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Summary

It was the purpose of this study to evaluate on a theoretical

basis available emission controls for the following fuel vapors:

a. monomethyl hydrazine (MMH)

b. hydrazine

c. unsymmetrical dimethyl hydrazine (UDMH)

d. H-70 (70% hydrazine by wt., and 30% water)

Four control devices were evaluated:

(1) scrubbing

(2) incineration

(3) carbon adsorption

(4) refrigeration

Where possible, equilibrium calculations were made and design

criteria established for these devices. The first two are techni-

cally practicable, while refrigeration can only be used as a con-

trol technique for H-70 vapors. Not enough is known about carbon

adsorption to determine if it is a feasible technique or not. A

choice between the first two devices would be made on a cost basis,

and the information in this report should be sufficient to enable

the solicitation of vendor quotations.

The major findings of this report were presented in a seminar

given on January 9, 1980 at the Environics Directorate (AFESC),

Tyndall AFB, Florida.
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Introduction

Hydrazine and derivative fuels (H-70, MMH, and UDMH) are used

by the Air Force primarily as rocket propellants, and in aircraft

emergency power units. As such, they must be transported, handled,

and stored.

During all of these operations, emission of fuel vapors into

the atmosphere or work environment will occur. These vapors are

toxic in their own right, and potential carcinogens. Both the

American Institute of Government and Industrial Hygienists (ACGIH)

and the Occupational Safety and Health Administration (OSHA), have

proposed reducing the 8 hr atmospheric exposure limit for hydrazine

vapors from 1 vppm to 0.1 vppm (volume parts per million). The Na-

tional Institute for Occupational Safety and Health (NIOSH) has re-

commended( 1 0 ) still further limiting the occupational exposure for

4hydrazine to .03 vppm (.04 mg hydrazine/m air). Recommended NIOSH

limitations( 1 0 ) for MMH and UDMH are .08 and .15 mg/m 3 respectively.

Such low concentrations would require emission controls on fuel stor-

age vents, and other potential release points.

Hydrazine-based fuels are stored in bulk quantities at Vanden-

berg AFB, Edwards APB, Cape Kennedy (KSC), .and Rocky Mountain Arse-

nal. Fuel vapors may he released from storage facilities, and truck

loading operations; as well as during nitrogen venting of missile

fuel lines, aircraft power units, and the space shuttle fuel pods.

At the present time, these releases are generally uncontrolled, al-

though KSC has recently installed hypergolic vapor scrubbers for

some of their fuel handling operations.

i•.
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The KSC scrubbers were designed by Martin Marietta(11). The

vapor flow rates and vent height associated with these scrubbers

were used as the basis for the design cases studied in this re-

port:

"* vapor flow rates from 10 to 400 cfm (0.28 to 11.3 m3 /min)

"* fuel vCpor temperatures up to 1000F (37.80C) corresponding

to equilibrium vapor concentrations up to 128,400 ppm

(depending upon the type of fuel considered)

"* vent diameter of 6 inches (15 cm), with a discharge height

of 36 ft (11 m)

Following general industry practice in this area, the pri-

mary units used are American Engineering units.

211
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Vapor Dispersion

The proposed NIOSH limitations on hydrazine-fuel vapors(1 0 )

were used as the basis of the calculations in ti,_s report. Those

limitations apply to the ambient concentrations, not the emission

rate. Therefore, an elevated vent will also act as a "control"

device by dispersing the hydrazine vapors and diluting them at

ground level. The required efficiency, then, of any real control

device depends to a significant extent on the height and diameter

of the vent stack to which the control device discharges.

Table I lists tha maximum allowable fuel concentrations from

the control device, for vent heights of 36, 72, and 100 ft (11,

22, and 30.5 m), and for vent diameters of l" and 6 " (4 and 15

cu). The calculation method is given in Appendix III.

Table 1 shows that for a ground level concentration of WIH of

.04 ppm ' ý. mg/mr , as proposed by NIOSH) the concentration in a

36 ft., 6' diamater vent need only be reduced to 196 ppm. The

latter concentration then becomes the discharge criterion for any

control device.

For the purposes of this report, all control devices were de-

signed for the most conservative case shown (i.e. for a 36 ft., 6"

diameter vent).

I

I
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Scrubbing

Appendix VI contains the scrubber calculations for the follow-

ing case:

MMH vapors at 49,140 ppm and 68°F (equilibrium condition), at

flow rates ranging from 10 to 400 cfm (0.28 to 11.3 m3 /min),

with a 6" diameter, 36 ft. high exhaust vent.

This c,:;r-esponds to a condition of high inlet concentration for

the KIC scrubbers at the Hypergolic Maintenance Facility.

For this condition, an appropriate packed column design in-

volves a 4 column system (see Figure 1):

* 2 in series to handle vapor flows from 72 to 400 cfm

i1.0 to 11.3 m /min), each 18" diameter (0.46m) x 8.8 ft

(2 (:i) high (with 201 safety factor), packed with 1"

,ramic Intalox Saddles. Water flow rate is 8.8 gpm

(.033 m3 /min).

* 2 more columns in parallel to handle vapor flows from

10 to 72 cfm (0.28 to 2.0 m3 /,nin), each 8" diameter

(0.20m) x 5.3 ft. (1.62m) high (with 20% safety factor),

packed with i" ceramic Intalox Saddles. Water flow

rate is 1.6 gpm (.006 m3 /min).

• Plain water is used as the counter-current scrubbing

liquor.

0 Demisters must be added to the top of each set of

parallel columns (above the liquid inlet nozzles) to

minimize entrainment of fine liquid droplets.

The most important assumption made in arriving at this de-

sign is the value of the mass transfer coefficient, and its de-

pendence on packing size and liquid flow rate. Since no coeffi-
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cients have ever been measured for hydrazine-fuel vapors, a value

for the ammonia/water system was assumed as the basis for design

calculations. The error in making this assumption could be signi-

ficant.

With this design, the theoretical effluent concentration of

MH will be 196 ppm in the exhaust vent, which will disperse to a

maximum ground-level concentration of 0.08 mg/mi3 (the recommended

NIOSH limit). -

The waste water from these scrubbers will have a maximum MMH

concentration of 1.3 mole %. This waste water can be sent to a

holding tank, neutralized with sodium hypochlorite, and discharged

with the other treated effluent from the Space Center. It is re-

commended that whenever possible the water be used once to minimize

treatment costs. However, if recycle of the scrubber water is de-

sired, the sodium chloride concentration (resulting from the sodium

hypochlorite neutralization reaction) will be a limiting factoi.

As the sodium chloride concentration increases, corrosion of the

metal surfaces in the scrubber system will also increase. The best

way to avoid this problem would be to install a deionizirg column

in the water recycle loop.

Scrubbing with water has definite operational advantages over

scrubbing with dilute hydrochloric acid, or sodium hypochlorite

solution. The latter two liquors present serious materials prob-

lems .corrosion), with little or no advantage in scrubber effici-

ency. At the effluent concentration levels being considered, me-

chanical design of the scrubber (liquid and vapor distribution,
entrainment, and approach to flooding) will have greater effect

- ~ e4 1
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on efficiency than any differences in vapor-liquid equilibrium

between water and other scrubbing liquids. Mechanical design

will probably determine the real limits of efficiency.

For different fuel vapor temperatures (i.e. different inlet

concentrations), and different fuels, the same scrubbers can be

used by simply adjusting the water flow rate (see Table 2). A

lower temperature of 43*F (6.1 0 C) was chosen for the scrubbers

to avoid freezing of the scrubber liquor (water).

For the UDMH/water system, appropriate vapor-liquid equili-

brium data are not yet available. UDMH is more volatile than MMH,

but also has a higher proposed ambient limit (see Table 1). As a

result, UDMH scrubbers would be expected to operate at about the

same conditions as the MIH scrubbers.

Determination of which set of scrubber to use could be done

manually, or automatically using a vapor flow sensor/controller.

At 400 cfm, the gas pressure drop across the packed sections of

the larger (18") scrubbers will vary from 8 to 14 inches of water

C2.0 to 3.5 kPa, depending upon the water flow rate). As gas flow

decreases to 72 cfm, the pressure drop will decrease to about 0.5

inches of water (0.125 kPa). For gas flows below 72 cfm, the in-

let valve in the vapor line to the smaller (8") set of scrubbers

will have to be opened, while the inlet valve to the 18" scrubbers

are closed (see Figure 2). When 72 cfm of gas are flowing through

the 8" scrubbers, the system will experience its maximum pressure

drop of 10 to 30 inches of water (2.5 to 7.5 kPa). The purge gas

pressure will have to be slightly greater than this in order to

4 577



force the gas through the system and out the stack. As the gas

flow rate decreases to 10 cfm, the pressure drop across the 8"

columns will decrease to about 0.5 in. water.

It should be noted that the scrubber discharge concentration

will be below the lower explosion limit for all of the fuels con-

sidered.

There is one operating point that could raise the pressure

drop across the 8" column to as much as 3.6 psi (25 kPa). This

operating point is for MMH vapors at 100°F, and 72 cfm gas flow,

and is near the flooding point (see below). If such a condition

arises during actual operation, the column may have to be manually

adjusted (as to water flow rate, and gas flow distribution between

the parallel set of columns) in order to reach design efficiency

within the system pressure constraints.

The present fuel vapor scrubbers at KSC have the following

design characteristics (see Figure 3):

* 2 columns in series, each 30" diameter C0.76m) x

4 ft (1.22m) high~packed with 3/4" ceramic Intalox

Saddles (Note: columns of this diameter generally

use packing of V•' to l1" in size ( 8 ))

* 14% citric acid solution is used as the counter-

current scrubbing liquor, at a rate of about 95

gpm (0.36 m3 /min).

At 400 cfm, with an inlet WfH concentration of 49,140 ppm at

68*F, theoretical equations result in an estimated outlet concen-

tration of Q.03 ppm for these scrubbers. Outlet concentrations

actually measured by Martin Marietta under similar conditions are

_t'J
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at least 3 ppm(11). Soveral factors could account for this dif-

ference: entrainment, channeling (i.e. poor liquid/gas distribu-

tion), errors in the analytical technique used, and finally, the

value of .03 is based on assuming a mass transfer coefficient from

the ammonia/water system (MMH-water coefficients are presently un-

known). However, both .03 and 3 ppm are much lower than the 196 ppm

actually needed in the exhaust gas (because of plume dispersion).

Therefore, for 400 cfm of vapor flow; the KSC scrubbers are actu-

ally ovarsized (even though they do not meet the original design

criterion of 0.2 ppm MMH outlet concentration).

At 160 cfm of vapor fiow, the KSC scrubber diameter is so

large that the pressure drop through the columns falls well below

.05 inches H20/ft. column. Such a low pressure drop can create

gas distribution problems (see Figure 2).

At gas flows below 93 cfm, the KSC columns should flood with

liquid. That is, the liquid flow (95 gpm) is so high compared to

the gas flow that the gas begins to channel up through the bed in

the form of bubbles, while the liquid actually becomes the contin-

uous phase. This effectively negates the mass transfer surface

provided by the packing. Instead of transferring MMH across a

thin film of liquid coating the packing surfaces, MMH is simply

transferred across a bubble interface. The result is a drop in

efficiency.

Considering the above, it is not surprising that efficienc-

eJ s observed with gas simply bubbling through the surge tank

I (the so-called "inoperative" mode) were generally about the same

as efficiencies observed through the scrubbers themselves( 1 1 ).

f~ 77 7 7 -
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Furthermore, with 141 citric acid as the scrubbing liquor, the

efficiency was indeed observed to decline belcvi 150 cfm( 1 1 ).

However, an anomalous result was observed with 5% NaOCl as the

scrubbing liquor. The efficiency actually appeared to decline

above 150 cfm. It is hoped that tests to be conducted at the

Space Center by the Environics Directorate of AFESC will clarify

this issue.

An additional problem with the present KSC scrubbers is

disposal of the spent scrubbing liquor. It still contains MH

as the citrate salt. At present, this liquor is expected to be

incinerated. However, it would be much more economical to inci-

nerate the purge gas directly, rather than first scrubbing and

then being forced to incinerate a liquid waste with a much higher

heat capacity. If water were used as the scrubbing liquor, the

t spent liquor could be neutralized chemically with sodium hypo-

chlorite, diluted, and discharged (the discharged liquor will

only contain sodium chloride, with trace amounts of NaOC1).

,-W
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Incineration

Appendix V contains the calculations for direct flame incinera-

tion (at a temperature of 1200*C) for 10 to 400 cfm of fuel vapor.

At 400 cfm, regardless of whether natural gas, propane, or isopro-

panol is used as the fuel, the incinerator should be about 4 ft.

(1.22 m) diameter x 12 ft. (3.66 m) long in order to have suffi-

cient residence time in the combustion zone. Fuel requirements

are: 2400 ft3/hr (STP) of natural gas (68 Nm3 /hr), or 904 ft 3 /hr

(STP) of propane (2S.6 NmA/hr), or 0.464 gpm of isopropanol (.002m3 /

min).

These results are independent of whther MMH, UDMH, hydrazine,

or H-70 are burned, and also independent of their vapor concentra-

tion. The only important variable is the vapor flow rate, to which

the required incinerator volume and fuel rates are roughly propor-

tional.

An alternative to direct flame incineration is catalytic in-

cineration. In the latter process, a platinum or rhenium catalyst

I is used to oxidize the vent gases at lower temperatures (peihaps

500 to 800*C). The higher initial investment over direct flame:1
incineration may be compensated for by a decrease in fuel require-

ments. Since the purge gas does not contain any components that

would poison the catalyst (such as sulfur), catalyst life is ex-

pected to be long.

Since the amount of fuel vapor is very small, nitrogen oxides

V I formed by the oxidation of the fuel will be of negligible impor-

tmnce. However, the remainder of the purge gas is nitrogen, which

"will form so-called "thermal NOx" under the conditions of direct

flame incineration (the temperatures for catalytic oxidation are
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too low to form thermal NOX). The State of Florida only has an

ambient annual average limitation on nitrogen oxides (there are

no NOx emission limitations for incinerators). This is typical

for most states. Since the incinerators will only be operated

intermittently, on relatively small volumes of purge gas, the

impact on ambient annual average NOx concentrations is expected

to be insignificant.

Since the combustion gases should be free of particulates

and sulfates, some of the heat in these gases could be recovered

by installing a waste heat boiler downstream of the incinerator.

However, this will increase the capital investment, and only

provide steam when the incinerator is operating, which is likely

to be intermittent. Unless there is a local need for the inter-

mittent supply of low pressure steam, a waste heat boiler would

not be economical.

4 1
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Carbon Adsorption

Data taken by Thomas Stauffer of the Environics Directorate

of AFESC indicate that hydrazine vapor will adsorb and possibly

auto-oxidize on the surface of activated carbon. The process

appears to have a high degree of efficiency, and this method may

be quite promising. However, virtually no data of a design na-

ture are yet available. Needed are the efficiency as i function

of: carbon column height and diameter, vapor flow rate, and vapor

concentration. If the mechanism is entirely or primarily adsorp-

tion, loading rates are also needed.

It
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Refrigeration

Appendix IV contains the procedures used for the refrigera-

tion calculations.

This method of vapor control is the least promising. It

cannot be used at all for hydrazine or UDMH vapor, because the

required refrigeration coil temperature is below the condensate

freezing point. Although the freezing point for ,MMH is 70F lower

than the required coil temperature, this difference is not suffi-

cient to provide an adequate design point. The only fuel for which

refrigeration is feasible is H-70. But even for this fuel, the

value of the recovered H-70 is unlikely to be sufficient to justi-

by the high cost of a refrigeration unit.

Table 3 contains a summary of the required coil temperatures

and freezing points.

M i
i i I
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Table 1

Maximum Permissible Vent Concentrations (MPVC)
------ I

Proposed Ambient Vent Diameter VentFuel Limit (mg/m 3 ) (1O) (inches) 
Height(ft) MPVC(ppm)

MMH 0.08 6 36 196
(.O4ppm) 

72 392

100 545it 36 784
72 1568

100 2180(or 11-700.04 
6 36 98(or H-70)(as hYdrazine) 

7 9(.03 ppm) 72 196
100 273

1• 36 392
72 71A

UtUI 0.15 100 10)2(.06 ppm) 
36 368
72 736

100 10221* 36 1472
72 2944

I' 

100
100 4088

I

-
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Table 2

Summary of Scrubber Operating Points

For: * 4 columns, with counter-current water flow

* 2 in series, to handle vapor flows from 72 to 400 cfm,

each 18 in. diameter x 8.8 ft high, packed with 1"

ceramic Intalox Saddles.

* 2 more acting as a parallel set of series columns,

to handle flows from 10 to 72 cfm, each 8 in. dia-

meter x 5.3 ft high, packed with t" ceramic Intalox

Saddlhs.

Water Flow(gpm)

Equilibrium for Vapor Flow(cfm)
F) ppmin ppM out 400 72

MW 43 20,909 196 6.2 1.1

Hyd 5,736 98 4.2 0.87

H-70 2,689 98 (P~drzie) 2.3 0.48

fI68 49,140 196 8.8 1.6

i 13,860 98 6.4 1.1

H-70 6,497 9 8 ("drazine) 4.0 0.83

1 00 128,362 196 11.8 2.2

BHydr 38,947 98 9.3 1.7

H-70 18,142 98(as 6.3 1.1

hydrazine)

f*

77
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Table 3

Required Refrigeration Coil Temperature (RCT)

(for 36 ft high, 6 in. diameter vent stack)

Fuel RCT(*F) Fuel Freezing Pt._(OF)(3)

MME -55.5 -62.3

Hydrazine -53.3 +34.8

UDMH -79.6 -70.9

H-70 -36.4* -58.5**

* for fuel originally at 680F
** for condensate with 55.4 mole % hydrazine

':1
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Appendix I

Calculatior of Hydrazine/Water Vapor-Liquid Equilibrium

Vapor-liquid equilibrium data can be predicted from the azeo-

tropic composition (e.g., see reference 1). For hydrazineAwater,

an azeotrope exists at 120.5*C (771 mm Hg), for a hydrazine con-
(2)

tent of 58.5 mole % . This translates to the following equations

for the activity coefficients:

log10 Ya = -1.0680
.0 :4o' x a1+ I. 40(1X 12

lOg10 T b - -0.5410 2

0 .5410(1X" ar7!68OX7]

where y a - activity coefficient of hydrazine

Yb = activity coefficient of water

X a = mole fraction of hydrazine in the liquid phase

the activity coefficients can then be used to V4-edict the vapor

composition, by knowing the temperature, pressure, and liquid com-

position:

y Ya PaOXa

Y b P b(l-Xa

P

where Y - mole fraction of hydrazine in the vapor phas,
a

ib = mole fraction of water in the vapor phase

P - total system pressure (generally, 760 mm Hg)

p . vapor pres eof hydrai;ine at the system temperature

I|t ~ ~ m__ _ _ of__ _ _ _ _ _ _ __ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _
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P b° vapor pressure of water at the system temperature

Data correlations exist for Pa* (reference 3), and Pb (reference 6):

log1 0 Pa* (mmHg)--6.50603-653.880 + 0.047914T-4.9886x10- 5T2

(for T - 273 to 393°K; however, this equation was also used

below 273°K)

logl 0 Pb°(mmHg) - 8.10765 - 1750.286
•-35.0+T

(for T - 0 to 60°C; however, this equation was also used

below 0°C: error at -15 0 C is only 1.2%)

(mmHg) - 7.96681 - 1668.21, (for Tu60 to 150°C)
228.0+T

Table A-1 is a comparison between actual(2) and predicted values

of the vapor composition of various hydrazine/water mixtures. The

results in general are quite good (most of the predicted values

fall with 8% of the actual value). However, when the hydrazine

vapor composition drops below about 5 mole %, errors in the analy-

tical method become relatively large, and these are believed to be

the reason for the larger deviations between predicted and actual

values of the vapor composition.

I

SI
I
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Table A-1

Comparison of Measured( 2 ) and Predicted Values for
Hydrazine/water VLE

T(oc) P(mm Hg) Yp(,,eas.) Y.(calc.) % Dev.

.111 105 760 .014 .016 14.3

.119 106 •.015 .019 26.7

.183 108 .040 .045 12.5

.195 107 756 .027 .052 92.6

.264 114 760 .100 .105 5.0

.317 116 .155 .162 4.5

.326 117 .168 .172 2.4

.332 117 .184 .180 2.2

.340 115 756 .138 .191

.367 119 760 .226 .227 .4

.417 118 756 .250 .304

.429 119 768 .303 .323 6.6

.450 120 760 .387 .358 -7.5

.452 119 768 -349 .361 3.4

.•479 120 760 .419 .407 -2.9

.480 122 .425 .408 -4.0

4 .503 120 768 .417 .448 7.4

.518 120 771 .446 .473 6.1

.533 120 U .488 .499 2.3

.548 120 .528 .524 - .8

* •560 121 .530 .544 2.6

.658 120 .720 .696 -3.3

.683 120 .755 .730 -3.3

.727 120 U .810 .785 -3•1

.736 119 .837 .796 -4.9

-77e7-- - -?
- -iN

-2,7 77777
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Appendix II

Calculation of MMHEOEter Vapor-Liquid Equilibrium

As with hydrazine/water systems (see Appendix I), the vapor-

liquid equilibrium data for MM/water can be predicted from the

azeotropic composition. However, azeotrope data is hard to find

for the MMH/water system. It appears( 5 ) that an azeotrope exists

at 1050C (760 mnmHg), for an MMH content of 25 mole %. This trans-

lates to the following equations for the activity coefficients:

loglO yc - -0.9172S0.9172X ,

+ 0.3273(1_Xc'l

log10 Yb = -0.3273
1091 Yb -O03273(1-X C) ~2

1+ O.9 l 7 2 Xc

where yc - activity coefficient of MMH

Yb a activity coefficient of water

Xc= mole fraction of MME in the liquid phase

The activity coefficients can then be used to predict the vapor

composition, by knowing the temperature, pressure, and liquid

composition:

Y -YP x
c cc c

p

-Y YbPb*(Xc)
P

where ye mole fraction of WE in che vapor phase

-mole fraction of water in the vapor phase

P atotal system pressure (generally, 760 waft~)
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P o - vapor pressure of MMH at the system temperature

Pb° = vapor pressure of water at the system temperature

(see Appendix I)

From reference (3):

logl 0 Pe° (mmHg) a 7.11158 - 1104.571 - 152227.6

T T2

(for T - 273 to 3630 K; however, this equation was also

used below 2730 K)

UDMH Vapor Pressure(3)

log10  Pd° (mmHg) a 6.73578 - 875.89 - 140001.0

T T2

(for T - 235 to 340°K; however, this equation was also

used below 235 0 K)

ii

I ii Ir :-
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Appendix III

DISPERSION CALCULATIONS

As given in Reference 5, the applicable dispersion equations

are as follows:

y= Q 06 exp (az

H- h+AH

AH 1.65 VD + 1.81 yss ]

AT- Tv-T&

Where X- plume centerline, ground-level concentration (10 min.

avg.) at wind speed U and downwind distance X (ug/m )

Q - discharge rate of pollutant (g/sec)

0o1 a dispersion parameters, in meters (functions of downwind

distance X). For "C" (neutral, or slightly unstable)

atmospheres:
M .91

a y 0.20X

O.llX .
9 1

U - wind speed (m/sec)

H a effective stack height (m)

h = actual stack height (m)

AH - plume rise (M)

V stack discharge velocity (m/sec)

D stack discharge diameter (m)
Tsn stack discharge temperature (OK)

Tae average ambient temperature (OK)

II--2
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If this equation is differentiated with respect to U, and set equal

to zero, an expression will be obtained for the wind speed (Uc)

that will result in a maximum ground-level concentration of pollu-

tant.

Similarly, if it is differentiated with respect to X, and set equal

to zero, an expression will be obtained for the downwind distance

(X c) at which the ground-level concentration will be a maximum.

Substitution of Uc and Xc into the equation for Xgives the ground-

level concentration (Y.) which is maximized both with respect to

wind speed and downwind distance. It is, therefore, the highest

ground-level concentration theoretically possible:

Xc . 1.95 X l04 Q

hVsD [+ 1.81T DsJ

At Kennedy Space Center:

h = 36 ft. (minimum) - 10.97 meters

D = 6 inches = 0.1524 meters

T"T, T AT - 0Ss1

At a fuel vapor rate of 10 cfm:

vs 10 ft 3 /min - 0.2587 i/sec
0.58 m/ se

.(0.5ft) ( 6 0 7) (32808 ft
4min m

= 80 Ag/m3 (0.08 mg/mi3 ), for MMR

S1.774 X 10-3 g/sec M (3.851- X 10-5 g moles/sec)

10mOf= 0.1962 g moles/sec total (at 68°F)

""I iLI
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Therefore, the maximum permissible concentration of MMH in the

36 ft. vent stack at KSC, at a vapor vent rate of 10 cfm, is:

- 3.851X10 5  1.963X10- 4 (or, 196 ppm)

0.1962

At 400 cfm:

Vs - 10.35 m/sec

Q - 7.096X10- 2 g/sec (1.540X10- 3 g moles/sec)

400 cfm - 7.848 g moles/sec total (at 68*F)

Y - 1.540X10- 3 = 1.963X10- 4  (or, 196 ppm)
7.848

Table 1 gives maximum permissible vent concentrations for

various vent dimensions, and various fuels.

IM

7L 77

I!
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Appendix IV

Refrigeration Calculations

For a refrigeration calculation, the starting material is a

single-phase vapor, above the liquid fuel, in equilibrium with the

fuel omposition. This vapor is withdrawn and passed across a cold

coil, where part of the vapor condenses. The relative amount of

condensate, and the condensate and vapor compositions, must be

solved for by applying material balances and equilibrium relation-

ships. The final vapor composition must satisfy the criteria for

maximum allowable effluent concentration, determined by the dis-

persion calculations of Appendix III.

A material balance can be written for each component:

Z -Xf + Yf
a afL afv

Zb - XbfL +

where ZaZb = initial composition of hydrazine (or MMH), and water

(respectively) in the fuel vapor

XaXb - composition of hydrazine (or MMI), and water in the

condensate

YaYb - composition of hydrazine (or MMH), and water in the

remaining vapor after refrigeration (determined by

dispersion calculations -(see MPVC in Appendix III)

fL f fraction of the original fuel vapor which condenses

(f*), uand remains as a vapor (f after refrigera-

tion

7 ZI

_______________ - -- •-•--
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By definition: Xa + Xb=1
fL + f = 1

(Note: Ya+Y b 1, and Za+Zb l, because of the presence of noncon-

densible gases, such as air or nitrogen.)

There are also 2 equilibrium relationships between Y and X:

Y a - P a xYa =•a~a a

P

Yb = YbPb0Xb

P

with terms defined as in Appendix I and Ir.

These equations can be combined into a single equation which

mathematically defines the equilibrium condition after refrigera-

tion of fuel vapors:
t0

f(X ) bb 2 (1+Z )+Z J-Yapa 2
a a a a a Xa(1-Zb)]

+(Za + Zb)X - Z W 0

This equation may be solved by the Newton-Raphson technique:

df(Xa) IbP: 2 b
V-(X a(2K-1-Z)+ P7a a a a P1 -a]a a

a Za 2
P 2.1Z) a [ X~~ Xa(lZb)] _2+ a +Z

dy. 4.6052A 2 (l-X )ya

a CAXa + B(1-Xa]

a (a
Xa +B 2'Xa)b

I7j
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where A - - 1.0680

B a - 0.5410

for hydrazine/water

and A - - 0.9172

B - - 0.3273

for MMH/water

Solving for Xa and Ya is an iterative procedure:

(1) Guess refrigeration coil temperature

(2) Guess Xa, condensate composition

(3) Calculate M(Xa), and f t (Xa)

(4) If f(Xa) 0 0, solution for Xa is reached, go to step (6)aa
(5) If f(Xa) 7 0, Xa WXa.- [f(Xa)/fl(Xa)].

Go back to step (3) with the new value of Xa.

(6) Calculate Ya = YaPaOXa/p

(7) If Ya - allowable effluent concentration (see Appendix

III) the correct temperature and composition after re-

frigeration have been arrived at.

(8) If Y a7 allowable effluent concentration, use method of

halving (see below) to find a new temperature, and re-

turn to step (2). 4
Method of Halving

This method uses incremental changes in temperature until the

temperature interval is found that spans the answer. Then, the in-

terval is halved, and the procedure repeoated until the desired ac-

curacy is reached.

ii

IN
77- 77
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Referring to step (8) on previous page, if Ya is greater than

the allowable vapor concentraticn, the temperature must be lower,

and so is reduced by (e.g.) 100F. As long as Ya is too large, the

temperature continues to be lowered by 10*F, until Ya is too small.

Then, go back to the previous temperature (when Ya was still too

large) and lower the temperature by 5 F. If Y is still too large,a

reduce the temperature an additional 2.5°F, and so on, until the

desired accuracy is reached.

For Pure Fuels (single component)

When a pure fuel (MMH, hydrazine, or UDUH) is being considered

(rather than a mixed fuel like H-70), the above procedure can be

greatly simplified, since only one component exists in the conden-

sate. In such cases it is only necessary to find the temperature

that will yield the pure component vapor pressure corresponding to

the maximum permissible vent concentration (MPVC). That is:

Y a!a -' MPVC
P

P0 -function of coil temperature
a

Table 3 gives the required refrigeration coil temperatures

for various fuels. 4
* i

* I

'Ii

1!
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Appendix V

Incineration Calculations

Assume a fuel such as propane (C3 H8 ). The following com-

bustion equation can be written:

C3 H8 (g) + 50 2 (g) * 3 C0 2 (g) + 4H20(g)

If the combustion chamber is well insulated, aud neglecting

the contribution of t-e hydrazine (or MMH) vapors, a heat balance

can be written as follows:

3 rc(Tf-25°C) + 4 Zj (Tf - 250C)

+E(T- 250C)+(l- E I()i .fO-2.. N(f- S

VH (60 min/hr) 0+ '- \/Fr • • (Tf - SOC) + AHc 0

~slb mo1eA 1
where Tf - combustion chamber temp. = 1200°C (using max. RCRA

criterion(7) proposed for halogenated arcmatic hydrocarbons)

L'p • average heat capacity of CO2 between Tf and 250C

51.18 J/gmoleOC(6)

SH= average heat capacity of H2 0 vapor between Tf and

25°C - 39.81 J/gmole.°C(6)
:1o* average heat capacity of 02 between TE and 250 C

33.79 J/gmole.*C(6)

t N= average heat capacity of N2 between Tf and 2S°C -

31.88 J/gmole.eC(6)

Ex I excess air a St (RCRA recommendation( 7 ) is at least

42-31)
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VH ' volumetric flow rate of fuel vapors C- 10 cfm to 400

ccfm)

TH - fuel vapor temperature (in OR)

AF - required mass flow rate of propane (in lb mole/min)

AHca- heat of combustion of propane at 25°C

- 2.044 X 106 J/gmole( 6 )

Solving for F

AF - 3.324 VH

H

when VH - A0 cfm, TH z 528 OR (68 0 F)

o3
MF = 0.063 lb moles/hr (22.6 ft 3 /hr at STP)

when VFH - 400 cfm, TH a 528 °R (68°F)

MF a 2.52 lb moles/hr (904 ft 3 /hr at STP)

Knowing the fuel rate, the volumetric flow of combustion

gases (V ) can be calculated:
iEx Ex

x SCO. 79)
V [3 + 4+ -) + (1 + 0 ) .c '4

+ VH (60 Min/hr) ft3 1473K'l + "-3 T-' ( C59it•'"mole)C (23-

1 ft H J
Vc 82.23V11 097,• vc -(27 +• 1937

THM

But VH tI
3.32

Vc 1.00xoM
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when VH - 10 cfm, TH - 5280R, M- = 0.063 lb mole/hr

Vc - 6310 ft3/hr at 12000 C

For a residence time of 2 seconds (following RCRA recommenda-

tions(7): Vc

combustion chamber volume - s h)(2 seconds) - 3.0ft3

At 400 cfm fuel vapor flow:

V = 2.52 X 105 ft 3 /hr, at 1200*C for a combustion chamber

volume of 140 ft 3 ; or a 4 ft diameter X 12 ft long in-

cinerator

With natural gas (methane) as the fuel:

CH4 (g) + 20 2 (g) * C02 (g) + 2H 2 0(g)

0 a (6)
AHc - 8.023 X10 J/gmole

Using the same procedure as before:

VH
8.832

H

when VH - 10 cfm, TH = 528OR (680F)

MF a 0.167 lbmoles/hr (60 ft 3 /hr at STP)

Vc - 3.934 X 10• MF - 6580 ft /hr, at 12000 C; for a combustion :4
chamber volume of 3.65 ft 3 .

when VH a 400 cfm, TH - 528R (68°F)

M 6.69 lb moles/hr (2400 ft /hr at STP)

Vc - 3.934X10 - 2.63X10 5 ft 3 /hr at 1200*C, for a combustion

chamber volume of 146 ft3; or again, a 4 ft diameter X
12 ft long incinerator

AjV
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With isopropanol at the fuel:

C3 H7 OH(t) + 9 02(g) 3C0 2 (g) + 4 H2 0(g)

AH0 = -l.811X106 J/gmole(6)

Using the same calculation procedure as before:

a VH
-F " 4."009°°-

when VH - 10 cfm, TBH 528 0 R(680F)

- .076 lb moles/hr (0.012 gpm)

Vc - 0.8816X10 5 MF . 6690 ft 3 /hr, for a combustion

chamber volume of 3.72 ft 3 .

when VH - 400 cfm, TH - 528 0R(68*F)

3.037 lb moles/hr (0.464 gpm)

t3/
V - 2.68X105 ft/hr, for a combustion chamber volume,c .

* of 149 ft 3 ; or again, a 4 ft diameter X 12 ft long

incinerator.

*- KI

! ! M,!I
,!I
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Appendix VI

Scrubber Calculations

The outlet vapor concentration from the scrubber must satisfy

the criteria for maximum allowable effluent concentration, deter-

mined by the dispersion calculations of Appendix III.

Once the outlet vapor concentraticer is known, a material bal-

ance will yield the outlet liquid concentration and liquor flow

rate.

For example, with the 36 ft vent line at KSC, the outlet con-

centration (Ycout) must be 196 ppm MMH or less. Based on an MMH

fuel temperature of 68*F, the inlet concentration to the scrubber

is determined as follows:

at 680F, Pc - 37.3S mmHg (see Appendix II)

Ycin= c c oxc

since the fuel is pure MMH:

Xc = 1.0

Y C= 1.0

• and Ycin = 0.04914 (at P - 760 mmHg)

assuming water is used as the scrubbing medium:

X Xci 1" 0* n

and by an M14H balance around the scrubber:
V (YiYcout) =L'(Xcout -Xcin)

the fuel vapor rate (V') is known for various cases, but both 4

the liquid rate (L') and outlet liquor composition (Xcout)

are unknown.

7QI
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However, let's assume a single equilibrium contact stage for

the scrubber. At equilibrium:

Ycout a YcPZXcout

c

For an isothermal scrubber, at 68*F (see Appendix II):

PC - 37.35 mmHg

log1 0 Yc = " 0.9172

0.9172X1c 2

and P - 760 mmHg

The resulting equation must then be solved for Xcout by a

trial-and-error procedure. Using the Newton-Raphson method:

f(Xcout = Ycout -cPcXcout a 0S~P

f'(X cout " - " ucoutd pccot-ax--- 7-r- P 3XS2! a-_cout cout

dyC - 4.6052 A2 B2 (1-Xcout)yc , A--0.9172

Sc" rA . 3 B--0.3273cout A~coutB (Xcout)] (see Appendix IV)

(1) Guess Xcout

(2) Calculate f(Xcout). If it's zero, you have the right

value of Xcout.

(3) If f(Xcout) 0 0, calculate f'(Xcout).

(4) Xcout a Xcout - (f/f')

(S) Go back to step (2)

7 F
• i
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Continuing the same example of MMH stored at 68*F, the above

method yields the solution:

Xcout 0  0.02510

This waste liquor can be treated separately with sodium hypochlorite,

to destroy the MMIH.

Now, the material balance can be used to find the scrubber water

rate (L'):

V'(Ycin-Ycout) L'(Xcout - Xcin)

For the present example, with 10 cfm of fuel vapor:

10 ft33 lb mole 4920R 00.4914-196XlO-6 lb moles

MIN 359 ft3 )52•R 0.02510 - 0 min0.0506 l mol

or L' = 0.11 gpm water

At 400 cfm fuel vapor flow:

L' - 4.4 gpm water

This establishes the minimum water requirement for the system. As a

first approximation to the actual design, let the water flow rate be

twice minimum, or 8.8 gpm at 400 cfm of fuel vapor.

In order to continue the scrubber calculations, the design of a

counter-current packed column must now be considered (see Figure A-l).

The following parameters govern counter-current packed column

* design(8):

8 G2F PV0. 1
1 ~ ~~B = g-_g

where L = liquid flow rate (lbm/ft 2  sec)

G = gas flow rate (Ibm/ft 2 •see)

(f2 men2"e
(ft meant "per ft2 of column cross-section")

5 i
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Pg - vapor density (lbm/ft 3 )

P1 - liquid density (lbm/ft 3 )

v - kinematic viscosity of the liquid

- U/p (centistokes, cp/g/cc)

F = packing factor (dimensionless)

For proper column operation, a must lie between 0.02 and 4.0.

Below .02, the gas velocity is so much higher than the liquid ve-

locity that entrainment of liquid into the gas stream becomes a

problem, and there is also a danger of drying out the packing at

various locations within the column (this means loss of effective

mass transfer surface). Above 4.0, the gas pressure drop through

the column beeomes excessive, and the column gradually floods with

liquid (which becomes the continuous phase), as gas just bubbles

through the bed (again, resulting in a loss of mass transfer sur-

face).

Furthermore, values of 8 are constrained by the column pressure

drop - if 8 is too high, the pressure drop will be excessive; and if

8 is too low (<<.05 inches of water/ft of packing) a good gas flow

* • distribution will be difficult to achieve. 8 is a function of thei

square of the gas flow.

Good distribution of liquid and gas throughout the column is

the key to packed column performance, and therefore, the design of

distribution grids can be critical.

Figure A-2 shows the generalized pressure drop correlation for
packed columna However, calculation of the packed height re-

,i -1quires a knowledge of the mass transfer coefficient, and mass trans-

Sfer coefficientsfor hydrazine fuels and water are at present unknown.

FI
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Therefore, as an approximation, the mass transfer coefficient (KGa)

for the ammonia-water system was used:

for 1-1/2" ceramic Intalox Saddles( 9

KGa (ammonia-water) - 13.0 lbmoles

hr * atm • ft 3 of packing

Ratio KGa (1") (for CO2 - NaOH)(8) = 3.0 = 1.30

Ka (l1") 2.3

(these mass transfer coefficients were developed for L = 5000 lbm/

ft 2 hr, and G - 500 lbm/ft 2 hr).

The mass transfer coefficient also varies with liquid flow rate:

for 1" ceramic Intalox Saddles (CO 2 -NaOH system)(8) KGa varies

as LO' 3 4 4 (for L in lbm/hr. ft 2 ). At 8.8 gpm, L a 4398 ibm/hr. ft 2

(where A - column cross-section in ft 2 ). A

K(a (4398/A lbm/hr. ft 2 ) 4398 0.344 0.9568

KGa (5000 ibm/hr. ft) . .. 5A 00A

K KGa also increases with increasing gas flow rate, although the

effect is not as significant as with increasing liquid flow. Since

systematic data showing the variation of KGa with gas flow rate wereGI

not available, this effect was ignored, which tends to make the pack-

ed column design more conservative (i.e. taller than it has to be).

Considering these factors:

KGa(l" ceramic Intalox Saddles, amnonia-water, 8.8 gpm water

flow rate) - 13.0 (1.30)(0.9568) 16.17 lb moles
0.34 4 hr. am 4 ft 3 packing

From the definition of the mass transfer coefficient:

La-
A [m

M--

, kr - __7_
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AY m "(Y cin - Cin)- (Yeout - cout
ln(Ycin-Ycin*) - ln(Ycout-Ycout*)

where: N - lbmoles transferred/hr

H = packed height (ft)

A - column cross-section (ft 2 )

P - total system pressure (atm)

Y - actual gas phase mole fraction

Y*- gas phase mole fraction if it were in equilibrium with

the adjacent liquid

In the continuing example of 400 cfm WWM vapors at 68*F, scrubbed

with 8.8 gpm water:

P - 1 atm

N - VI (Ycin-Ycout) 3.049 lbmoles/hr

Ycout - 196 X 10-6

Y cin " 0.04914

Ycout ¥c, Xcin 0
P

cin Cc cout - 8.608XlO- 5 (for X 0. 01255)
P cout

AYl - 8.847 X 10-3

21.31 ft
.A0 6 5 6

Under these conditions:

-62.3 lbm/ft 3

Pg - 0.0726 lbm/ft 3 (based on nitrogen)

v -1.0

P F -92

a " 0.0862

A 4.765

2-- ~ ' 4 S ~ . ~
A~
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In addition, to avoid excessive fluid channeling, the packed

height must be no more than 8 column diameters(8). Therefore,
Ema - 8D - 84:A
Ha~x

These various constraints can be summarized as follows:
Htotal = 21.31 ft

A0.A6 5 6

"HMax/column - 9.027A0 "5 ft

8 = 4.765

A2

a 0.086

For this value o1 a, a practical limit on 0 is about 2.3. Substi-

tuting for 8 into the above formula gives a cross-sectional area (A)

of 1.44 ft 2 , or a column diameter of 16.2 inches. However, standard

size columns would probably be 15 inches or 18 inches in diameter.

At 18 inches:

A - 1.767 ft 2

-- 1.526 (AP - 0.65 in H2 0/ft packing)

H total m 14.67 ft

RH ,/column - 12.0 ft

Therefore, two columns in series are needed, each 18" diam. X 8.8 ft

high (with a 20% safety factor), packed with 1" ceramic Intalox Sad-

dles (total pressure drop is 11.4 in. H2 0 at 400 cfm).

As the gas flow through the column drops, 8 drops as the square

of gas flow. At 72 cfm of fuel vapor, a-0.48, and B-O.05 (AP< .05

inches H20/ft packed height). This is approximately the limit of

operability of this scrubber. Another set of parallel columns must

therefore be sized to handle cas flows below 72 cfm.

- 05-7F,



47

For 72 cfm fuel vapor, and 1.6 gpm water:

S- .087

-- 0.3356 (with i" ceramic Intalox saddles)

A2

"KGa - 14.55 lbmoles/hr - atm • ft3 (with i" ceramic Intalox

A 03  saddles)

N- 0.5488 lbmoles/hr

Y cout W 196X10-6

Ycin - 0.04914 (at 68°F)

Ycout* 'a -cPcXcin - 0

Y ~P O
cin* ye C cmp -

n C °COUt 8.47X10 5 (for Xout = 0.01237)
p ' u

AYim - 8,847X10-3

H = 4.264 ft

Again, for $max - 2.3, A=0.3820 ft 2 (D-0.697 ft S 8.4 inches)

Let D - 8 inches (standard pipe size)

A - 0.3491 ft 2

Omax 2.75 (Ap - 2 in. H2 0/ft packing)

For 0  =min 0.05

Vmin = 9.7 cfm (a-0.65)

Therefore. this set of columns can be used effectively down to the

10 cfm limit.

For an 8" column:

Htotal 8.91 ft.

N I.axcolumn 5. ft

11 7--,,V
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Therefore, two more columns in parallel are needed, 8 inches dia-

meter X 5.3 ft high (with 20% safety factor), packed with J" ceramic

Intalox Saddles (total pressure drop is 21.2 in. H2 0 at 72 cfm).

Total Scrubber Package:

* 4 columns

* 2 in series, to handle vapor flows from 72 to 400 cfm,

each 18 in. diameter x 8.8 ft high, packed with 1"

ceramic Intalox Saddles. Water flow rate is 8.8 gpm.

* 2 more acting as a parallel set of series columns, to

handle vapor flows from 10 to 72 cfm, each 8 in. dia-

meter x 5.3 ft high, packed with *" ceramic Intalox

Saddles. Water flow rate is 1.6 gpm.

Assumes MMH @ 68 0F (49,140 ppm in - 196 ppm out).

These same scrubbers could also be used b! fndle hydrazine

and H-70 vapors, at temperature from 43 0 F in ; ;o avoid freeze-

ups) to 1000 F, by simply adjusting the water flow rates (see Table

2).

Present KSC Fuel Scrubber Design

At the present time, 2 series scrubbers are located near the

Hypergolic Maintenance Facility. Each has an inside diameter of

30 inches, and is packed to a height of 4 ft with 3/4" Intalox

Saddles.

For 400 cfm of fuel vapor, 95 gpm water flow, at 68*F:

L = 2.687 lbm/ft 2 sec

G = 0.0986 lbm/ft 2 sec

62.3 ibm/ft3

SG= 0.0726 lbm/ft 3

A - 4.91 ft3

F a 145
•v a a 0.93

B = 0.312 (Ap = 0.25 in. H2 0/ft packing)
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KGa - 22.7 lbmoles/hr • atm.ft 3 of packing

Htotal - 8 ft.

N - VI (Y cin - Y cout)

P-i atm

N
Ka HAP AY N m

22.7 - 62.20(0.04914 - Y cout)

(8)(4.91)(1) AYIm

AY (. Y (cin-Ycin*) - (Y out.- Ycout
Sam ln(Y cinY cin,) ln(Y cout _ Y cout,)

SYcin =0.04914

mci. 0

Ycout*- YcPc°Xctn c 0

p

S" V'(Y - Y )Xoticout out' 0.02364(.04914-Y cout)

m Ycin* c ¥c Pc°Xut a .00116(.04914- Y cout)Yc

Solving by trial-and-error:

cout 3OXlO 8 (or, .03 ppm)(X 1.16x1o- 3

Below 93 cfm, ax is greater than 4.0, and the column will flood

(as described above). Furthermore, below about 160 cfm, the column

pressure drop will be so low that good gas distribution will be dif-

ficult to achieve. Therefore, column efficiency would be expectedI'

to fall off at fuel vapor rates below 100-150 cfm. Results of Mar-

tin-Marietta(1 l) are mixed with regard to a decrease in the fuel

vapor rate. With 14% citric acid as the scrubbing liquor, the• IAl
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efficiency does indeed decline below about 150 cfm. However, with

5% NaOC1 as the scrubbing liquor, the opposite results were obtained

(the efficiency declines above 150 cfm).

*77


