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Mass Transfer Efficiency of a Packed Bed
Utilizing the Fractal Distributor

December 18, 2002

A. Frank Seibert, J. Christopher Lewis and James R. Fair

BACKGROUND

The Separations Research Program (SRP) conducted a series of carbon dioxide/caustic
absorption experiments tests to determine the mass transfer characteristics of a Montz
B1-500 packed bed using four different liquid distributors:

1) Standard SRP Orifice Distributor (40 pts/ft)

2) High Capacity Trough Drip Tube Distributor (13.5 pts/ft)
3) Fractal [ Distributor (10 pts/ft*)

4) Fractal II Distributor (40 pts/ft)

Algamated Research, Inc. provided the Fractal distributors that were fabricated from
plastic materials. The Separations Research Program provided the orifice and trough drip
tube distributors. The primary objective of the study was to determine the effect of the
liquid distributor type on packing mass transfer. The Montz B1-500 structured packing
was selected because of its large available surface area which is thought to be difficult to
wet completely with conventional liquid distributors. Also, the higher surface area
should enable better discrimination among the effects of the different distributors. In
these tests, only distributor was varied.

Experimental Equipment

The hydraulic and mass transfer performance of the packings was measured using a 16.8-
in I.D. PVC air/water column connected to a 350 gallon capacity sump. The hydraulic
system setup is shown in Figure 1. The packing elements were loaded into the column by
lowering the elements onto a corrugated-type support plate for structured packing. The
packed height was 118 inches. Inlet and outlet temperatures were measured with type-K
thermocouples. The water flow rate was measured using an onfice plate and differential
pressure transmitter. Water was supplied to the top of the column from the re-circulation
tank via a centrifugal pump capable of discharging 150 gpm. Water flow was regulated
with an automatic control valve. A 40 HP blower with variable speed motor drive
supplied air to the column.



Pressure drop data were measured using a commercially available differential pressure
cell (DPC) calibrated for 0-30 inches of water. Both legs of the cells were periodicaily
purged of any entrained liquid, to insure accuracy.

Mass transfer data were calculated by comparing the carbon dioxide (CO;) concentration
in ambient air entering the column with the CO; concentration in the exit air, after
scrubbing with a sodium hydroxide solution. The ambient CO; concentration generaltly
ranged from 360 to 380 ppm. Carbon dioxide concentration levels were measured with a
Horiba VIA-510 analyzer. The Horiba analyzer provided four calibration ranges:

* (0-100 ppm
» 0-200 ppm
* 0-500 ppm
* (-1000 ppm.

The 0-500 ppm range was utilized in these experiments. The analyzer was calibrated
before the start of each run. It was equipped to provide a 4-20 ma signal to our Fisher-
Rosemount Delta-V process computer. This feature allowed for online CO; monitoring
and calculation of the mass transfer efficiency. The diameter and length of the sample
piping was optimized to minimize residence time.

Four liquid distributors are utilized, to ensure proper initial liquid distribution. See Table
1.

Table 1. Liquid Distributor Capacity and Specifications

Type pts Drip hole diameter, Min Max
i Points in Liquid Flux, gpm/ft’
SRP Orifice 40.0 60 0.161 1 20
Trough Drip Tube 13.5 21 0.22 1 313
Fractal I 10 15 0.245 1 30
Fractal II 40 60 0.113 1 30

MASS TRANSFER RUN PROCEDURE

Approximately 300 gallons of 0.1 N NaOH solution are charged to the sump tank located
below the packed column. The contents of the sump are then recycled through a pump
bypass line. Care is taken to minimize contact with the stagnant air. During the mass
transfer process, the CO; in air reacts with the sodium hydroxide to form sodium
carbonate (Na,CQ;):

2 NaOH + CO, — Na,CO3 + H,0



A Horiba VIA-510 CO; analyzer monitors carbon dioxide concentration in the inlet and
outlet air streams. This analyzer is checked at the start of each run with calibration gas
(459 ppm CO;) fed from a pressurized cylinder. The analyzer’s baseline or “zero” is
checked using pure nitrogen fed from a pressurized container.

After the instrument calibration, the initial concentration of CO; in ambient air is
measured. Next, the sample piping is configured to analyze the effluent stream. The
concentration of CO; is measured online.

For the present study, tests were performed at three air rates (180 ACFM, 300, and 450
ACFM) with liquid rates varying in sequence at 2.5, 5, 15, and 20 gpm/ft. We were
unable to operate with higher rates because of the hydraulic limitations associated with
the 500 m*m? packing. The air rate was fixed and the liquid rate was varied. In addition,
runs were carried out at a constant pressure drop of 0.75 in H,O/ft for the liquid rates 2.5,
5, 10, 15, and 20 gpm/ft’. In the constant pressure drop runs, the liquid rate was fixed
and the air rate was changed to provide a pressure drop of 0.75 in H,O/ft. A process flow
diagram is shown in Figure 1B.

A de-entraining device (Trutna Tray) was added to prevent accidental release of the
sodium hydroxide solution. However, special care was taken to avoid a need for de-
entraining. Also, the effluent gas sample was taken upstream of the Trutna tray: thus that
device did not contribute to the mass transfer measurements. Steady state was achieved
when the CO, concentration reached a constant value (stopped rising or falling). In
general, steady state was achieved within 10-15 minutes of a set point change.



Figure 1. Mass Transfer Configuration
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Figure 1. Mass Transfer Test Configuration



EXPERIMENTAL RESULTS

Tests were carried out at atmospheric pressure (14.7 psia) to evaluate the packed column
mass transfer performance using four liquid distributors with the air/carbon
dioxide/caustic test system. The mass transfer performance of each distributor is shown
in Figures 3-6. The performance is shown to depend on the gas f-factor and liquid
velocity (gpm/ﬁz).

The gas f-factor is defined below.

f - factor = U /py

where U; = superficial gas velocity, ft/sec
pg = vapor density, b/ it}

The tests were generally carried out at a range of velocities (1 - 20 gpm/ft?).

The physical properties of the air/carbon dioxide/caustic system are given in Table 1.

Table 2. Physical Properties of the Air/CO,/Caustic System

Pressure (psia) 14.7
Liquid density, Ib/fi3 62.4
Liquid viscosity, cP 0.89
Vapor density, b/ 0.073
Vapor viscosity, cP 0.018
Surface tension, dynes/cm 72
Average Temperature, °F 85
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Figures 2a and b. Photographs of the Standard SRP Orifice Pipe Distributor with 40
pts;f’ﬁ2 (a) and the High Capacity Trough Drip Tube Distributor with 13.5 pts/ft® (b).



Figures 2¢ and d. Photographs of the Fractal I 10 pts/ft? Distributor (c) and Fractal I 40
pts/ft® Distributor (d).



Mass transfer efficiencies were measured at a range of liquid rates (1 - 20 gpm/ft’) and
three air rates (180, 300 and 450 scfm). The upper range of the liquid rate was limited by
the reduced capacity with the high surface area of the B1-500 packing. In addition, the
mass transfer efficiencies at a range of liquid rates were measured at 0.75 in H,O/ft of
packing. The mass transfer efficiencies, shown as effective mass transfer area, are
provided in Figures 3-6. The mass transfer efficiency was calculated from the following
equations:

Y .
NTUyg =1In (M}
Yco2,0ut

where: Y co2,in = carbon dioxide concentration in the inlet air, ppm
Y co20u = carbon dioxide concentration in the outlet air, ppm

ZP
HTU,, = NTUqg
where: Z, = packed height, ft
U —

HTU,, = £ where Ko, a lumps together chemical reaction, mass transfer

KOg a

coefficient, area and concentration.
U, = Superficial velocity of the gas, fi/s
Ug Ug

Ros® = HTU,, ~ 2, /NTU,,)

The effective mass transfer area was estimated using the method given in Appendix A.5.
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ANALYSIS OF RESULTS

The mass transfer efficiency, expressed as the effective mass transfer area per available
packing surface area, was observed to depend strongly on the gas f-factor. The increased
gas velocity appears to assist in the liquid spreading and distribution. The efficiency was
slightly dependent on liquid rate. In general for a given distribution point density, the
Fractal distributors outperformed the orifice and trough drip tube distributors by
approximately 20-30%. The performance of distributors are compared in Figures 7-12.

The standard SRP orifice and high capacity trough drip tube distributors performed
similarly.

The increasing slope of the fractional coverage with liquid rates indicates that additional
improvements in distribution are possible.
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CONCLUSIONS

For the tests described in this report, the mass transfer efficiency of the packings was
found to depend on the type and geometry of the liquid distributor. The 40-point Fractal
distributor was found to be superior to the others and was significantly better than the
orifice distributor with the same (40) pour points. Notably , the 40-point Fractal
distributor provided 6 to 20% greater effective surface than its 10-point counterpart,
depending on gas and liquid flow rates.

The comparisons are given in terms of effective wetted surface. Since the same chemical
system was being used for all tests, the enhancement of effective area should transiate to

an enhancement of the volumetric mass transfer coefficient (Koga) and thus of the overall
rate of mass transfer.

The data presented here are for unidirectional mass transfer, as in absorbers or strippers.
Additional tests should be made under distillation conditions, where equimolar counter-
diffusion prevails. It is quite possible that the same relative effects of the distributor will
be observed.
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Appendix A.15. Determination of Effective Mass Transfer Area

The effective mass transfer area of the packing may be estimated using a reactive
absorption system such as air/COy/caustic. The method of calculation and example
calculation are provided in this section.

The absorption system can be described using two-film theory:

1 1 H
= +
Kog a kg a kl a

where the liquid phase mass transfer coefficient is corrected for the chemical reaction.

1 _1 __H
K.a k.a 0
og gd Pkya

where: B = enhancement factor
0 _ . )
k) = physical mass transfer coefficient

The enhancement factor B depends on the Hatta number (Ha) and ¢, where:

Ha = DALCO%kr
VK

b= fDAL . ’DBL Cgp
Der  ¥DaL {bC}

where: DaL  =diffusion coefficient of CO2 into the caustic phase
DpL.  =diffusion coefficient of NaOH ions into the caustic phase
Cs = concentration of NaOH ions in caustic phase
Ca»  =equilibrium concentration of CO2 in the caustic phase
k; = rate constant

Assuming the liquid diffusion coefficients are equivalent (D, ~ Day), then ¢ may be
rewritten:

p=1+ B
bCl
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Ca* =PcoyHco:
In general, ¢ is quite large and for large values of ¢ > 100, the enhancement factor (B) is

equivalent to the Ha number.

Therefore — =

or

kj =y DapCgk;

Therefore the overall gas phase volumetric coefficient, K,ca, may be rewritten:

1 1 H

= +
Koga kga /DogCpk, a

In general for low concentrations of sodium hydroxide (Cg), the gas phase resistance can
be neglected. As aresult,

K a yDapCpk;

ogd= H

Therefore, the mass transfer area can be deduced from the experimentally derived Koga
and values of the diffusion coefficient (Dap), sodium hydroxide concentration (Cg) and
the reaction rate constant (k,).

CALCULATION STEPS:

Step 1:_Solve for the NTU

Ycoz,in 15 the ambient CO, concentration (ppm) in the inlet stream and
Y02, an is the CO; concentration (ppm) in the scrubbed outlet stream.

Yoo
NTU,, =ln[-&"'—

Where NTUog is the number of transfer units in the gas phase.
€0, out

Step 2: Solve for the HTU
Where HTUqg is the height of a transfer unit (ft)

4 P Z, is the height of the contacting bed

HTU, = A
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Step 3: Solve for the K, .a

U U Where Us is the superficial vapor velocity (ft/s)
K a = 3 Koga is the mass transfer/area combined term and it has units

«“"HIU, (Z,/NTU_)  ofs"

Step 4: Calculate the Ionic Strength

/= lz 7 zC_ Sherwood, Pigford, and Wilke, 1975, Mass Transfer, McGraw-Hill,
24" New York (p. 362).

Where z; is the number of positive or negative charges on an ion having
molarity C;. The number positive or negative charges in this case is
determined by the ions in the solution, Na" and OH". The molarity has
units of gmol/L.

Step 5. Calculate the Henry’s Law Constant

t

Sherwood, Pigford, and Wilke, 1975, Mass Transfer, McGraw-Hill,

log,, —=-#1 New York (p. 365).
H,
Where 1 is the ionic strength and h = h. + h.. + h, (these values come
1 from Table 8.4 on page 365 in the above reference) and H,, is the
H= H Henry’s law coefficient for water.

The Henry’s law coefficient is related to the value in water by this
empirical equation.

Step 6. Determine the Diffusivity:

L + _1.._ Sherwood, Pigford, and Wilke, 1975, Mass Transfer, McGraw-Hill,
RT n, n_ New York (p. 35).
o "FT ] 1 _
— Where R is the universal gas constant (8.315 J/K-gmol),
/12 A T is the absolute temperature (K),

F = Faraday = 96,488 C/g equiv

U limiting (zero concentration) ionic conductances at T, of
cation and anion, respectively, (amp)/(cm?)(V/cm)(g equiv/em’)
n.,n. = valences of cation and anion, respectively

Step 7. Calculate the Rate Constant:

loglO kr =13.635- 3?2 Sherwood, Pigford, and Wilke, 1975, Mass Transfer, McGraw-Hill,
T

New York (p. 363).

Where k is the second order rate constant for the reaction of CO, with
hydroxy! ion in aqueous solutions and has units of L/(gmol-sec)
T is the temperature in K
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Step 8. Calculate the effective area:

a. kD, co, Con

Koga=

Where a is the effective packing surface area
k is the rate constant, L/(gmol-sec). [step 7]

H Dcoy is the Diffusivity of CO; [step 6]
Con is the concentration of OH" ions remaining in the solution (after
accounting for the amount consumed in the reaction), gmol/L
H is the Henry's law coefficient [step 5]

EXAMPLE CALCULATION

BasEs:

Packed height, z 120 inches
Column diameter (i.d.) 16.81 inches
Molar Concentration 0.1 N NaOH
Conversion 5 %
Liquid rate 15,000 Ib/hr

Air rate 180 acfm
CO2, ambient 360 ppm
COZ. process out 160 Ppm
Pressure drop, AP 3.0 inH,O
TZI.I.I', n l 00 G‘

Tair, out 90 CF

Twater 80 [F
Henry’s Law Constant (water), H,, 0.034 &mole,
hnge 0.091

hon 0.066

fincor & cory 0.021

fico, -0.019

reaction 2NaOH + CO; O Na,CO; + H,0
SOLUTION:

Step 1:_Solve for the NTU

NTU, =Inf 389PP™ | _ 0811
# 160 ppm

Step 2: Solve for the HTU
17t
IZOn{—f—

12m)
HTUOg ='—m—=1233ﬁ
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Step 3: Solve for the K ;a

3 .
o ()L
2= 005 AL ) 01575

* 12.33 /1

Step 4: Calculate the Ionic Strength

I= %[(12 X0.100) + (1 X0.095)+ {22 0.005)] = 0.1075

The concentrations listed are for the ions: Na*, OH', and CO,, respectively (see formula above).
This is based on the assumption that the solution was initially 0.1 N NaOH and that 5% of the

available OH" have reacted to form Na,CO;).

Step 5. Calculate the Henry’s Law Constant (with temperature correction)
2.1 =091+0.66+021-0.19=1.59

Hl

log, = —(1.59)(0.1075)
0.034 gmol —sec
H =l'=-—1—1=30.61"‘"'"
A" g327.8m0 el
L-atm

Step 6. Determine the Diffusivity:

8315—7L 300K L. .
_ K- gmol 1 1 tm”
co, — 2 ) : 2
96,488 C 1 N 1 100°em
T ) 500972 L) B | 197,622 ( V| B
“ cm* \em \ em?® “em* \em N em?

Step 7. Calculate the Rate Constant:

log,, k = 13.635—28%

2895
(460 +80)/1.8

log,, k =13.635 -
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I3 635-(£

3°°) =9,660 =

gnol - s

k=10

Step 8. Calculate the effective area:

kD co, ch
H

06 =

Because the value for Kgga has been determine

the effective area.

2 =
\/9,660 L 314 -9 . 095 &MOIOH”
KOG - gmol -5 Ky = 4.57F ~ 5_}2 ' gmol
30.61.-az‘m s L-amm
gniol
gmol -
L p, Koca ) 0.04 e -0.157s I, m’
K m  gmol m’

oG 4.57F -5—.
s L-am
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