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APPENDIX A

Sample Calculations

NOx Removal Efficiency

EffNO2 = (NO2,in – NO2,out)/NO2,in

and total NOx removal as,

EffNOx = (NOx,in – NOx,out)/NOx,in

where total NOx is

NOx = (NO + NO2)

For this model, the mole balance on NO is as follows

NOout = NOin + (NO2,in – NO2,out)*1/3

Therefore, the total NOx removal efficiency based on that of NO and NO2 is,

EffNOx = [NO,in + NO2,in – (NOin + (NO2,in – NO2,out)*1/3) – NO2,out]/NOx,in

or

EffNOx = [NO,in + NO2,in – NOin – (NO2,in – NO2,out)*1/3 – NO2,out]/NOx,in

EffNOx = [NO2,in– 1/3NO2,in + 1/3NO2,out – NO2,out]/NOx,in

EffNOx = [2/3NO2,in - 2/3NO2,out]/NOx,in

EffNOx = 2/3 [NO2,in - NO2,out]/(NO,in + NO2,in)
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Oxidation Reaction of Nitric Oxide

Arrhenius equation for forward rate constant

Jethani et al. (1992). Give the rate constant for the NO oxidation reaction,

2NO + O2 → 2NO2

log10k1 = 652.1/T – 4.747 [=] kPa-2s-1

We must convert the rate constant to the Arrhenius form before we can used it in ASPEN.

k1 = (A)e(Ea/RT)

where:

k1 = overall rate constant [=] kPa-2s-1

A = pre-exponential factor [=] kPa-2s-1

Ea = pre-exponential factor [=] cal/mol

R = ideal gas constant = 1.987 [=] cal/(mol x K)

T = absolute temperature [=] K

First, we convert the base 10 logs to natural logarithms,

log10k1 = lnk1/ln10 = lnk1/2.303

Next, distribute 2.303 and then raise both sides of the equation to powers of e, i.e. take the

exponential of each side,

exp(log10k1) = exp(1501.8/T – 10.93)

which is simply,

k1 = [e^(1501.8/T)]/[e^10.93] = [e^(1501.8/T)]/[55957]

We now have the basic Arrhenius form.

k1 = (1.7871E-5)e(1501.8/T)

where:

A = 1.7871E-5 [=] kPa-2s-1

The quantity 1501.8 is equal to Ea/R.  1501.8 has to have units of Kelvin.  To solve for Ea, we

simply multiply it by the appropriate gas constant as follows,
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Ea = 1501.8 K x 1.987 cal/(mol x K) = 2984.0 cal/mol

The final form for the Arrhenius equation follows,

k1 = (1.7871E-5)e(2984.0/RT)

Time-dependence of NO and NO2

Total NOx does not change because of the 1:1 molar ratio of NO consumed to NO2 produced for

this reaction.  The differential equation for the partial pressures of NO and NO2 is formulated as

follows,

d[NO2]/dt = -d[NO2]/dt = 2k1[NO]2[O2] [=] kPa/s

The two arises from the reaction stoichiometry and the consumption of two moles of NO per

time unit as the reaction progresses.  The number of moles of O2 reacted at any time is just half

that of the number of moles of NO reacted.  The concentration of O2 at any time can therefore be

expressed as a function of [NO].  However, due to the large excess of air in the FUMES stream,

[O2] can be considered nearly constant with respect to time.  This assumption simplifies the

calculations that follow.  Since [O2] is a constant, we now have an easily separable differential

equation.

-d[NO2]/[NO] 2 = 2k1[O2]dt

This equation can be integrated,

-∫(1/[NO]2)d[NO2] = ∫2k1[O2]dt = 2k1[O2]∫dt

-(- 1/[NO]) + C = 2k1[O2]t

where:

C = the integration constant

Because the sign of C is still undetermined, this equation can be rewritten as,

1/[NO] = 2k1[O2]t + C

Now, we will solve for C from the initial conditions.  At time t=0, [NO] = [NO]o
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Therefore, at time t = 0, [NO] = [NO]o such that,

1/[NO] = 1/[NO]o = 2k1[O2](0) + C = C

1/[NO]o = C

We re-write this equation as,

[NO] = 1/(2k1[O2]t + 1/[NO]o)

Therefore, the integration constant for the transient solution is simply the inverse of the initial

partial pressure of NO.

We calculate the partial pressure as follows,

Pi = PTyi

where:

Pi = partial pressure of component i [=] kPa

PT = total pressure [=] kPa

yI = mole fraction of component i [=] (lb-mol/hr)/(lb-mol/hr) [=] unitless

The initial partial pressure of NO is as follows,

[NO]o = 101.325 kPa x (0.39 lb-mol/hr / 648.34 lb-mol/hr)

[NO]o = 0.061 kPa

For this case,

1/[NO]o = C = 1/0.061 = 16.41

So, for the following initial conditions given in the supplied data;

T = 305.37 K

total pressure = 101.325 kPa,

Total FUMES flow = 648.34 lb-mol/hr

NO flow = 0.39 lb-mol/hr

NO2 flow = 3.37 lb-mol/hr

O2 flow = 132.19 lb-mol/hr

[NO]o = 0.061 kPa,

[NO2]o = 0.499,
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[O2] = 20.7 kPa,

The partial pressure of NO at time t is:

[NO] = 1/(2k1[O2]t + 1/[NO]o)

[NO] = 1/(2(1.791E-5)(20.7)t + 1/0.061)

The following table gives partial pressures of NO at different times

Table A.1.  Time-dependent concentration of NO fed to scrubber.

Time [NO] [NO]/[NO]o

(seconds) kPa (kPa/kPa)

0 0.061 1

5 0.059 0.97

10 0.057 0.94

20 0.054 0.89

30 0.051 0.84

60 (1 min) 0.045 0.73

120 (2 min) 0.035 0.57

300 (5 min) 0.021 0.35

600 (10 min) 0.013 0.21
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Sample calculations concerning the assumptions laid forth in Chapter 4

I.  Neglect NO oxidation

II.  Neglect NOx absorption through the NO2 pathway

III.  combine Reaction 4 and 5, pseudo-steady state of HNO2

IV.  Neglect NOx absorption through the N2O3 pathway

V.  Eliminate HNO2 (liquid and gas-phase oxidation of HNO2) concentration of HNO2 and O2

must be small

VI.  Neglect both reactions (11) and (13);

(11)  2NO2(l) + H2O ↔ HNO3 + HNO2

(13)  HNO3(g) ↔ HNO3(l)

VII. Neglect reaction (12)

(12)  3NO2 + H2O ↔ 2HNO3 + NO

Column Cooling

Cooling Jacket

ASPEN requires UA values for the calculations of stage cooling for the column.  A cooling

jacket fits around the outside surface of the tower.  Cooling water or refrigerant flows between

an outer shell of sheet metal and the surface of the tower.  Cooling takes place on each stage

between the cooling medium in contact with the column adjacent to the liquid holdup level and

the vapor space above the tray and below the next one.  Heat transfer coefficients are complex

functions of many variables including flow rates, viscosities, hot and cold side materials,

composition of the structural steel, temperature.  Heat transfer rate to water is an order of

magnitude or more greater than that to air.  The total heat transfer is a combination of heat

transferred to the liquid on the tray and the vapor above the liquid.  Actual heat transfer is likely

greater than assumed because of the liquid that splashes onto the sidewalls of the column as well

as the extra downcomer area.  However, an adequate approximation follows.

Total area x heat transfer coefficient = Liquid Area x Liquid Coefficient + Gas Area x Gas

Coefficient

UTAT = ULAL + UGAG



A.7

Further, we assume that the liquid within the column is water, and the gas within the column is

air.  For both cases the cold side medium is water.

Economic Calculations

Payback Time

Fixed costs + [Operating costs]*[Payback time] = [Operating savings]*[Payback time] + {EPA

fines not incurred}

Therefore, solving for payback time we get:

[Payback time] = ([Operating savings]*[Payback time] + {EPA fines not incurred} - Fixed costs)

/ [Operating costs]

Chiller Calculations

12000Btu/hr for 1 ton equivalent of refrigerant

heat removal from cooling water

Q =mCp('T)

where:

Q = rate of heat removed [=] Btu/hr

m = mass flow rate of water [=] lbm/hr

Cp = heat capacity of water [=] Btu/(lbm * oF)

'T = final temperature change of cooling water = oF

Q = 7gpm*8.314lb/gal*(60min/1hr)(1)*(70-50) = 69838 Btu/hr

R = Q / [12000 Btu/(hr * ton of refrigerent)]

where:

R = refrigerant requirement [=] tons

R = 69838btu/hr  /  12000 Btu/(hr * ton of refrigerent) = 6tons refrigerant
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chiller costs $2000 to $2500 per ton of refrigerant

chiller cost = $12000 to $15000
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