  

  
 

3
 o

f 
4

 
D

P
_

E
B

-0
9

.x
ls

 (
A

b
s
`r

)



C
H

E
4

1
1

7
: 

D
e
s
ig

n
 P

ro
je

c
t

F
o

rm
a

ld
e
h

y
d

e
D

a
v
id

 V
e

rr
e

lli
 (

G
ro

u
p

 8
)

S
T

A
G

E
 4

 (
T

O
P

 O
F

 C
O

L
U

M
N

)

P
u

m
p

-a
ro

u
n

d
 f

lo
w

:
0

.0
0
0

k
g

.s
-1

M
a

s
s
 f

ra
c
ti
o

n
 o

f 
H

C
H

O
 i
n

 l
iq

u
id

 f
ro

m
 s

ta
g

e
 a

b
o
v
e

:
0

G
O

A
L

 S
E

E
K

!

S
T

R
E

A
M

S
 I
N

:

N
o

.
D

e
s
c

ri
p

ti
o

n
H

Y
S

IM
F

lo
w

t
T

S
p

e
c
ie

s
S

ta
te

M
a

s
s

 f
ra

c
.

M
a

s
s

 F
lo

w
M

R
M

o
le

 f
lo

w
M

o
le

 f
ra

c
.

A
 /

 C
1

B
 /

 C
2

C
 /

 C
3

D
 /

 C
4

C
5

`
c
p



















H

º f
, 

T

[k
g

.s
-1

]
[°

C
]

[K
]

[-
]

[k
g

.s
-1

]
[k

g
.m

o
l-1

]
[m

o
l.

s
-1

]
[-

]
[k

J
.k

g
-1

. K
-1

]
[k

J
.k

g
-1

]
[k

J
.k

g
-1

]
[k

W
]

f
F

re
s
h

 D
M

 W
a

te
r

A
b

s
W

a
te

r
0

.3
2
7

5
3

7
.0

0
3

1
0

.1
5

H
C

H
O

A
q

0
0

0
.0

3
0

0
2

6
0

0
4

1
6

.3
1

-2
.6

3
9

1
0

.0
0
4

9
8

4
-

2
.4

8
9

2
7

7
3

6
-5

5
5

5
.6

5
6

-5
5
2

5
.7

8
4

0
H

C
H

O

N
O

T
E

:
D

E
F

IN
E

!!
!

0
.3

2
7

5
M

A
X

'M
 

S
U

M
M

E
R

3
1

0
.1

5
C

H
3
O

H
A

q
0

0
0

.0
3
2

0
4

2
0

0
1
0
5
8
0
0

-3
6
2

.2
3

0
.9

3
7

9
0

0
2

.5
7
1

6
7

2
3

1
-7

6
7

5
.2

3
9

-7
6
4

4
.3

7
9

0
C

H
3
O

H

H
e
n

c
e
 c

o
m

b
in

e
d

 t
e
m

p
e
ra

tu
re

:
0

.3
2

7
5

3
1

0
.1

5
H

2
O

L
1

0
.3

2
7

5
0

.0
1
8

0
1

5
1

8
.1

7
9
0

9
1

2
7
6
3
7
0

-2
0
9

0
.1

8
.1

2
5

-0
.0

1
4

1
2

9
.3

7
E

-0
6

4
.1

8
0

3
1

8
2

-1
5
8

6
6

.0
5

-1
5
8

1
5

.8
8

-5
1
7

9
.7

0
1
6

H
2
O

3
7
.0

0
°C

0
.3

2
7

5
3

1
0

.1
5

H
C

O
O

H
A

q
0

0
0

.0
4
6

0
2

6
0

0
2

.1
9
2

4
1

6
-9

2
4

3
.4

5
5

-9
2
1

7
.1

4
6

0
H

C
O

O
H

d
V

 f
ro

m
 s

ta
g

e
 3

-
5

.6
7
4

4
2
.0

0
3

1
5

.1
5

H
C

H
O

V
0

.0
1
0

7
3

2
1

0
.0

6
0

8
9

9
3

0
.0

3
0

0
2

6
2

.0
2
8

2
0

5
0

.0
0
8

4
7

6
2

3
.4

8
0

.0
3
1

5
7

2
.9

9
E

-0
5

-2
.3

E
-0

8
1

.1
7
5

8
-3

8
6

2
.2

9
4

-3
8
4

2
.3

0
5

-2
3
3

.9
9
3

6
3

H
C

H
O

5
.6

7
4

4
9

7
3

1
5

.1
5

C
H

3
O

H
V

7
.2

8
8

E
-0

5
0

.0
0
0

4
1

3
6

0
.0

3
2

0
4

2
0

.0
1
2

9
0

7
5

.3
9
E

-0
5

2
1
.1

5
0

.0
7
0

9
2

2
.5

9
E

-0
5

-2
.9

E
-0

8
1

.3
8
9

0
-6

2
8

2
.3

7
9

-6
2
5

8
.7

6
6

-2
.5

8
8

5
0

8
2

C
H

3
O

H

5
.6

7
4

4
9

7
3

1
5

.1
5

O
2

V
0

.0
0
0

6
4

0
6

0
.0

0
3

6
3

5
3

0
.0

3
1

9
9

9
0

.1
1
3

6
0

8
0

.0
0
0

4
7

5
2

8
.1

1
-3

.7
E

-0
6

1
.7

5
E

-0
5

-1
.1

E
-0

8
0

.9
2
0

2
0

1
5
.6

4
2
6

0
.0

5
6

8
6

5
6

9
O

2

5
.6

7
4

4
9

7
3

1
5

.1
5

H
2
O

V
0

.0
6
4

3
0

7
5

0
.3

6
4

9
1

2
9

0
.0

1
8

0
1

5
2

0
.2

5
5
8

3
0

.0
8
4

6
4

6
3

2
.2

4
0

.0
0
1

9
2

4
1

.0
6
E

-0
5

-3
.6

E
-0

9
1

.8
7
1

7
-1

3
4

3
3

.1
-1

3
4

0
1

.2
8

-4
8
9

0
.3

0
0
4

H
2
O

5
.6

7
4

4
9

7
3

1
5

.1
5

H
2

V
0

.0
1
3

6
8

4
9

0
.0

7
7

6
5

5
1

0
.0

0
2

0
1

6
3

8
.5

2
3
2

1
0

.1
6
0

9
8

2
2

7
.1

4
0

.0
0
9

2
7

4
-1

.4
E

-0
5

7
.6

5
E

-0
9

1
4
.3

3
9
4

9
0

2
0

2
4
3

.7
7
1

3
3

1
8
.9

3
0
0

8
3

H
2

5
.6

7
4

4
9

7
3

1
5

.1
5

C
O

2
V

0
.0

8
2

5
6

6
5

0
.4

6
8

5
2

3
2

0
.0

4
4

0
1

1
0
.6

4
5
8

8
0

.0
4
4

4
8

7
1

9
.8

0
.0

7
3

4
4

-5
.6

E
-0

5
1

.7
2
E

-0
8

0
.8

5
3

1
3

1
3

5
-8

9
4

8
.0

0
7

-8
9
3

3
.5

0
4

-4
1
8

5
.5

5
4
1

C
O

2

5
.6

7
4

4
9

7
3

1
5

.1
5

C
O

V
0

.0
0
4

6
7

1
1

0
.0

2
6

5
0

6
3

0
.0

2
8

0
1

0
.9

4
6

3
0

1
0

.0
0
3

9
5

4
3

0
.8

7
-0

.0
1
2

8
5

2
.7

9
E

-0
5

-1
.3

E
-0

8
1

.0
4
1

9
6

1
6

7
-3

9
4

8
.5

3
3

-3
9
3

0
.8

2
-1

0
4

.1
9
1

3
6

C
O

5
.6

7
4

4
9

7
3

1
5

.1
5

H
C

O
O

H
V

3
.0

1
1

E
-0

6
1

.7
0
9

E
-0

5
0

.0
4
6

0
2

6
0

.0
0
0

3
7

1
1

.5
5
E

-0
6

1
1
.7

1
0

.1
3
5

8
-8

.4
E

-0
5

2
.0

2
E

-0
8

0
.9

9
9

9
6

2
7

8
-8

2
3

1
.5

0
6

-8
2
1

4
.5

0
7

-0
.1

4
0

3
6

4
8

H
C

O
O

H

5
.6

7
4

4
9

7
3

1
5

.1
5

N
2

V
0

.8
2
3

3
2

1
3

4
.6

7
1

9
3

4
3

0
.0

2
8

0
1

3
1

6
6

.7
7
5

0
.6

9
6

9
2

5
3

1
.1

5
-0

.0
1
3

5
7

2
.6

8
E

-0
5

-1
.2

E
-0

8
1

.0
4
1

3
7

5
3

3
0

1
7
.7

0
3
3

8
1

8
2
.7

0
9
0

3
0

6
N

2

s
P

u
m

p
-a

ro
u
n

d
 4

-
0

.0
0
0

4
0
.0

0
3

1
3

.1
5

H
C

H
O

A
q

0
.1

5
0

4
1

4
7

0
0

.0
3
0

0
2

6
0

#
D

IV
/0

!
4

1
6

.3
1

-2
.6

3
9

1
0

.0
0
4

9
8

4
-

2
.5

1
0

3
8

7
4

9
-5

5
5

5
.6

5
6

-5
5
1

8
0

H
C

H
O

(N
o

te
: 
n

o
 c

h
a
n

g
e
 f
ro

m
 b

e
lo

w
)

0
3

1
3

.1
5

C
H

3
O

H
A

q
0

.0
0
1

0
0

.0
3
2

0
4

2
0

#
D

IV
/0

!
1
0
5
8
0
0

-3
6
2

.2
3

0
.9

3
7

9
0

0
2

.5
8
1

6
8

6
7

6
-7

6
7

5
.2

3
9

-7
6
3

6
.5

1
3

0
C

H
3
O

H

0
3

1
3

.1
5

H
2
O

L
0

.8
4
8

5
3

5
3

0
0

.0
1
8

0
1

5
0

#
D

IV
/0

!
2
7
6
3
7
0

-2
0
9

0
.1

8
.1

2
5

-0
.0

1
4

1
2

9
.3

7
E

-0
6

4
.1

7
9

6
4

4
7

6
-1

5
8

6
6

.0
5

-1
5
8

0
3

.3
5

0
H

2
O

0
3

1
3

.1
5

H
C

O
O

H
A

q
0

.0
0
0

0
5

0
0

.0
4
6

0
2

6
0

#
D

IV
/0

!
2

.1
9
2

4
1

6
-9

2
4

3
.4

5
5

-9
2
1

0
.5

6
8

0
H

C
O

O
H

M
as

s 
fr

ac
ti

o
n

 o
f 

H
C

H
O

 i
n

 t
o
ta

l 
li
q

u
id

 f
ed

:
0

.0
0

%
M

o
le

 f
ra

ct
io

n
 H

C
H

O
 i

n
 t

o
ta

l 
li

q
u
id

 f
ed

:
0

(a
v
e

ra
g
e

 o
v
e

r 
2
9

8
K

 t
o
 T

)
S

U
M

 =
 

-1
4
4

9
4

.7
7
4

C
h

ec
k
 m

as
s 

b
al

an
ce

s:
0

H
en

ce
 e

q
u
il

ib
ri

u
m

 p
ar

ti
al

 p
re

ss
u
re

 i
n

 t
h

e 
v
ap

o
u
r:

0
(F

ro
m

 U
lm

a
n

n
's

(5
)
)

(F
ro

m
 A

IC
h
E

.J
 &

 v
a
n
 L

a
a
r

)
*N

o
te

: 
 A

q
u
e

o
u

s
 c

p
's

 t
a
k
e

n
 a

s
 t

h
o

s
e

 f
o
r 

th
e

 p
u
re

 l
iq

u
id

.

8
.8

8
1

7
8

E
-1

6
H

en
ce

 e
q
u
il

ib
ri

u
m

 m
o
le

 f
ra

ct
io

n
 i

n
 t

h
e 

v
ap

o
u
r:

0
(g

iv
en

 a
 t

o
ta

l 
p
re

ss
u
re

 o
f:

1
1
0

k
P

a(
ab

s)
)


H

en
ce

 "
ap

p
ro

ac
h

 t
o
 e

q
u

il
ib

ri
u

m
" 

is
:

9
8

.7
8

%

S
T

R
E

A
M

S
 O

U
T

:

N
o

.
D

e
s
c

ri
p

ti
o

n
H

Y
S

IM
F

lo
w

t
T

S
p

e
c
ie

s
S

ta
te

M
a

s
s

 f
ra

c
.

M
a

s
s

 F
lo

w
M

R
M

o
le

 f
lo

w
M

o
le

 f
ra

c
.

A
 /

 C
1

B
 /

 C
2

C
 /

 C
3

D
 /

 C
4

C
5

`
c
p



















H

º f
, 

T

[k
g

.s
-1

]
[°

C
]

[K
]

[-
]

[k
g

.s
-1

]
[k

g
.m

o
l-1

]
[m

o
l.

s
-1

]
[-

]
[k

J
.k

g
-1

. K
-1

]
[k

J
.k

g
-1

]
[k

J
.k

g
-1

]
[k

W
]

g
L

 f
ro

m
 s

ta
g

e
 4

-
0

.4
4
3

3
1
6

.1
5

H
C

H
O

A
q

0
.1

5
0

4
1

4
7

0
.0

6
0

1
6

5
9

0
.0

3
0

0
2

6
2

.0
0
3

7
8

0
.0

9
6

0
7

2
4

1
6

.3
1

-2
.6

3
9

1
0

.0
0
4

9
8

4
-

2
.5

3
2

4
9

3
5

4
-5

5
5

5
.6

5
6

-5
5
1

0
.0

7
1

-3
3
1

.5
1
8

3
4

H
C

H
O

0
.4

3
1

6
.1

5
C

H
3
O

H
A

q
0

.0
0
1

0
.0

0
0

4
0

.0
3
2

0
4

2
0

.0
1
2

4
8

4
0

.0
0
0

5
9

9
1
0
5
8
0
0

-3
6
2

.2
3

0
.9

3
7

9
0

0
2

.5
9
1

8
7

6
8

4
-7

6
7

5
.2

3
9

-7
6
2

8
.5

8
5

-3
.0

5
1

4
3

4
C

H
3
O

H

0
.4

3
1

6
.1

5
H

2
O

L
0

.8
4
8

5
3

5
3

0
.3

3
9

4
1

4
1

0
.0

1
8

0
1

5
1

8
.8

4
0
4

3
0

.9
0
3

3
0

9
2
7
6
3
7
0

-2
0
9

0
.1

8
.1

2
5

-0
.0

1
4

1
2

9
.3

7
E

-0
6

4
.1

7
9

1
0

6
1

9
-1

5
8

6
6

.0
5

-1
5
7

9
0

.8
2

-5
3
5

9
.6

2
7
9

H
2
O

0
.4

3
1

6
.1

5
H

C
O

O
H

A
q

0
.0

0
0

0
5

0
.0

0
0

0
2

0
.0

4
6

0
2

6
0

.0
0
0

4
3

5
2

.0
8
E

-0
5

2
.1

9
2

4
1

6
-9

2
4

3
.4

5
5

-9
2
0

3
.9

9
1

-0
.1

8
4

0
7

9
8

H
C

O
O

H

e
V

 f
ro

m
 s

ta
g

e
 4

O
h

e
a

d
_

T
o

ta
l

5
.6

0
2

3
7
.5

0
3

1
0

.6
5

H
C

H
O

V
0

.0
0
0

1
3

0
9

0
.0

0
0

7
3

3
4

0
.0

3
0

0
2

6
0

.0
2
4

4
2

5
0

.0
0
0

1
0

3
2

3
.4

8
0

.0
3
1

5
7

2
.9

9
E

-0
5

-2
.3

E
-0

8
1

.1
7
2

5
-3

8
6

2
.2

9
4

-3
8
4

7
.6

3
7

-2
.8

2
1

8
1

3
7

H
C

H
O

5
.6

0
1

9
9

7
3

1
0

.6
5

C
H

3
O

H
V

2
.4

2
4

E
-0

6
1

.3
5
8

E
-0

5
0

.0
3
2

0
4

2
0

.0
0
0

4
2

4
1

.7
9
E

-0
6

2
1
.1

5
0

.0
7
0

9
2

2
.5

9
E

-0
5

-2
.9

E
-0

8
1

.3
8
3

5
-6

2
8

2
.3

7
9

-6
2
6

5
.0

8
5

-0
.0

8
5

0
8

7
8

C
H

3
O

H

5
.6

0
1

9
9

7
3

1
0

.6
5

O
2

V
0

.0
0
0

6
4

8
9

0
.0

0
3

6
3

5
3

0
.0

3
1

9
9

9
0

.1
1
3

6
0

8
0

.0
0
0

4
8

2
8
.1

1
-3

.7
E

-0
6

1
.7

5
E

-0
5

-1
.1

E
-0

8
0

.9
1
9

6
0

1
1
.4

9
5
1

0
.0

4
1

7
8

8
3

4
O

2

5
.6

0
1

9
9

7
3

1
0

.6
5

H
2
O

V
0

.0
6
3

0
1

3
0

.3
5
2

9
9

8
8

0
.0

1
8

0
1

5
1

9
.5

9
4
5

0
.0

8
2

8
0

9
3

2
.2

4
0

.0
0
1

9
2

4
1

.0
6
E

-0
5

-3
.6

E
-0

9
1

.8
7
0

7
-1

3
4

3
3

.1
-1

3
4

0
9

.7
2

-4
7
3

3
.6

1
3
4

H
2
O

5
.6

0
1

9
9

7
3

1
0

.6
5

H
2

V
0

.0
1
3

8
6

2
0

.0
7
7

6
5

5
1

0
.0

0
2

0
1

6
3

8
.5

2
3
2

1
0

.1
6
2

8
0

4
2

7
.1

4
0

.0
0
9

2
7

4
-1

.4
E

-0
5

7
.6

5
E

-0
9

1
4
.3

3
6
2

0
5

0
1

7
9

.2
0
2

5
6

1
3
.9

1
5
9

8
9

7
H

2

5
.6

0
1

9
9

7
3

1
0

.6
5

C
O

2
V

0
.0

8
3

6
3

5
0

.4
6
8

5
2

3
2

0
.0

4
4

0
1

1
0
.6

4
5
8

8
0

.0
4
4

9
9

1
1

9
.8

0
.0

7
3

4
4

-5
.6

E
-0

5
1

.7
2
E

-0
8

0
.8

5
0

8
9

1
3

4
-8

9
4

8
.0

0
7

-8
9
3

7
.3

7
1

-4
1
8

7
.3

6
5
9

C
O

2

5
.6

0
1

9
9

7
3

1
0

.6
5

C
O

V
0

.0
0
4

7
3

1
6

0
.0

2
6

5
0

6
3

0
.0

2
8

0
1

0
.9

4
6

3
0

1
0

.0
0
3

9
9

9
3

0
.8

7
-0

.0
1
2

8
5

2
.7

9
E

-0
5

-1
.3

E
-0

8
1

.0
4
1

9
0

4
7

-3
9
4

8
.5

3
3

-3
9
3

5
.5

1
-1

0
4

.3
1
5

6
6

C
O

5
.6

0
1

9
9

7
3

1
0

.6
5

H
C

O
O

H
V

-5
.2

E
-0

7
-2

.9
1
E

-0
6

0
.0

4
6

0
2

6
-6

.3
3
E

-0
5

-2
.6

7
E

-0
7

1
1
.7

1
0

.1
3
5

8
-8

.4
E

-0
5

2
.0

2
E

-0
8

0
.9

9
5

5
7

6
1

8
-8

2
3

1
.5

0
6

-8
2
1

9
.0

6
1

0
.0

2
3

9
3

8
5

9
H

C
O

O
H

5
.6

0
1

9
9

7
3

1
0

.6
5

N
2

V
0

.8
3
3

9
7

6
6

4
.6

7
1

9
3

4
3

0
.0

2
8

0
1

3
1

6
6

.7
7
5

0
.7

0
4

8
1

2
3

1
.1

5
-0

.0
1
3

5
7

2
.6

8
E

-0
5

-1
.2

E
-0

8
1

.0
4
1

4
0

6
3

5
0

1
3
.0

1
7
5

7
9

6
0
.8

1
7
2

7
5

3
N

2

s
P

u
m

p
-a

ro
u
n

d
 4

-
0

.0
0
0

4
3
.0

0
3

1
6

.1
5

H
C

H
O

A
q

0
.1

5
0

4
1

4
7

0
0

.0
3
0

0
2

6
0

#
D

IV
/0

!
4

1
6

.3
1

-2
.6

3
9

1
0

.0
0
4

9
8

4
-

2
.5

3
2

4
9

3
5

4
-5

5
5

5
.6

5
6

-5
5
1

0
.0

7
1

0
H

C
H

O

(N
o

te
: 
n

o
 c

h
a
n

g
e
 f
ro

m
 a

b
o

ve
)

0
3

1
6

.1
5

C
H

3
O

H
A

q
0

.0
0
1

0
0

.0
3
2

0
4

2
0

#
D

IV
/0

!
1
0
5
8
0
0

-3
6
2

.2
3

0
.9

3
7

9
0

0
2

.5
9
1

8
7

6
8

4
-7

6
7

5
.2

3
9

-7
6
2

8
.5

8
5

0
C

H
3
O

H

0
3

1
6

.1
5

H
2
O

L
0

.8
4
8

5
3

5
3

0
0

.0
1
8

0
1

5
0

#
D

IV
/0

!
2
7
6
3
7
0

-2
0
9

0
.1

8
.1

2
5

-0
.0

1
4

1
2

9
.3

7
E

-0
6

4
.1

7
9

1
0

6
1

9
-1

5
8

6
6

.0
5

-1
5
7

9
0

.8
2

0
H

2
O

0
3

1
6

.1
5

H
C

O
O

H
A

q
0

.0
0
0

0
5

0
0

.0
4
6

0
2

6
0

#
D

IV
/0

!
2

.1
9
2

4
1

6
-9

2
4

3
.4

5
5

-9
2
0

3
.9

9
1

0
H

C
O

O
H

(a
v
e

ra
g
e

 o
v
e

r 
2
9

8
K

 t
o
 T

)
S

U
M

 =
 

-1
4
6

4
7

.7
8
5

S
e

rp
e

n
ti
n

e
 i
n

te
r-

c
o

o
lin

g
 r

e
q

'd
 b

/n
 T

R
A

Y
S
?

O
U

T
 -

 I
N

 =
 

-1
5
3

.0
1
0

6
3

1
0

:5
2

, 
2

7
/0

9
/9

9
  

  
 

4
 o

f 
4

 
D

P
_

E
B

-0
9

.x
ls

 (
A

b
s
`r

)



CHE4117:  Design Project Formaldehyde David Verrelli (Group 8)

ABSORBER DETAILED DESIGN

Model of a simplified case:

Stage 1

Reference(s): Perry
(6)

, p. 14-20, 14-10.

"van Laar VLE" worksheet [by D.I.V.], & the relevant references therein.

"Diam.", "Visc.", "Gdiff" & "Ldiff" worksheets [D.I.V.], & references therein.

HYSIM material

I. Hahnenstein, H. Hasse, Y.-Q. Liu and G. Maurer; AIChE Symposium series

Onda et alii  - original reference.

Assumptions:

Assume: Comment:

1. Straight operating line (i.e.  dilute solutions - small mass transfer) This implies constant flowrates.

2. Straight equilibrium line (i.e.  Henry's law is valid:  yi = Hi.xi) This may be reasonable, based on data presented in worksheet "van Laar VLE".

3. Absorption heat effects are negligible This may or may not be valid:

Note:  Perry's definition of the assumption is ambiguous, if not confusing.   - Hysim's simulation says a large amount of heat [in kW] is evolved

  - however the absorber also has pump-around cooling, with large(?) liquid flow

     and so the actual temperature PROFILES in the absorber will not be great

Additionally, reaction is ignored.

Data:

Temperature at bottom of stage: LIQUID: 75.00 °C GAS: 90.00 °C

Temperature at top of stage: LIQUID: 60.20 °C GAS: 62.00 °C It is assumed that thermal equilibrium is (almost) reached.

Thus a nominal column temperature of 67.60214 °C will be used here ± 10°C, say.

Pressures: TOP: 125 kPa(abs) Estimate.

BOTTOM: 130 kPa(abs)

AVERAGE: 127.5 kPa(abs)

Henry's constant: By linear regression of AIChE.J data in worksheet "van Laar VLE": 0.7514 (70°C) This was only based on xHCHO under 0.20

("m") By weighted least squares regression of the above: (approx.) 1 (70°C)

Data from Ullmann's
(5)

 & Walker
(3)

: << 1 This assumes equilibrium of reaction.

All other estimates, including Raoult's law: >> 1 (60°C) This doesn't consider liquid-phase formation of nonvolatiles.

Hence use the value: 0.7514 On the conservative side.

THESE DO NOT CONSIDER INERTS PRESENT

Flows: TOTAL liquid inflow: 1372.037 mol.s
-1

TOTAL liquid outflow: 1401.164 mol.s
-1

RATIO of BOTTOM to TOP liquid flows: 1.021229 Thus the flow may be considered constant.

Average stage TOTAL liquid flow: 1386.6 mol.s
-1

This average is justified by the high pump-around rate.

Vapour inflow: 332.913 mol.s
-1

Note:  no vapour recirculation.

Vapour outflow: 303.7859 mol.s
-1

RATIO of BOTTOM to TOP vapour flows: 1.09588 This is really NOT too large to assume constant flow.

Average (total) vapour flow: 318.3495 mol.s
-1

Mean molar masses: GAS: 0.0231 kg.mol
-1

Worksheet "Diam."

LIQUID: 0.022944 kg.mol
-1

Worksheet "Diam."

Mole-fractions: Mole-fraction of formaldehyde in vapour: TOP: 0.055279

BOTTOM: 0.1430

AVERAGE: 0.099133 NOTE:  This average for reference only.

(based on a 99.5% nominal aproach to equilibrium)

Mole-fraction of formaldehyde in liquid: TOP: 0.4020 There will be some formaldehyde in the pump-around liquid(!)…

BOTTOM: 0.4156   ...but too high would cause more formaldehyde to escape more easily.

AVERAGE: 0.408822 The similarity is due to the large pump-around.

Mole-fraction IN EQUILIBRIUM WITH liquid: TOP: 0.0548 Note that temperature is the dominant effect here.

BOTTOM: 0.0920

AVERAGE: 0.073439

Equilibrium: Hence "m": TOP: 0.136412 Defined by yequilibrium  m.x

BOTTOM: 0.221442

AVERAGE: 0.179636 Actual mean: 0.178927

Diameter: 1.8 m Calculated in worksheet "Diam."

Flooding: DESIGN: 73% Worksheet "Diam."

TURNDOWN: 44% Worksheet "Diam."

Internals: Type: Pall rings

Material: S.S.

sc: 75 mN.m
-1

Sinnott
(2)

Nominal size: 0.051 m I.e.  2 inches.

at: 102 m
2
.m

-3

Fluid properties: mG: 1.66E-05 Pa.s See worksheet "Visc.".

10:52, 27/09/99     1 of 3 DP_EB-09.xls (Bed1)



CHE4117:  Design Project Formaldehyde David Verrelli (Group 8)

mL: 1.89E-03 Pa.s Worksheet "Diam."

DG: 0.174 cm
2
.s

-1
See worksheet "GDiff".

DL: 3.5E-05 cm
2
.s

-1
See worksheet "LDiff".

rG: 1.04 kg.m
-3

Worksheet "Diam."

rL: 1132 kg.m
-3

Worksheet "Diam."

s: WATER, 303.15K: 71.40 dyn.cm
-1

Perry
(6)

WATER, 293.15K: 70 mN.m
-1

Sinnott
(2)

WATER, 293K: 72.8 dyn.cm
-1

R, P & P
(4)

WATER, 303K: 71.18 dyn.cm
-1

R, P & P
(4)

METHANOL, 333K: 19.41 dyn.cm
-1

R, P & P
(4)

ACETONE, 318K: 21.22 dyn.cm
-1

R, P & P
(4)

FORMAMIDE, 338K: 53.66 dyn.cm
-1

R, P & P
(4)

METHYL FORMATE, 298K: 24.62 dyn.cm
-1

R, P & P
(4)

METHYL FORMATE, 323K: 20.05 dyn.cm
-1

R, P & P
(4)

METHYL FORMATE, 373K: 12.90 dyn.cm
-1

R, P & P
(4)

ASSUME: 60 dyn.cm
-1

Surface tension reduces with T rising.

Mass-transfer coefficients:

Liquid "film": Calculated;  see below.

Vapour "film": Calculated;  see below.

Overall: Calculated;  see below.

Equations:

Height: hbed = HOy.NOy

HOy: HOy = GM/[(Ky.a).y*BM]

where:

y*BM = {(1 - y) - (1 - y*)} / ln{(1 - y)/(1 - y*)}

with y* the equilibrium gas-phase mole fraction, such that y* = m.x

and the rate of mass transfer, Ni = Ky.(yi - y*i), defines the overall gas-phase mass transfer coefficient

This Ky can also be expressed in terms of the "film" coefficients, viz. :

1/Ky = 1/ky + m/kx

NOTE: Poxy W. M. Edwards (& predecessors) use a different notation - care!!

From Onda et alii :

kL.(rL/mL.g)
1/3

 / {(mL/rL.DL)
-1/2

.(at.Dp)
0.4

}  is correlated against  (Re)L = L/(aw.mL)

{(kG.R.T)/(at.DG)} / {(mG/rG.DG)
-1/3

.(at.Dp)
-2.0

}  is correlated against  (Re)G = G/(at.mG)

aw/at = 1 - exp{-1.45(sc/s)
0.75

.(L/at.mL)
0.1

 × (L
2
.at/(rL

2
.g))

-0.05
.(L

2
/(rL.s.at))

0.2
}

Where [G] = [L] = kg.m
-2

.s
-1

aw is the "effective" - wetted - area per volume

Where:  KG = Ky / P Where:  kG = ky / P Where:  kL = kx / rL From Uhlherr, CHE3102 notes.

Alternatively, an estimate may be obtained from Cornell's method (Sinnott
(2)

, updated by Bolles/Fair )

Hy[m] = 0.0190283.yh[m].(Sc)v
0.5

.(Dc/0.3048)
1.24

.(Z/3.048)
(1/3)

 / {L.(mL/mw)
0.16

.(rw/rL)
1.25

.(sw/sL)
0.8

}
0.6

Hx[m] = h[m].(Sc)L
0.5

.K3.(Z/3.048)
0.15

Where Dc is a "corrected" diameter:  the lesser of {diameter} or {2 × 0.3048}.

Where mw = 1.002 mPa.s rw = 998.2032 kg.m
-3

sw = 70 mN.m
-1

(All at 20°C)

And HOy = Hy + (m.GM/LM).Hx NOTE:  use of the coefficient (m.G M /L M ) implied the subscripts "Oy", "y" and "x" by CHE3102/Uhlherr.

NOy: Colburn's equation of 1939 is:

NOy = 1/{1 - (m.GM/LM)} × ln[{1 - (m.GM/LM)} × {(y1 - m.x2)/(y2 - m.x2)} + m.GM/LM] "m" is a Henry's law-type constant here:

Note:  the GM and LM are (moles per time) per unit area (of the column). yequilibrium 1  m.x1

Feintuch/Treybal(1978) present an "Edmister-type approach":

NOy = ln[{(y1 - y2*)/(y2-y2*)}.(1-1/AE) + 1/AE] / (1 - 1/AE)

where AE = [ABOTTOM.(ATOP + 1) + 0.25]
0.5

 - 0.5

and (1/Ai) = (mi.Gi/Li)

Calculations:

NOy: According to Colburn:

(m.GM/LM) = 0.041243

{1 - (m.GM/LM)} = 0.958757

\ NOy = 5.482

According to Feintuch & Treybal:

ABOTTOM = 19.00635

ATOP = 33.10883

The big difference here means the more sophisticated average is probably worth calculating!

AE = 24.96634 (cf.  arithmetic mean of 26.05759 )
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CHE4117:  Design Project Formaldehyde David Verrelli (Group 8)

\ NOy = 5.477

This non-simple short-cut method has resulted in a VERY SIMILAR  result to the result from Colburn.

HOy: y*BM = TOP: 0.944941

BOTTOM: 0.882242

AVERAGE: 0.913592 "Averages" are just simple, arithmetic.

GM = TOP: 130.8265 mol.m
-2

.s
-1

BOTTOM: 119.3803 mol.m
-2

.s
-1

AVERAGE: 125.1034 mol.m
-2

.s
-1

From the data of Onda et alii :

L = 12.5021 kg.m
-2

.s
-1

OKAY OKAY

OKAY (sc/s)
0.75

 = 1.1822 (L/at.mL)
0.1

 = 1.5175 (L
2
.at/(rL

2
.g))

-0.05
 = 1.3958 (L

2
/(rL.s.at))

0.2
 = 0.4685

Bolles/Fair: 0.3<(s c  /s )<2 Bolles/Fair: 2.5e-9<Fr L <0.018 Bolles/Fair: 1.2e-8<We L <0.27

aw = 83.4 m
2
.m

-3

(Re)L = 7.92E+01 OKAY (mL/rL.DL)
-1/2

 = 0.046027 (at.Dp)
0.4

 = 1.934052

Bolles/Fair: 0.04<Re L <500

Hence:  kL.(rL/mL.g)
1/3

 = 0.00985 where 0.0060 (cf.  0.0051) is the constant for this large, modern packing

Thus, kL = 0.00025 m.s
-1

rB = 49341 mol.m
-3

\ kx = 12.35 mol.m
-2

.s
-1

G = 2.8898 kg.m
-2

.s
-1

(Re)G = 1.71E+03 OFF SCALE! (mG/rG.DG)
-1/3

 = 1.027408 (at.Dp)
-2.0

 = 0.036954

Hence:  (kG.R.T)/(at.DG) = 41.708 where 6.00 (cf.  5.23) is the constant for this large, modern packing

Thus, kG = 2.54E-05 mol.Pa
-1

.m
-2

.s
-1

0.000258 mol.atm
-1

.cm
-2

.s
-1

P = 128 kPa(abs)

\ ky = 3.24 mol.m
-2

.s
-1

We see that the gas-phase resistance is dominant.... (...also, "m" is small).

Hence: Ky = 3.098 mol.m
-2

.s
-1

\ HOy = 0.530 m

cf. The data of the Norton Co. (for specific conditions) in Perry
(6)
, p. 14-34, T14-4:

Ky.a.y
*

BM = 114 kmol.h
-1
.m

-3

i.e. 31.667 mol.m
-3
.s

-1

Whence HOy = 3.951 m

Height: hbed = 2.91 m

HOy: By Cornell's (updated) method:

Flooding: 73% K3 = 0.69

(At design percentage flooding, from charts in Bolles/Fair & Sinnott
(2)

)

Flooding: 73% yh = 140 ft 42.672 m

L[lbm.h
-1

ft
-2

]: 9.22E+03 h = 0.105 ft 0.032004 m

(At design percentage flooding, from charts in Bolles/Fair:  specific to metal Pall rings.)

Estimated height, "Z" = 1.93 m

(Sc)v
0.5

 = 0.960253 Dc = 0.6096 m

{L.(mL/mw)
0.16

.(rw/rL)
1.25

.(sw/sL)
0.8

} = 13.37842 kg.m
-2

.s
-1

Hy = 0.333588 m

(Sc)L
0.5

 = 21.7266

Hx = 0.447998 m

\ HOy = 0.352 m

(We note that the extraordinarily low value of m.GM/LM means the contribution of Hx is ~negligible.)

Height: hbed = 1.93 m (or 2.25 m   without height-correction)
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CHE4117:  Design Project Formaldehyde David Verrelli (Group 8)

ABSORBER DETAILED DESIGN

Model of a simplified case:

Stage 2

Reference(s): Perry
(6)

, p. 14-20, 14-10.

"van Laar VLE" worksheet [by D.I.V.], & the relevant references therein.

"Diam.", "Visc.", "Gdiff" & "Ldiff" worksheets [D.I.V.], & references therein.

HYSIM material

I. Hahnenstein, H. Hasse, Y.-Q. Liu and G. Maurer; AIChE Symposium series

Onda et alii  - original reference.

Assumptions:

Assume: Comment:

1. Straight operating line (i.e.  dilute solutions - small mass transfer) This implies constant flowrates.

2. Straight equilibrium line (i.e.  Henry's law is valid:  yi = Hi.xi) This may be reasonable, based on data presented in worksheet "van Laar VLE".

3. Absorption heat effects are negligible This may or may not be valid:

Note:  Perry's definition of the assumption is ambiguous, if not confusing.   - Hysim's simulation says a large amount of heat [in kW] is evolved

  - however the absorber also has pump-around cooling, with large(?) liquid flow

     and so the actual temperature PROFILES in the absorber will not be great

Additionally, reaction is ignored.

Data:

Temperature at bottom of stage: LIQUID: 63.00 °C GAS: 62.00 °C

Temperature at top of stage: LIQUID: 48.05 °C GAS: 50.00 °C It is assumed that thermal equilibrium is (almost) reached.

Thus a nominal column temperature of 55.52624 °C will be used here ± 10°C, say.

Pressures: TOP: 120 kPa(abs) Estimate.

BOTTOM: 125 kPa(abs)

AVERAGE: 122.5 kPa(abs)

Henry's constant: By linear regression of AIChE.J data in worksheet "van Laar VLE": 0.7514 (70°C) This was only based on xHCHO under 0.20

("m") By weighted least squares regression of the above: (approx.) 1 (70°C)

Data from Ullmann's
(5)

 & Walker
(3)

: << 1 This assumes equilibrium of reaction.

All other estimates, including Raoult's law: >> 1 (60°C) This doesn't consider liquid-phase formation of nonvolatiles.

Hence use the value: 0.7514 On the conservative side.

THESE DO NOT CONSIDER INERTS PRESENT

Flows: TOTAL liquid inflow: 2048.583 mol.s
-1

TOTAL liquid outflow: 2100.757 mol.s
-1

RATIO of BOTTOM to TOP liquid flows: 1.025468 Thus the flow may be considered constant.

Average stage TOTAL liquid flow: 2074.67 mol.s
-1

This average is justified by the high pump-around rate.

Vapour inflow: 303.7859 mol.s
-1

Note:  no vapour recirculation.

Vapour outflow: 251.6118 mol.s
-1

RATIO of BOTTOM to TOP vapour flows: 1.20736 This is really NOT too large to assume constant flow.

Average (total) vapour flow: 277.6989 mol.s
-1

Mean molar masses: GAS: 0.023546 kg.mol
-1

Worksheet "Diam."

LIQUID: 0.020408 kg.mol
-1

Worksheet "Diam."

Mole-fractions: Mole-fraction of formaldehyde in vapour: TOP: 0.01726

BOTTOM: 0.0553

AVERAGE: 0.03627 NOTE:  This average for reference only.

(based on a 99.5% nominal aproach to equilibrium)

Mole-fraction of formaldehyde in liquid: TOP: 0.1954 There will be some formaldehyde in the pump-around liquid(!)…

BOTTOM: 0.1965   ...but too high would cause more formaldehyde to escape more easily.

AVERAGE: 0.195952 The similarity is due to the large pump-around.

Mole-fraction IN EQUILIBRIUM WITH liquid: TOP: 0.0171 Note that temperature is the dominant effect here.

BOTTOM: 0.0279

AVERAGE: 0.022462

Equilibrium: Hence "m": TOP: 0.087349 Defined by yequilibrium  m.x

BOTTOM: 0.141761

AVERAGE: 0.11463 Actual mean: 0.114555

Diameter: 1.8 m Calculated in worksheet "Diam."

Flooding: DESIGN: 58% Worksheet "Diam."

TURNDOWN: 35% Worksheet "Diam."

Internals: Type: Pall rings

Material: S.S.

sc: 75 mN.m
-1

Sinnott
(2)

Nominal size: 0.051 m I.e.  2 inches.

at: 102 m
2
.m

-3

Fluid properties: mG: 1.66E-05 Pa.s See worksheet "Visc.".
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CHE4117:  Design Project Formaldehyde David Verrelli (Group 8)

mL: 5.44E-04 Pa.s Worksheet "Diam."

DG: 0.174 cm
2
.s

-1
See worksheet "GDiff".

DL: 2.9E-05 cm
2
.s

-1
See worksheet "LDiff".

rG: 1.05 kg.m
-3

Worksheet "Diam."

rL: 1071 kg.m
-3

Worksheet "Diam."

s: WATER, 303.15K: 71.40 dyn.cm
-1

Perry
(6)

WATER, 293.15K: 70 mN.m
-1

Sinnott
(2)

WATER, 293K: 72.8 dyn.cm
-1

R, P & P
(4)

WATER, 303K: 71.18 dyn.cm
-1

R, P & P
(4)

METHANOL, 333K: 19.41 dyn.cm
-1

R, P & P
(4)

ACETONE, 318K: 21.22 dyn.cm
-1

R, P & P
(4)

FORMAMIDE, 338K: 53.66 dyn.cm
-1

R, P & P
(4)

METHYL FORMATE, 298K: 24.62 dyn.cm
-1

R, P & P
(4)

METHYL FORMATE, 323K: 20.05 dyn.cm
-1

R, P & P
(4)

METHYL FORMATE, 373K: 12.90 dyn.cm
-1

R, P & P
(4)

ASSUME: 60 dyn.cm
-1

Surface tension reduces with T rising.

Mass-transfer coefficients:

Liquid "film": Calculated;  see below.

Vapour "film": Calculated;  see below.

Overall: Calculated;  see below.

Equations:

Height: hbed = HOy.NOy

HOy: HOy = GM/[(Ky.a).y*BM]

where:

y*BM = {(1 - y) - (1 - y*)} / ln{(1 - y)/(1 - y*)}

with y* the equilibrium gas-phase mole fraction, such that y* = m.x

and the rate of mass transfer, Ni = Ky.(yi - y*i), defines the overall gas-phase mass transfer coefficient

This Ky can also be expressed in terms of the "film" coefficients, viz. :

1/Ky = 1/ky + m/kx

NOTE: Poxy W. M. Edwards (& predecessors) use a different notation - care!!

From Onda et alii :

kL.(rL/mL.g)
1/3

 / {(mL/rL.DL)
-1/2

.(at.Dp)
0.4

}  is correlated against  (Re)L = L/(aw.mL)

{(kG.R.T)/(at.DG)} / {(mG/rG.DG)
-1/3

.(at.Dp)
-2.0

}  is correlated against  (Re)G = G/(at.mG)

aw/at = 1 - exp{-1.45(sc/s)
0.75

.(L/at.mL)
0.1

 × (L
2
.at/(rL

2
.g))

-0.05
.(L

2
/(rL.s.at))

0.2
}

Where [G] = [L] = kg.m
-2

.s
-1

aw is the "effective" - wetted - area per volume

Where:  KG = Ky / P Where:  kG = ky / P Where:  kL = kx / rL From Uhlherr, CHE3102 notes.

Alternatively, an estimate may be obtained from Cornell's method (Sinnott
(2)

, updated by Bolles/Fair )

Hy[m] = 0.0190283.yh[m].(Sc)v
0.5

.(Dc/0.3048)
1.24

.(Z/3.048)
(1/3)

 / {L.(mL/mw)
0.16

.(rw/rL)
1.25

.(sw/sL)
0.8

}
0.6

Hx[m] = h[m].(Sc)L
0.5

.K3.(Z/3.048)
0.15

Where Dc is a "corrected" diameter:  the lesser of {diameter} or {2 × 0.3048}.

Where mw = 1.002 mPa.s rw = 998.2032 kg.m
-3

sw = 70 mN.m
-1

(All at 20°C)

And HOy = Hy + (m.GM/LM).Hx NOTE:  use of the coefficient (m.G M /L M ) implied the subscripts "Oy", "y" and "x" by CHE3102/Uhlherr.

NOy: Colburn's equation of 1939 is:

NOy = 1/{1 - (m.GM/LM)} × ln[{1 - (m.GM/LM)} × {(y1 - m.x2)/(y2 - m.x2)} + m.GM/LM] "m" is a Henry's law-type constant here:

Note:  the GM and LM are (moles per time) per unit area (of the column). yequilibrium 1  m.x1

Feintuch/Treybal(1978) present an "Edmister-type approach":

NOy = ln[{(y1 - y2*)/(y2-y2*)}.(1-1/AE) + 1/AE] / (1 - 1/AE)

where AE = [ABOTTOM.(ATOP + 1) + 0.25]
0.5

 - 0.5

and (1/Ai) = (mi.Gi/Li)

Calculations:

NOy: According to Colburn:

(m.GM/LM) = 0.015343

{1 - (m.GM/LM)} = 0.984657

\ NOy = 5.365

According to Feintuch & Treybal:

ABOTTOM = 48.78104

ATOP = 93.21043

The big difference here means the more sophisticated average is probably worth calculating!

AE = 67.29331 (cf.  arithmetic mean of 70.99574 )
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CHE4117:  Design Project Formaldehyde David Verrelli (Group 8)

\ NOy = 5.363

This non-simple short-cut method has resulted in a VERY SIMILAR  result to the result from Colburn.

HOy: y*BM = TOP: 0.982835

BOTTOM: 0.958368

AVERAGE: 0.970601 "Averages" are just simple, arithmetic.

GM = TOP: 119.3803 mol.m
-2

.s
-1

BOTTOM: 98.8772 mol.m
-2

.s
-1

AVERAGE: 109.1288 mol.m
-2

.s
-1

From the data of Onda et alii :

L = 16.6389 kg.m
-2

.s
-1

OKAY OKAY

OKAY (sc/s)
0.75

 = 1.1822 (L/at.mL)
0.1

 = 1.7689 (L
2
.at/(rL

2
.g))

-0.05
 = 1.3490 (L

2
/(rL.s.at))

0.2
 = 0.5311

Bolles/Fair: 0.3<(s c  /s )<2 Bolles/Fair: 2.5e-9<Fr L <0.018 Bolles/Fair: 1.2e-8<We L <0.27

aw = 90.4 m
2
.m

-3

(Re)L = 3.38E+02 OKAY (mL/rL.DL)
-1/2

 = 0.075777 (at.Dp)
0.4

 = 1.934052

Bolles/Fair: 0.04<Re L <500

Hence:  kL.(rL/mL.g)
1/3

 = 0.04270 where 0.0060 (cf.  0.0051) is the constant for this large, modern packing

Thus, kL = 0.000729 m.s
-1

rB = 52479 mol.m
-3

\ kx = 38.26 mol.m
-2

.s
-1

G = 2.5696 kg.m
-2

.s
-1

(Re)G = 1.52E+03 OFF SCALE! (mG/rG.DG)
-1/3

 = 1.032485 (at.Dp)
-2.0

 = 0.036954

Hence:  (kG.R.T)/(at.DG) = 38.606 where 6.00 (cf.  5.23) is the constant for this large, modern packing

Thus, kG = 2.5E-05 mol.Pa
-1

.m
-2

.s
-1

0.000253 mol.atm
-1

.cm
-2

.s
-1

P = 123 kPa(abs)

\ ky = 3.06 mol.m
-2

.s
-1

We see that the gas-phase resistance is dominant.... (...also, "m" is small).

Hence: Ky = 3.033 mol.m
-2

.s
-1

\ HOy = 0.410 m

cf. The data of the Norton Co. (for specific conditions) in Perry
(6)
, p. 14-34, T14-4:

Ky.a.y
*

BM = 114 kmol.h
-1
.m

-3

i.e. 31.667 mol.m
-3
.s

-1

Whence HOy = 3.446 m

Height: hbed = 2.20 m

HOy: By Cornell's (updated) method:

Flooding: 58% K3 = 0.90

(At design percentage flooding, from charts in Bolles/Fair & Sinnott
(2)

)

Flooding: 58% yh = 140 ft 42.672 m

L[lbm.h
-1

ft
-2

]: 1.23E+04 h = 0.120 ft 0.036576 m

(At design percentage flooding, from charts in Bolles/Fair:  specific to metal Pall rings.)

Estimated height, "Z" = 1.53 m

(Sc)v
0.5

 = 0.953179 Dc = 0.6096 m

{L.(mL/mw)
0.16

.(rw/rL)
1.25

.(sw/sL)
0.8

} = 15.63202 kg.m
-2

.s
-1

Hy = 0.279133 m

(Sc)L
0.5

 = 13.19657

Hx = 0.391743 m

\ HOy = 0.285 m

(We note that the extraordinarily low value of m.GM/LM means the contribution of Hx is ~negligible.)

Height: hbed = 1.53 m (or 1.93 m   without height-correction)
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CHE4117:  Design Project Formaldehyde David Verrelli (Group 8)

ABSORBER DETAILED DESIGN

Model of a simplified case:

Stage 3

Reference(s): Perry
(6)

, p. 14-20, 14-10.

"van Laar VLE" worksheet [by D.I.V.], & the relevant references therein.

"Diam.", "Visc.", "Gdiff" & "Ldiff" worksheets [D.I.V.], & references therein.

HYSIM material

I. Hahnenstein, H. Hasse, Y.-Q. Liu and G. Maurer; AIChE Symposium series

Onda et alii  - original reference.

Assumptions:

Assume: Comment:

1. Straight operating line (i.e.  dilute solutions - small mass transfer) This implies constant flowrates.

2. Straight equilibrium line (i.e.  Henry's law is valid:  yi = Hi.xi) This may be reasonable, based on data presented in worksheet "van Laar VLE".

3. Absorption heat effects are negligible This may or may not be valid:

Note:  Perry's definition of the assumption is ambiguous, if not confusing.   - Hysim's simulation says a large amount of heat [in kW] is evolved

  - however the absorber also has pump-around cooling, with large(?) liquid flow

     and so the actual temperature PROFILES in the absorber will not be great

Additionally, reaction is ignored.

Data:

Temperature at bottom of stage: LIQUID: 51.00 °C GAS: 50.00 °C

Temperature at top of stage: LIQUID: 40.09 °C GAS: 42.00 °C It is assumed that thermal equilibrium is (almost) reached.

Thus a nominal column temperature of 45.54601 °C will be used here ± 10°C, say.

Pressures: TOP: 115 kPa(abs) Estimate.

BOTTOM: 120 kPa(abs)

AVERAGE: 117.5 kPa(abs)

Henry's constant: By linear regression of AIChE.J data in worksheet "van Laar VLE": 0.7514 (70°C) This was only based on xHCHO under 0.20

("m") By weighted least squares regression of the above: (approx.) 1 (70°C)

Data from Ullmann's
(5)

 & Walker
(3)

: << 1 This assumes equilibrium of reaction.

All other estimates, including Raoult's law: >> 1 (60°C) This doesn't consider liquid-phase formation of nonvolatiles.

Hence use the value: 0.7514 On the conservative side.

THESE DO NOT CONSIDER INERTS PRESENT

Flows: TOTAL liquid inflow: 722.1627 mol.s
-1

TOTAL liquid outflow: 734.4732 mol.s
-1

RATIO of BOTTOM to TOP liquid flows: 1.017047 Thus the flow may be considered constant.

Average stage TOTAL liquid flow: 728.318 mol.s
-1

This average is justified by the high pump-around rate.

Vapour inflow: 251.6118 mol.s
-1

Note:  no vapour recirculation.

Vapour outflow: 239.3013 mol.s
-1

RATIO of BOTTOM to TOP vapour flows: 1.051444 This is really NOT too large to assume constant flow.

Average (total) vapour flow: 245.4566 mol.s
-1

Mean molar masses: GAS: 0.023713 kg.mol
-1

Worksheet "Diam."

LIQUID: 0.019585 kg.mol
-1

Worksheet "Diam."

Mole-fractions: Mole-fraction of formaldehyde in vapour: TOP: 0.008476

BOTTOM: 0.0173

AVERAGE: 0.012868 NOTE:  This average for reference only.

(based on a 99.5% nominal aproach to equilibrium)

Mole-fraction of formaldehyde in liquid: TOP: 0.1292 There will be some formaldehyde in the pump-around liquid(!)…

BOTTOM: 0.1302   ...but too high would cause more formaldehyde to escape more easily.

AVERAGE: 0.129709 The similarity is due to the large pump-around.

Mole-fraction IN EQUILIBRIUM WITH liquid: TOP: 0.0084 Note that temperature is the dominant effect here.

BOTTOM: 0.0118

AVERAGE: 0.010125

Equilibrium: Hence "m": TOP: 0.06525 Defined by yequilibrium  m.x

BOTTOM: 0.090774

AVERAGE: 0.078061 Actual mean: 0.078012

Diameter: 1.8 m Calculated in worksheet "Diam."

Flooding: DESIGN: 53% Worksheet "Diam."

TURNDOWN: 32% Worksheet "Diam."

Internals: Type: Pall rings

Material: S.S.

sc: 75 mN.m
-1

Sinnott
(2)

Nominal size: 0.051 m I.e.  2 inches.

at: 102 m
2
.m

-3

Fluid properties: mG: 1.66E-05 Pa.s See worksheet "Visc.".
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CHE4117:  Design Project Formaldehyde David Verrelli (Group 8)

mL: 6.28E-04 Pa.s Worksheet "Diam."

DG: 0.174 cm
2
.s

-1
See worksheet "GDiff".

DL: 2.4E-05 cm
2
.s

-1
See worksheet "LDiff".

rG: 1.04 kg.m
-3

Worksheet "Diam."

rL: 1050 kg.m
-3

Worksheet "Diam."

s: WATER, 303.15K: 71.40 dyn.cm
-1

Perry
(6)

WATER, 293.15K: 70 mN.m
-1

Sinnott
(2)

WATER, 293K: 72.8 dyn.cm
-1

R, P & P
(4)

WATER, 303K: 71.18 dyn.cm
-1

R, P & P
(4)

METHANOL, 333K: 19.41 dyn.cm
-1

R, P & P
(4)

ACETONE, 318K: 21.22 dyn.cm
-1

R, P & P
(4)

FORMAMIDE, 338K: 53.66 dyn.cm
-1

R, P & P
(4)

METHYL FORMATE, 298K: 24.62 dyn.cm
-1

R, P & P
(4)

METHYL FORMATE, 323K: 20.05 dyn.cm
-1

R, P & P
(4)

METHYL FORMATE, 373K: 12.90 dyn.cm
-1

R, P & P
(4)

ASSUME: 60 dyn.cm
-1

Surface tension reduces with T rising.

Mass-transfer coefficients:

Liquid "film": Calculated;  see below.

Vapour "film": Calculated;  see below.

Overall: Calculated;  see below.

Equations:

Height: hbed = HOy.NOy

HOy: HOy = GM/[(Ky.a).y*BM]

where:

y*BM = {(1 - y) - (1 - y*)} / ln{(1 - y)/(1 - y*)}

with y* the equilibrium gas-phase mole fraction, such that y* = m.x

and the rate of mass transfer, Ni = Ky.(yi - y*i), defines the overall gas-phase mass transfer coefficient

This Ky can also be expressed in terms of the "film" coefficients, viz. :

1/Ky = 1/ky + m/kx

NOTE: Poxy W. M. Edwards (& predecessors) use a different notation - care!!

From Onda et alii :

kL.(rL/mL.g)
1/3

 / {(mL/rL.DL)
-1/2

.(at.Dp)
0.4

}  is correlated against  (Re)L = L/(aw.mL)

{(kG.R.T)/(at.DG)} / {(mG/rG.DG)
-1/3

.(at.Dp)
-2.0

}  is correlated against  (Re)G = G/(at.mG)

aw/at = 1 - exp{-1.45(sc/s)
0.75

.(L/at.mL)
0.1

 × (L
2
.at/(rL

2
.g))

-0.05
.(L

2
/(rL.s.at))

0.2
}

Where [G] = [L] = kg.m
-2

.s
-1

aw is the "effective" - wetted - area per volume

Where:  KG = Ky / P Where:  kG = ky / P Where:  kL = kx / rL From Uhlherr, CHE3102 notes.

Alternatively, an estimate may be obtained from Cornell's method (Sinnott
(2)

, updated by Bolles/Fair )

Hy[m] = 0.0190283.yh[m].(Sc)v
0.5

.(Dc/0.3048)
1.24

.(Z/3.048)
(1/3)

 / {L.(mL/mw)
0.16

.(rw/rL)
1.25

.(sw/sL)
0.8

}
0.6

Hx[m] = h[m].(Sc)L
0.5

.K3.(Z/3.048)
0.15

Where Dc is a "corrected" diameter:  the lesser of {diameter} or {2 × 0.3048}.

Where mw = 1.002 mPa.s rw = 998.2032 kg.m
-3

sw = 70 mN.m
-1

(All at 20°C)

And HOy = Hy + (m.GM/LM).Hx NOTE:  use of the coefficient (m.G M /L M ) implied the subscripts "Oy", "y" and "x" by CHE3102/Uhlherr.

NOy: Colburn's equation of 1939 is:

NOy = 1/{1 - (m.GM/LM)} × ln[{1 - (m.GM/LM)} × {(y1 - m.x2)/(y2 - m.x2)} + m.GM/LM] "m" is a Henry's law-type constant here:

Note:  the GM and LM are (moles per time) per unit area (of the column). yequilibrium 1  m.x1

Feintuch/Treybal(1978) present an "Edmister-type approach":

NOy = ln[{(y1 - y2*)/(y2-y2*)}.(1-1/AE) + 1/AE] / (1 - 1/AE)

where AE = [ABOTTOM.(ATOP + 1) + 0.25]
0.5

 - 0.5

and (1/Ai) = (mi.Gi/Li)

Calculations:

NOy: According to Colburn:

(m.GM/LM) = 0.026308

{1 - (m.GM/LM)} = 0.973692

\ NOy = 5.414

According to Feintuch & Treybal:

ABOTTOM = 32.15762

ATOP = 46.24948

The big difference here means the more sophisticated average is probably worth calculating!

AE = 38.48309 (cf.  arithmetic mean of 39.20355 )
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\ NOy = 5.413

This non-simple short-cut method has resulted in a VERY SIMILAR  result to the result from Colburn.

HOy: y*BM = TOP: 0.991547

BOTTOM: 0.985458

AVERAGE: 0.988502 "Averages" are just simple, arithmetic.

GM = TOP: 98.8772 mol.m
-2

.s
-1

BOTTOM: 94.03947 mol.m
-2

.s
-1

AVERAGE: 96.45834 mol.m
-2

.s
-1

From the data of Onda et alii :

L = 5.6055 kg.m
-2

.s
-1

OKAY OKAY

OKAY (sc/s)
0.75

 = 1.1822 (L/at.mL)
0.1

 = 1.5638 (L
2
.at/(rL

2
.g))

-0.05
 = 1.5011 (L

2
/(rL.s.at))

0.2
 = 0.3450

Bolles/Fair: 0.3<(s c  /s )<2 Bolles/Fair: 2.5e-9<Fr L <0.018 Bolles/Fair: 1.2e-8<We L <0.27

aw = 76.6 m
2
.m

-3

(Re)L = 1.17E+02 OKAY (mL/rL.DL)
-1/2

 = 0.063423 (at.Dp)
0.4

 = 1.934052

Bolles/Fair: 0.04<Re L <500

Hence:  kL.(rL/mL.g)
1/3

 = 0.01756 where 0.0060 (cf.  0.0051) is the constant for this large, modern packing

Thus, kL = 0.000317 m.s
-1

rB = 53626 mol.m
-3

\ kx = 16.98 mol.m
-2

.s
-1

G = 2.2873 kg.m
-2

.s
-1

(Re)G = 1.35E+03 OFF SCALE! (mG/rG.DG)
-1/3

 = 1.028897 (at.Dp)
-2.0

 = 0.036954

Hence:  (kG.R.T)/(at.DG) = 35.462 where 6.00 (cf.  5.23) is the constant for this large, modern packing

Thus, kG = 2.37E-05 mol.Pa
-1

.m
-2

.s
-1

0.00024 mol.atm
-1

.cm
-2

.s
-1

P = 118 kPa(abs)

\ ky = 2.78 mol.m
-2

.s
-1

We see that the gas-phase resistance is [VERY!] dominant.... (...also, "m" is small).

Hence: Ky = 2.746 mol.m
-2

.s
-1

\ HOy = 0.464 m

cf. The data of the Norton Co. (for specific conditions) in Perry
(6)
, p. 14-34, T14-4:

Ky.a.y
*

BM = 114 kmol.h
-1
.m

-3

i.e. 31.667 mol.m
-3
.s

-1

Whence HOy = 3.046 m

Height: hbed = 2.51 m

HOy: By Cornell's (updated) method:

Flooding: 53% K3 = 0.94

(At design percentage flooding, from charts in Bolles/Fair & Sinnott
(2)

)

Flooding: 53% yh = 140 ft 42.672 m

L[lbm.h
-1

ft
-2

]: 4.13E+03 h = 0.088 ft 0.026822 m

(At design percentage flooding, from charts in Bolles/Fair:  specific to metal Pall rings.)

Estimated height, "Z" = 3.95 m

(Sc)v
0.5

 = 0.958168 Dc = 0.6096 m

{L.(mL/mw)
0.16

.(rw/rL)
1.25

.(sw/sL)
0.8

} = 5.522268 kg.m
-2

.s
-1

Hy = 0.718652 m

(Sc)L
0.5

 = 15.76725

Hx = 0.413303 m

\ HOy = 0.730 m

(We note that the extraordinarily low value of m.GM/LM means the contribution of Hx is ~negligible.)

Height: hbed = 3.95 m (or 3.62 m   without height-correction)
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CHE4117:  Design Project Formaldehyde David Verrelli (Group 8)

ABSORBER DETAILED DESIGN

Model of a simplified case:

Stage 4

Reference(s): Perry
(6)

, p. 14-20, 14-10.

"van Laar VLE" worksheet [by D.I.V.], & the relevant references therein.

"Diam.", "Visc.", "Gdiff" & "Ldiff" worksheets [D.I.V.], & references therein.

HYSIM material

I. Hahnenstein, H. Hasse, Y.-Q. Liu and G. Maurer; AIChE Symposium series

Onda et alii  - original reference.

Assumptions:

Assume: Comment:

1. Straight operating line (i.e.  dilute solutions - small mass transfer) This implies constant flowrates.

2. Straight equilibrium line (i.e.  Henry's law is valid:  yi = Hi.xi) This may be reasonable, based on data presented in worksheet "van Laar VLE".

3. Absorption heat effects are negligible This may or may not be valid:

Note:  Perry's definition of the assumption is ambiguous, if not confusing.   - Hysim's simulation says a large amount of heat [in kW] is evolved

  - however the absorber also has pump-around cooling, with large(?) liquid flow

     and so the actual temperature PROFILES in the absorber will not be great

Additionally, reaction is ignored.

Data:

Temperature at bottom of stage: LIQUID: 43.00 °C GAS: 42.00 °C

Temperature at top of stage: LIQUID: 37.00 °C GAS: 37.50 °C It is assumed that thermal equilibrium is (almost) reached.

Thus a nominal column temperature of 40 °C will be used here ± 10°C, say.

Pressures: TOP: 110 kPa(abs) Estimate.

BOTTOM: 115 kPa(abs)

AVERAGE: 112.5 kPa(abs)

Henry's constant: By linear regression of AIChE.J data in worksheet "van Laar VLE": 0.7514 (70°C) This was only based on xHCHO under 0.20

("m") By weighted least squares regression of the above: (approx.) 1 (70°C)

Data from Ullmann's
(5)

 & Walker
(3)

: << 1 This assumes equilibrium of reaction.

All other estimates, including Raoult's law: >> 1 (60°C) This doesn't consider liquid-phase formation of nonvolatiles.

Hence use the value: 0.7514 On the conservative side.

THESE DO NOT CONSIDER INERTS PRESENT

Flows: TOTAL liquid inflow: 18.17909 mol.s
-1

TOTAL liquid outflow: 20.85713 mol.s
-1

RATIO of BOTTOM to TOP liquid flows: 1.147314 Thus the flow may NOT be considered constant.

Average stage TOTAL liquid flow: 19.51811 mol.s
-1

Not justified, due to the absence of any (high) pump-around.

Vapour inflow: 239.3013 mol.s
-1

Note:  no vapour recirculation.

Vapour outflow: 236.6233 mol.s
-1

RATIO of BOTTOM to TOP vapour flows: 1.011318 This is really NOT too large to assume constant flow.

Average (total) vapour flow: 237.9623 mol.s
-1

Mean molar masses: GAS: 0.023675 kg.mol
-1

Worksheet "Diam."

LIQUID: 0.018015 kg.mol
-1

Worksheet "Diam."

Mole-fractions: Mole-fraction of formaldehyde in vapour: TOP: 0.000103 Entering zero here would give infinite height.

BOTTOM: 0.0085

AVERAGE: 0.004289 NOTE:  This average for reference only.

(based on a 99.5% nominal aproach to equilibrium)

Mole-fraction of formaldehyde in liquid: TOP: 0.0000 There will be some formaldehyde in the pump-around liquid(!)…

BOTTOM: 0.0961   ...but too high would cause more formaldehyde to escape more easily.

AVERAGE: 0.048036 The disimilarity is due to the absence of a (large) pump-around.

Mole-fraction IN EQUILIBRIUM WITH liquid: TOP: 0.0000 Note that temperature is the dominant effect here.

BOTTOM: 0.0065

AVERAGE: 0.003257

Equilibrium: Hence "m": TOP: 0.068109 Defined by yequilibrium  m.x

BOTTOM: 0.067809   We see that for this reducing concentration which varies little absolutely,

AVERAGE: 0.067809    "m" is quite constant.  Thus bottom value can be taken as value everywhere at top.

Actual mean: 0.067959

Diameter: 1.8 m Calculated in worksheet "Diam."

Flooding: DESIGN: 179% Minute liquid flow! Worksheet "Diam."

TURNDOWN: 107% Minute liquid flow! Worksheet "Diam."

Internals: Type: Pall rings ???

Material: S.S. ?

sc: 75 mN.m
-1

? Sinnott
(2)

Nominal size: 0.051 m ??? I.e.  2 inches.

at: 102 m
2
.m

-3
???

Fluid properties: mG: 1.66E-05 Pa.s See worksheet "Visc.".
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CHE4117:  Design Project Formaldehyde David Verrelli (Group 8)

mL: 7.58E-04 Pa.s Worksheet "Diam."

DG: 0.174 cm
2
.s

-1
See worksheet "GDiff".

DL: 2.2E-05 cm
2
.s

-1
See worksheet "LDiff".

rG: 1.01 kg.m
-3

Worksheet "Diam."

rL: 995 kg.m
-3

Worksheet "Diam."

s: WATER, 303.15K: 71.40 dyn.cm
-1

Perry
(6)

WATER, 293.15K: 70 mN.m
-1

Sinnott
(2)

WATER, 293K: 72.8 dyn.cm
-1

R, P & P
(4)

WATER, 303K: 71.18 dyn.cm
-1

R, P & P
(4)

METHANOL, 333K: 19.41 dyn.cm
-1

R, P & P
(4)

ACETONE, 318K: 21.22 dyn.cm
-1

R, P & P
(4)

FORMAMIDE, 338K: 53.66 dyn.cm
-1

R, P & P
(4)

METHYL FORMATE, 298K: 24.62 dyn.cm
-1

R, P & P
(4)

METHYL FORMATE, 323K: 20.05 dyn.cm
-1

R, P & P
(4)

METHYL FORMATE, 373K: 12.90 dyn.cm
-1

R, P & P
(4)

ASSUME: 60 dyn.cm
-1

Surface tension reduces with T rising.

Mass-transfer coefficients:

Liquid "film": Calculated;  see below.

Vapour "film": Calculated;  see below.

Overall: Calculated;  see below.

Equations:

Height: hbed = HOy.NOy

HOy: HOy = GM/[(Ky.a).y*BM]

where:

y*BM = {(1 - y) - (1 - y*)} / ln{(1 - y)/(1 - y*)}

with y* the equilibrium gas-phase mole fraction, such that y* = m.x

and the rate of mass transfer, Ni = Ky.(yi - y*i), defines the overall gas-phase mass transfer coefficient

This Ky can also be expressed in terms of the "film" coefficients, viz. :

1/Ky = 1/ky + m/kx

NOTE: Poxy W. M. Edwards (& predecessors) use a different notation - care!!

From Onda et alii :

kL.(rL/mL.g)
1/3

 / {(mL/rL.DL)
-1/2

.(at.Dp)
0.4

}  is correlated against  (Re)L = L/(aw.mL)

{(kG.R.T)/(at.DG)} / {(mG/rG.DG)
-1/3

.(at.Dp)
-2.0

}  is correlated against  (Re)G = G/(at.mG)

aw/at = 1 - exp{-1.45(sc/s)
0.75

.(L/at.mL)
0.1

 × (L
2
.at/(rL

2
.g))

-0.05
.(L

2
/(rL.s.at))

0.2
}

Where [G] = [L] = kg.m
-2

.s
-1

aw is the "effective" - wetted - area per volume

Where:  KG = Ky / P Where:  kG = ky / P Where:  kL = kx / rL From Uhlherr, CHE3102 notes.

Alternatively, an estimate may be obtained from Cornell's method (Sinnott
(2)

, updated by Bolles/Fair )

Hy[m] = 0.0190283.yh[m].(Sc)v
0.5

.(Dc/0.3048)
1.24

.(Z/3.048)
(1/3)

 / {L.(mL/mw)
0.16

.(rw/rL)
1.25

.(sw/sL)
0.8

}
0.6

Hx[m] = h[m].(Sc)L
0.5

.K3.(Z/3.048)
0.15

Where Dc is a "corrected" diameter:  the lesser of {diameter} or {2 × 0.3048}.

Where mw = 1.002 mPa.s rw = 998.2032 kg.m
-3

sw = 70 mN.m
-1

(All at 20°C)

And HOy = Hy + (m.GM/LM).Hx NOTE:  use of the coefficient (m.G M /L M ) implied the subscripts "Oy", "y" and "x" by CHE3102/Uhlherr.

NOy: Colburn's equation of 1939 is:

NOy = 1/{1 - (m.GM/LM)} × ln[{1 - (m.GM/LM)} × {(y1 - m.x2)/(y2 - m.x2)} + m.GM/LM] "m" is a Henry's law-type constant here:

Note:  the GM and LM are (moles per time) per unit area (of the column). yequilibrium 1  m.x1

Feintuch/Treybal(1978) present an "Edmister-type approach":

NOy = ln[{(y1 - y2*)/(y2-y2*)}.(1-1/AE) + 1/AE] / (1 - 1/AE)

where AE = [ABOTTOM.(ATOP + 1) + 0.25]
0.5

 - 0.5

and (1/Ai) = (mi.Gi/Li)

Calculations:

NOy: According to Colburn:

(m.GM/LM) = 0.826716

{1 - (m.GM/LM)} = 0.173284

\ NOy = 14.978

According to Feintuch & Treybal:

ABOTTOM = 1.285356

ATOP = 1.127999

The big difference here means the more sophisticated average is probably worth calculating!

AE = 1.227783 (cf.  arithmetic mean of 1.206677 )
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CHE4117:  Design Project Formaldehyde David Verrelli (Group 8)

\ NOy = 14.961 (Note: using ABOTTOM only yields: 13.264  )

This non-simple short-cut method has resulted in a VERY CLOSE  result to the result from Colburn.

However previous results so close to Colburn, that we will assume that result is good here too.

HOy: y*BM = TOP: 0.999948

BOTTOM: 0.992505

AVERAGE: 0.996227 "Averages" are just simple, arithmetic.

GM = TOP: 94.03947 mol.m
-2

.s
-1

BOTTOM: 92.98707 mol.m
-2

.s
-1

AVERAGE: 93.51327 mol.m
-2

.s
-1

From the data of Onda et alii :

L = 0.1382 kg.m
-2

.s
-1

OKAY OKAY

OKAY (sc/s)
0.75

 = 1.1822 (L/at.mL)
0.1

 = 1.0599 (L
2
.at/(rL

2
.g))

-0.05
 = 2.1622 (L

2
/(rL.s.at))

0.2
 = 0.0793

Bolles/Fair: 0.3<(s c  /s )<2 Bolles/Fair: 2.5e-9<Fr L <0.018 Bolles/Fair: 1.2e-8<We L <0.27

aw = 27.3 m
2
.m

-3

(Re)L = 6.68E+00 OKAY (mL/rL.DL)
-1/2

 = 0.053323 (at.Dp)
0.4

 = 1.934052

Bolles/Fair: 0.04<Re L <500

Hence:  kL.(rL/mL.g)
1/3

 = 0.00220 where 0.0060 (cf.  0.0051) is the constant for this large, modern packing

Thus, kL = 4.29E-05 m.s
-1

rB = 55255 mol.m
-3

\ kx = 2.37 mol.m
-2

.s
-1

G = 2.2139 kg.m
-2

.s
-1

(Re)G = 1.31E+03 OFF SCALE! (mG/rG.DG)
-1/3

 = 1.018091 (at.Dp)
-2.0

 = 0.036954

Hence:  (kG.R.T)/(at.DG) = 34.298 where 6.00 (cf.  5.23) is the constant for this large, modern packing

Thus, kG = 2.34E-05 mol.Pa
-1

.m
-2

.s
-1

0.000237 mol.atm
-1

.cm
-2

.s
-1

P = 113 kPa(abs)

\ ky = 2.63 mol.m
-2

.s
-1

We see that the gas-phase resistance is dominant.... (...also, "m" is small).

Hence: Ky = 2.443 mol.m
-2

.s
-1

\ HOy = 1.407 m

cf. The data of the Norton Co. (for specific conditions) in Perry
(6)
, p. 14-34, T14-4:

Ky.a.y
*

BM = 114 kmol.h
-1
.m

-3

i.e. 31.667 mol.m
-3
.s

-1

Whence HOy = 2.953 m

Height: hbed = 21.08 m

HOy: By Cornell's (updated) method:

Flooding: 179% K3 = 1 ??? - Off chart!

(At design percentage flooding, from charts in Bolles/Fair & Sinnott
(2)

)

Flooding: 179% yh = 150 ft 45.72 m ??? - Off chart!

L[lbm.h
-1

ft
-2

]: 1.02E+02 h = 0.051 ft 0.015545 m ??? - [Just] Off chart!

(At design percentage flooding, from charts in Bolles/Fair:  specific to metal Pall rings.)

Estimated height, "Z" = 529.71 m

(Sc)v
0.5

 = 0.973464 Dc = 0.6096 m

{L.(mL/mw)
0.16

.(rw/rL)
1.25

.(sw/sL)
0.8

} = 0.149992 kg.m
-2

.s
-1

Hy = 34.84471 m

(Sc)L
0.5

 = 18.75357

Hx = 0.631935 m

\ HOy = 35.367 m

(We note that the extraordinarily low value of m.GM/LM means the contribution of Hx is ~negligible.)

Height: hbed = 529.71 m (or 94.92 m   without height-correction)
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Diameter computation

Design for a pressure drop of 42 mm(H2O).m
-1

at the design condition.

==> approx. 412 Pa.m
-1

i.e. 20.58 kPa  for a 50 m column.

Note:  Assuming a CONSTANT DIAMETER for the entire column, this would have to be evaluated for all stages,

for the full range of possible operating conditions.

Each evaluated at the top of the stage (the lower values).

STAGE 1 STAGE 2 STAGE 3 STAGE 4: Option a STAGE 4: Option b

Design 0.6×Design Design 0.6×Design Design 0.6×Design Design 0.6×Design Design 0.6×Design

Lower gas flow rate [mol.s
-1

] 303.79 182.27 251.61 150.97 239.30 143.58 236.62 141.97 236.62 141.97

Lower gas flow rate [kg.s
-1

] 7.0173 4.2104 5.9245 3.5547 5.6745 3.4047 5.6020 3.3612 5.6020 3.3612

Mean MR [kg.mol
-1

] 0.02310 0.02310 0.02355 0.02355 0.02371 0.02371 0.02367 0.02367 0.02367 0.02367

Lower liquid flow rate [mol.s
-1

] 1372.04 823.22 2048.58 1229.15 722.16 433.30 18.18 10.91 18.18 10.91

Lower liquid flow rate [kg.s
-1

] 31.4798 18.8879 41.8084 25.0850 14.1438 8.4863 0.3275 0.1965 0.3275 0.1965

Mean MR [kg.mol
-1

] 0.02294 0.02294 0.02041 0.02041 0.01959 0.01959 0.01802 0.01802 0.01802 0.01802

p [kPa(abs)] 125 125 120 120 115 115 110 110 110 110

Temperature [K] 335.15 335.15 323.15 323.15 315.15 315.15 310.65 310.65 310.65 310.65

62.00 62 50.00 50 42.00 42 37.50 37.5 37.50 37.5

Ideal gas density [mol.m
-3

] 44.857 44.857 44.662 44.662 43.888 43.888 42.588 42.588 42.588 42.588

Ideal gas density [kg.m
-3

] 1.036 1.036 1.052 1.052 1.041 1.041 1.008 1.008 1.008 1.008

Liquid mass fraction HCHO [-] 0.526098 0.526098083 0.287507 0.287507374 0.198101 0.198100722 0 0 0 0

Liquid mass fraction CH3OH [-] 0.009723 0.009723183 0.004953 0.004953359 0.001972 0.001971719 0 0 0 0

a 1.151 1.151 1.092 1.092 1.092 1.092 1.092 1.092 1.092 1.092

b 0.5015 0.5015 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30

c 0.0161 0.0161 0 0 0 0 0 0 0 0

Liquid density [kg.m
-3

] 1132.1 1132.1 1071.0 1071.0 1050.3 1050.3 995.4 995.4 995.4 995.4

r/1000 = a + 0.30(XF-b) - 0.25(XM-c) - 10
–4

.{5.5(XF-0.30) + 5.4}.(t[°C]-20) (Ullmann's
(5)

)

And note the misprinted exponent in the original.

Compare with Walker
(3)

:  Values greater than 1000 okay.

Compare with K-O
(4)

: 1134.8 1134.8 1071.9 1071.9 1050.4 1050.4 993.5 993.5 993.5 993.5

r/1000 = {1.119 + 0.30(XF-0.45) - 0.27(XM)}.{1.0 + 0.00055.(55-t[°C])}

\ (L / G).(rV / rL)
0.5

1.36E-01 1.36E-01 2.21E-01 2.21E-01 7.85E-02 7.85E-02 1.86E-03 1.86E-03 1.86E-03 1.86E-03

From Fig. 11.44: K4 1.2 1.2 1.2 1.2 1.3 1.3 0.13 0.13 ??? ???

(extrapol'n of Treybal) (very large)

cf.  K4 at flooding 2.8 2.8 3.2 3.2 3.5 3.5 0.32 0.32 ??? ???

(extrapol'n of Treybal) (very large)

Percentage of flooding 65% 65% 61% 61% 61% 61% 64% 64% #VALUE! #VALUE!

Sinnott
(2)

 calls 66% "satisfactory" (out of range) (out of range)

Liquid viscosity [mPa.s] 1.892 1.892 1.226 1.226 1.054 1.054 0.380 0.380 0.380 0.380

From Ullmann's
(5)

 = K-O
(4)

: h = 1.28 + 3.9XF + 5XM - 0.024t[°C] Out of range ==> compare with values for water

0.450 0.450 0.544 0.544 0.628 0.628 0.758 0.758 0.758 0.758

Hence: 1.892 1.892 1.226 1.226 0.841 0.841 0.758 0.758 0.758 0.758

Packing Pall rings Pall rings Pall rings Pall rings Pall rings Pall rings Pall rings Pall rings Plastic gauze or trays???

Size [mm] 50 50 50 50 50 50 50 50 (e.g.  Sulzer, Type BX)

Fp [m
-1

] Table 11.3, Sinnott
(2)

66 66 66 66 66 66 66 66 cG,MAX......

a [m
2
.m

-3
] Table 11.3, Sinnott

(2)
102 102 102 102 102 102 102 102

\ G
2
 ={K4.rV.(rL–rV)}/{13.1FP.(mL/rL)

0.1
}   [kg.m

-2
.s

-1
]
2

Largest A Smallest A

6.151 6.151 6.134 6.134 6.683 6.683 0.617 0.617 0.6 5 G.rV
0.5

 [(m
3
.m

-2
.s

-1
).(kg.m

-3
)
0.5

]

G [kg.m
-2

.s
-1

] 2.480 2.480 2.477 2.477 2.585 2.585 0.785 0.785 0.5975 4.9795 G [m
3
.m

-2
.s

-1
] = "F"

F[m
3
.m

-2
.s

-1
]= 1.5 is typical

Whence A [m
2
] 2.829 1.698 2.392 1.435 2.195 1.317 7.133 4.280 0.6025 5.0206 G [kg.m

-2
.s

-1
]

\ L [kg.m
-2

.s
-1

] 11.126 11.126 17.477 17.477 6.443 6.443 0.046 0.046 9.29837 0.669482656 \ A [m
2
]

GM [mol.m
-2

.s
-1

] 107.369 107.369 105.182 105.182 109.019 109.019 33.173 33.173 Fortunately the 2.5447 m
2

LM [mol.m
-2

.s
-1

] 484.927 484.927 856.378 856.378 328.996 328.996 2.549 2.549 chosen for the bottom three stages

Thus diameter [m] 1.898 1.470 1.745 1.352 1.672 1.295 3.014 2.334 is right within this range!

...so use that value for the top stage too.

Say diameter of column (bottom 3 stages) is 1.8 m 2.5447 2.5447 A [m
2
]

Column area [m
2
] 2.5447 2.2014 1.3209 G [kg.m

-2
.s

-1
]

Packing size to column diameter ratio: 36.0 2.1834 1.3101 G [m
3
.m

-2
.s

-1
] = "F"

Sinnott
(2)

:  "a larger packing size could be considered" 0.128699 0.0772 L [kg.m
-2

.s
-1

]

Percentage flooding at selected diameter: 0.465441 0.2793 L [m
3
.m

-2
.h

-1
]

72.8% 43.7% 57.6% 34.5% 52.6% 31.5% 178.7% 107.2% Fortunately this is within the range: 

This should be okay. CLEARLY PALL Minimum: 0.05 m
3
.m

-2
.h

-1

RINGS DON'T APPLY Maximum: 60 m
3
.m

-2
.h

-1

G [kg.m
-2

.s
-1

] 2.7576 1.6546 2.3282 1.3969 2.2299 1.3380 2.2014 1.3209 Typical: 4 m
3
.m

-2
.h

-1

L [kg.m
-2

.s
-1

] 12.371 7.422 16.430 9.858 5.558 3.335 0.129 0.077 13.2 5.3 Pressure drop [kPa.m
-1

]

GM [mol.m
-2

.s
-1

] 119.380 71.628 98.877 59.326 94.039 56.424 92.987 55.792 (from Sulzer-Chemtech chart )

LM [mol.m
-2

.s
-1

] 539.176 323.506 805.042 483.025 283.792 170.275 7.144 4.286

6.4 8.8 Typical NTU.m
-1

Is this HOG
-1

 xor HOL
-1

???

Note:  This is NOT for the (reacting) HCHO–H2O system

27/09/99, 10:54      1 of 1  DP_EB-09.xls (Diam.)





CHE4117: Design Project Formaldehyde David Verrelli (Group 8)

Gas viscosity computation

Using the method of Wilke, given by R, P & P
(4)

Molar mass: Water (1) 18.0152 g.mol
-1

Formaldehyde (2) 30.0262 g.mol
-1

Hydrogen (3) 2.0158 g.mol
-1

Nitrogen (4) 28.0134 g.mol
-1

STAGE 1 STAGE 2 STAGE 3 STAGE 4

Temperature:

t [°C] 76 56 46 39.75 Average for gas.

T [K] 349.15 329.15 319.15 312.9

Composition:  mole fraction

Water (1) 0.202668
This is entering, so not 

at equilibrium. 0.229474 0.120116 0.084646

Formaldehyde (2) 0.142986 0.055279 0.01726 0.008476

Hydrogen (3) 0.115716 0.12681 0.153106 0.160982

Nitrogen (4) 0.538631 0.588437 0.709518 0.745897

Nitrogen mole fraction decreased by taking value at bottom of stage,

but increased by assuming all other components as nitrogen.

Approx. pure component viscosity [Pa.s]:

Water (1) 1.11E-05 1.04E-05 1.00E-05 9.87E-06 From Y&R
(5)

, rounded to nearest 5°C

Formaldehyde (2) 1.12E-05 1.05E-05 1.02E-05 1.00E-05 Assume as for methanol:  Perry
(6)

, to nearest 10°C

Hydrogen (3) 1.00E-05 9.50E-06 9.50E-06 9.00E-06 Perry
(6)

, to nearest ~25K

Nitrogen (4) 2.00E-05 1.90E-05 1.90E-05 1.80E-05 Perry
(6)

, to nearest ~25K

Wilke's parameter's:  ij = {1 + (h i/h j)
1/2

.(Mj/Mi)
1/4

}
2
 / {8(1 + Mi/Mj)}

1/2

i = 1

 i1 1 1 1 1

 i2 1.269471 1.269066 1.262202 1.266702

 i3 0.290487 0.288971 0.284755 0.289163

 i4 0.925623 0.919832 0.90374 0.920565

i = 2

 i1 0.768523 0.768739 0.772445 0.770009

 i2 1 1 1 1

 i3 0.209955 0.208986 0.206894 0.209371

 i4 0.739786 0.735653 0.726742 0.737295

i = 3

 i1 2.338808 2.359044 2.417614 2.356457

 i2 2.792292 2.816461 2.870285 2.8068

 i3 1 1 1 1

 i4 1.910394 1.910394 1.910394 1.910394

i = 4

 i1 1.072542 1.080692 1.104258 1.07965

 i2 1.415965 1.426829 1.451003 1.422487

 i3 0.274938 0.274938 0.274938 0.274938

 i4 1 1 1 1

Terms in series:

i = 1 2.45E-06 2.72E-06 1.45E-06 1.01E-06

i = 2 2.22E-06 8.4E-07 2.68E-07 1.29E-07

i = 3 5.73E-07 6.18E-07 7.87E-07 8.01E-07

i = 4 1.09E-05 1.18E-05 1.48E-05 1.5E-05

\ SUM = viscosity of mixture [Pa.s]:

1.61E-05 1.59E-05 1.73E-05 1.7E-05

It turns out that the decrease in temperature (==> decreasing viscosity) almost exactly compensates

for the increase in mole fraction of nitrogen (which has double the viscosity of the others)!

Thus, in ALL cases in the absorber, take the gas viscosity as: 1.66E-05 Pa.s

Comparison with mole-fraction weighted means:

1.58E-05 1.54E-05 1.63E-05 1.58E-05

"ERROR" -2.1% -3.7% -5.9% -6.9%

Hence the viscosity would have been underestimated by an average factor of 4.7%

However we see that, although in some cases Wilke's method gives identical values as experiment 

(methane–propane at 498K), in other cases errors may be +12% (nitrogen–hydrogen at 373K, yN = 0.2)

or -12% (ammonia–hydrogen at 306K, yA = 0.399).

Only Reichenberg's method is consistently accurate to no more than ±4.8% w.r.t. experiment

(these extremes occur for the same conditions as for Wilke's method, above).

As may be guessed, Reichenberg's method is more involved.
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CHE4117: Design Project Formaldehyde David Verrelli (Group 8)

Gas-phase diffusivity computation

Assuming binary diffusion:

Formaldehyde in nitrogen (main constituent)

Use the method of Fuller et alii  (1965–1969), recommended by R, P & P
(4)

(Average abs. error = 5.4%)

DAB[cm
2
.s

-1
] = 0.00143 T[K]

1.75
 / {P[bar].MAB[g.mol

-1
]
1/2

.[ (Sv)A
1/3

 + (Sv)B
1/3

 ]}
2

where MAB = 2 / (1/MA + 1/MB)

and Sv is the "diffusion volume" sum - atoms (xor =molecule):

Sv

Atomic and Structural Diffusion Volume Increments

C 15.9

H 2.31 Diffusion Volumes of Simple Molecules

O 6.11 He 2.67

N 4.54 Ne 5.98

Aromatic ring -18.3 Ar 16.2

Heterocyclic ring -18.3 Kr 24.5

Xe 32.7

F 14.7 H2 6.12

Cl 21.0 D2 6.84

Br 21.9 N2 18.5

I 29.8 O2 16.3

S 22.9 Air 19.7

CO 18.0

CO2 26.9

N2O 35.9

NH3 20.7

H2O 13.1

SF6 71.3

Cl2 38.4

Br2 69.0

SO2 41.8

Thus, for formaldehyde:

(Sv)A 26.63

MA 30.0262 g.mol
-1

For nitrogen:

(Sv)B 18.5 (cf. 9.08 for individual contributions)

MB 28.0134 g.mol
-1

Hence: [ (Sv)A
1/3

 + (Sv)B
1/3

 ] = 5.631019

STAGE 1 STAGE 2 STAGE 3 STAGE 4

p [kPa(abs)] 125 120 115 110

Temperature [K] 335.15 323.15 315.15 310.65

Temperature [°C] 62.00 50.00 42.00 37.50

MAB 28.98 28.98 28.98 28.98

Hence DAB[cm2.s-1] = 0.176 0.172 0.172 0.175

Again this is so invariant that it may be taken as constant across the entire column: 0.174 cm2.s-1

(We note that the decreasing temperature is compensated for by [commensurately?] decreasing pressure.)

27/09/99, 11:01      1 of 2  DP_EB-09.xls(GDiff)



CHE4117: Design Project Formaldehyde David Verrelli (Group 8)

Use the method of Gilliland (1934), recommended by Holman
(7)

DAB[cm
2
.s

-1
] = 435.7 T[K]

1.5
 / {P[Pa].MAB[g.mol

-1
]
1/2

.[ (Sv)A
1/3

 + (Sv)B
1/3

 ]}
2

where MAB = 2 / (1/MA + 1/MB)

and Sv is the molecular volume - summation of atomic contributions:

Sv

Atomic and Structural Diffusion Volume Increments

C 14.8

H 3.7 Diffusion Volumes of Simple Molecules

O

in aldehydes/ketones 7.4 H2 14.3

in methyl esters 9.1 N2 15.6

in ethyl esters 9.9 O2 7.4

in higher esters/ethers 11 Air 29.9

in acids 12

in union with S/P/N 8.3 CO2 34.0

N

in primary amines 10.5 H2O 18.8

in secondary amines 1.20

F 8.7

Cl

terminal 21.6

medial 24.6

Br 27.0

I 37.0

S 25.6

P 27.0

Thus, for formaldehyde:

(Sv)A 29.6

MA 30.0262 g.mol
-1

For nitrogen:

(Sv)B 15.6

MB 28.0134 g.mol
-1

Hence: [ (Sv)A
1/3

 + (Sv)B
1/3

 ] = 5.592027

STAGE 1 STAGE 2 STAGE 3 STAGE 4

p [kPa(abs)] 125 120 115 110

Temperature [K] 335.15 323.15 315.15 310.65

Temperature [°C] 62.00 50.00 42.00 37.50

MAB 28.98 28.98 28.98 28.98

Hence DAB[cm2.s-1] = 0.127 0.125 0.126 0.129

Again this is so invariant that it may be taken as constant across the entire column: 0.127 cm2.s-1

(We note that the decreasing temperature is compensated for by [commensurately?] decreasing pressure.)

Note: Due to the obvious errors in estimating BINARY gas diffusion coefficients, 

computation of diffusivities for the MIXTURE would clearly not be justified.

27/09/99, 11:01      2 of 2  DP_EB-09.xls(GDiff)
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Liquid-phase diffusivity computation

Assuming binary diffusion:

Formaldehyde in water (main constituent)

NOTE:  While the correlations are for dilute solute diffusion, the hydrolysis of HCHO renders this valid here.

Use the correlation of Hayduk and Minhas (1982), recommended by R, P & P
(4)

In aqueous solutions: (Average abs. error = ~10%)

DºAB[cm
2
.s

-1
] = 1.25 × 10

-8
.(VA

-0.19
 - 0.292).T[K]

1.52
.hw

e*

where e* = (9.58/VA) - 1.12

hw is the viscosity of water [mPa.s]

and VA is the molar volume of the solute at its normal b.p. [cm
3
.mol

-1
]

From Ullmann's
(5)

:

"Formaldehyde liquefies at -19.2°C, the density of the liquid being 0.8153 g.cm
-3

 at 20°C [....]"

Given a molar mass of: 30.026 g.mol
-1

This yields VA = 36.828 cm
3
.mol

-1

whence e* = -0.85987

STAGE 1 STAGE 2 STAGE 3 STAGE 4

p [kPa(abs)] 125 120 115 110

Temperature [K] 335.15 323.15 315.15 310.65

Temperature [°C] 62.00 50.00 42.00 37.50

From Rogers & Mayhew
(5)

Viscosity of liquid water (to nearest 5°C) = hw [mPa]:

0.463 0.544 0.651 0.718

Hence DºAB[cm2.s-1] = 3.5E-05 2.9E-05 2.4E-05 2.2E-05

This probably should not be taken as constant across the whole column: 2.8E-05 cm2.s-1

27/09/99, 10:54      1 of 1  DP_EB-09.xls(LDiff)
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