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Vigneault, C., Panneton, B., G.S.V. Raghavan and Granger, R.L.
1995. Evaluation of a high pressure water scrubber for control
led atmosphere storage. Can. Agric. Eng. 37:311-319. A high
pressure water scrubber was built and tested for gas compositions
normally encountered in controlled atmosphere storage for fruits and
vegetables. The results obtained demonstrated the efficiency of the
scrubber to remove C02. A model was developed to' determine the
theoretical performance of the scrubber and allow the evaluation of
its efficiency by comparing the measured perfonnance to the theo
retical result. A regression model was developed to predict the
efficiency of the scrubber. The efficiency of the system in dissolving
C02 and N2 gases was acceptable; however it was poor for 02.

Un lessiveur al'eau ahaute pression a ete construit et mis aI'essai
en utilisant des concentrations de gaz nonnalement rencontrees dans
l'entreposage des fruits et legumes sous atmosphere contr6lee. Les
resultats obtenus ont demontre l'efficacite de ce lessiveur aeliminer
Ie C02. Un modele mathematique a ete developpe pour detenniner
les performances theoriques du lessiveur et pennettre d'en evalucr
l'efficacite en comparant les resultats des tests avec ceux du modele.
Un modele statistique a ete developpe afin de predire l'efficacite du
lessiveur. Le systeme est efficace lorsqu'il s'agit de dissoudre du
C02 ou du Nz. Par contre, son efficacite adissoudre 1'02 est relative
rnent basse.

INTRODUCTION

Controlling the level of gases in a sealed storage room at a
given cold temperature and high relative humidity has been
referred to as controlled atmosphere (CA) storage. This pro
cess slows down the physiological activity of fruits and
vegetables and extends their life in store, warehouse, house,
or other relatively warm place (Bartsch and Blanpied 1984).
Air contains 21 % 02, 0.04% C02, 78% N2, and 0.9% Ar,
while the CA storage gas concentrations range from 0 to 10%
0" and 0 to 30% C02 (Bishop 1990; Chen et al. 1985; Kader
1985). N2 and Ar remain the most important of the other gas
components of a CA storage room.

The natural O2 uptake and CO2 release by the respiration
of stored fruits or vegetables modify the concentration of the
gases inside the CA room. The O2 concentration m~y also be
reduced using artificial processes such as combustion or N2
gas flushing (Raghavan and Gariepy 1984). Excessive accu
mulation of CO., and/or excessive intake of O2 rich air into
the storage roo";;s must be prevented. A proper gas control
system implies an airtight storage room, a system to replace
partially the 02, and a system to remove the excess of CO2,
Palmer (1959) presented the principle of using water or
brine-scrubbers to control the CO2 level in storage applica-

tions. Smock et al. (1960) developed a water scrubber for CA
room application based on this principle, but this system had
the disadvantage of introducing O2 in the storage room while
extracting the excess of CO2. Pflug (1960) demonstrated that
a CO2 control system which does not introduce O2 into the
storage room requires approximately 25% less O2 pull-down
time at the beginning of the storage season.

Since a perfectly airtight storage room is difficult to ob
tain, introduction of O2 by the CO2 control system could
make the O2 pull-down period unacceptable (Pflug 1960). In
general, O2 pull-down by respiration alone occurs within 20
days of closure of the storage room. However, for certain
commodities, it has been proved that an 02 pull-down period
of three to five days results in a better quality conservation
(Lau et al. 1983; Lidster et al. 1985; Bartsch 1986). This
rapid O2 pull-down can be combined with low Oz storage
technique for even better results of fruit quality conservation
(Lau 1985).

When product respiration does not reduce Oz concen~ra

tion in the CA room to a desired level within a short penod
of time, the use of external burners, liquid or gaseous Nz or
gas separator systems has been considered (Vigneault et al.
1993b). Even if many 02-pull-down systems exist. the stor
age industry is continuously searching for a more reliable,
economical, and efficient O2 pull-down system (Vigneault
and Raghavan 1991).

Recently, Vigneault and Raghavan (1991) theoretically
demonstrated the feasibility of reducing the net O2 transport
into the CA room using a high pressure water scrubber
(HPWS). The HPWS creates a difference in O2 partial pres
sures that results in a net transport of O2 out of the CA room.
The concept of the HPWS allows pressurized air as room
atmosphere to be in contact with water (Fig. I). The scrubber
consists of a compressor that pressurizes the air and intro
duces it into a water stream. Air bubbles generated by the
forced air rise to the top of a water column, during which time
part of the gases contained in the bubbles is absorbed by the
water. Air from the top of the water column is returned to the
storage room. Concurrently, water is pumped from a reser
voir to the top of the water column. The water flows down to
the bottom of the column absorbing gases so that equilibrium
with their partial pressures is established, and then flows to
the water reservoir. Since the water in the reservoir is under
atmospheric pressure, it releases or absorbs the gases to reach
a state of equilibrium.
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MATERIALS AND METHODS

Fig. 1. Diagram of the theoretical HPWS for controlled
atmosphere storage.

Description of the apparatus

The HPWS built consisted of both an air and water circula
tion. systems (Fig. 2). The air circulation system consisted
primarily of an air filter (1) and a 3.75 kW compressor (2).
The ambient air was pressurized, cooled to about 18°C using

an air-water heat exchanger (3), and stored in a 120 L com
pressed air reservoir (4). Cylinders of compressed pure gas
(5) were used to supply C02 to the air ~oming fr?m the
compressed air reservoir to produce the desITed gas mIxtures.
Two manual valves (Va and Vb) were used to regulate the
compressed air and pure gas flows, respectively. The gas
mixture was then introduced through a diffuser (6) located
350 mm from the bottom of the solubilization column (7).
After reaching the top of the water column, the remaining gas
exhausted to the atmosphere (8) through a manual valve
(Vc). This valve was adjusted to maintain the pressure inside
the column at the desired level.

The solubilization column consisted of an airtight cylinder
(600 mm in diameter and 1547 mm in height), having hemi
sphere ends and a capacity of 570 L. The diffuser (Fig. 3)
consisted of thirteen parallel cylindrical segments of sintered
stainless steel (Model-316L, Newmet Krebsoge Inc., Terry
ville, CT), 20 mm O.D and having a totall.ength of 4606 mm.
The segments were positioned 45 mm centre to centre to
cover the cross section of the column. The specification of
the bubble population generated by the diffuser was meas
ured using the method described by Vigneault et al. (1992).
The Sauter mean diameter, d3.2, of the bubble populations
generated by the diffuser was reported by Orsat et al. (1993)
for gas flow rates varying from 0.0014 to 0.95 Ls·1m- l . The
d3•2 was related to the flow rate per unit length, Q, using the
empirical Eq. 1 (Orsat et al. 1993).

d3,2 = 0.60 + (3Q - 0.004)°.45 (1)

The description of the water circulation system (Fig. 2)
starts with the lower water reservoir (9). The water was
circulated from this reservoir and through the system using a

CA stcmge room

Gas Inlet

Gas outletPressuJtzsd roserwlr

Wa.1Brflow

Based on this theoretical background, the objective of this
research is to build and test an HPWS and evaluate its effi
ciency to reduce the O2 entering the storage room while
scrubbing the C02 contained in the circulating atmosphere.
The evaluation of the efficiency is performed by comparing
the results obtained with the HPWS to the results obtained
using the model presented by Vigneault and Raghavan
(1991).
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Fig. 2. Diagram of the HPWS equipped with the instrumentation needed to assess its performance.
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Fig. 3. Position of the diffuser in the solubilization
column.

10 kW pump (10) having a nominal capacity of 2.5 Lis and
pipes of 51 mOl diameter. The water flow was controlled
using a manual valve (Vd). The entrance of the water was
positioned on the centreline of the solubilization column
3 mOl below its upper hemisphere. The water exited from the
solubilization column by the exhaust pipe aperture posi
tioned 5 mOl from the bottom of the lower hemisphere. The
water flowed to the upper water reservoir (15) through five
nozzles (14). Four nozzles were each controlled by a manual
valve adjusted for coarse control of the water level in the
solubilization column. A fifth nozzle was controlled by a
solenoid valve (13) for fine control. A water level control
device (12) opened and closed the solenoid valve (13) to
maintain the water level within ±5 mOl at one of the follow
ing levels: 300, 600, 900, and 1200 mOl above the diffuser
position. The water contained in the upper water reservoir
overflowed into the lower water reservoir (9) completing the
water circuit. This two-step water reservoir was designed to
prevent any small size air bubble, created at the water surface
by water drop impact, to be swept along by the water return
ing to the pump. Cool tap water was continuously added to
the lower reservoir to compensate for water losses and main
tain the water temperature near 18°C.

Monitoring system and calibration

To evaluate the performance of the HPWS, the following
parameters were measured: temperatures, gas and water flow
rates, pressures, height of water column, gas concentrations,
and gas solubilities. The temperatures were measured using
thermocouples at five points (Fig. 2), namely, ambient air
near the compressor (TI), in the gas mixture entering the
solubilization column (T2), the gas exhausting from the sys
tem (T3), the water entering the solubilization column (T4),
and the water existing from the solubilization column (T5).
The thermocouples were calibrated before their installation
using a 0.2°C precision thermometer.

The gas flow rates were measured using 0.6 to 3.2 Lis
±0.06 Lis rotameters (Model-L03251-20, Cole-Palmer In
strument Co., Chicago, IL) at the three following points: on
the compressed air line (F1), on the pure gas line (F2), and on

the air exhaust line (F3). The water flow rate was measured
be~ore the water entered into the water solubilization column
usmg an electronic paddle wheel type water flowmeter
(Model-MK512-PO, Signet Scientific Co., EI Monte, CA)
(11). The water flow ranged from 0.7 to 1.6 Lis ±0.07 Lis.

The pressure was measured using 0 to 1050 kPa ±3.5 kPa
precision pressure gauges (Model-05-ZL, Weksler Instru
ments Corporation, Freeport, NY) at four different points in
the system. These were located: ahead of both gas flowme
ters (PI and P2), in the solubilization column (P3), and in the
water supply line (P4). The tests were performed at pressures
ranging from 0.15 to 0.6 MPa.

The gas was alternately sampled before entering the solu
bilization column and at the gas exhaust at a rate of 10 OlLis.
The gas concentrations were measured using a portable COz
and Oz analyzer (Model-306DB, Nova Analytical Systems
Inc., Niagara Falls, NY). The Nz gas concentration was cal
culated by difference, neglecting the presence of Ar in air
which counts only for 1.2% of Nz concentration. The gas
analyzer was calibrated using two certified calibration gases
containing respectively: 3.2% 0z, 4.8% COz, and 91.9% N2;
and 21.0% O2 and 79.0% N2. The accuracy of the gas ana
lyzer was ±O.l % and ± 0.2% for the 02 and COz,
respectively. The solubilities of 02 and COz in the water used
during the tests were measured twice a day according to the
method described by Vigneault et al. (1993a).

The water level in the solubilization column was measured
with a measuring tape to an accuracy of ± 1.5 mOl. The water
level variations were ±5 mm within each single test due to the
precision of the water level control device.

The pump performance was determined by measuring the
water flow rate as a function of the pressure (P4). During
these tests, the valve (Vd) was fully opened and the system
was operated at pressures ranging from 0.03 to 0.69 MPa.
The capacity of the compressor to maintain constant air flow
rates was also measured for the same pressure range. The
measurements were taken while the compressor was operated
continuously and the pressure inside the compressed air res
ervoir was constant. Both the water pump and compressor
performance evaluations were performed to establish the
usable operating conditions for the evaluation of the HPWS.

Experimental design

The performances of the HPWS were evaluated by varying
the pressure and the height of the water in the solubilization
column, the water flow rate, and the composition and flow
rate of the gas entering into the system. The tests were carried
out using the different conditions presented in Table I. The
sets of conditions tested were replicated twice. For each test,
the water flow rate and the pressure inside the solubilization
column were first adjusted. The output water flow rate was
then adjusted to maintain the height of water at the desired
level. The input gas flow rate and the concentration of gas
were adjusted. Finally, the output gas flow rate was adjusted
in order to stabilize all the desired conditions. The parame
ters were measured and recorded when the flow rate and the
concentration of the output gas were stable for at least five
minutes.

600mm

Solubilization column

=~llllllllllli~;~GasIInef Inlel

20mm
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0.6 (32)
1.3 (38)
2.0 (42)
2.8 (35)

Total
input

gas flow
(LIs)

P

% C02

0(63)
3 (33)
6 (35)

12 (16)

(2)

(3)

Gas composition

21 (95)
20 (52)

(LIs)

Water
flow

0.7 (99)
1.4 (48)

(kPa)

Internal
pressure

140 (36)
280 (37)

420 (59)
550 (15)

=mass of gas a inside the bubble (kg),
=density of gas a (kg/m3),

=solubility of gas a in water (L gaslL water),
=bubble diameter (m),
= diffusion coefficient of gas a in water (m2/s),
=terminal velocity (m/s), and
=time (s)

300 (14)*
600 (61)
900 (18)

1200 (54)

Height of
water

column
(mm)

Daw
VI

Sa [CaP - Ca Patm)
S - () 0

a- Patm

* number of tests performed for the category is indicated in parentheses.

where:
Sao =solubility of gas a at atmospheric pressure

(L gaslL water),
Ca =concentration of gas a inside bubble (%),
Coo =concentration of gas a in atmosphere (%),

=pressure inside of solubilization column (MPA),
and

Palm = atmospheric pressure (MPa).

A set of non-linear differential equations (one per gas)
produced from Eqs. 2 and 3 was solved using a second-order
Runge-Kutta method (Crandall 1956) which results in an
accuracy of ± I%. This method of estimating the'mass of
each gas contained in a bubble for the particular application
contained three drawbacks. The model implied a single air
bubble rising in distilled, pure, and quiescent water (Bird et
al. 1960). Firstly, since the air to water volume ratio was
fairly high; the water at the bottom of the solubilization column
already contained a quantity of dissolved gases. This presence
of dissolved gases in water decreased the real driving force for
the mass transfer process. As such, the model was expected to
overestimate the real performance of the HPWS.

Secondly, it is well known that small amounts of surface
active agents cause a marked decrease in the mass transfer
process because of the formation of a "shin" around the
bubble that effectively prevents circulation of the gas inside
of the bubble (Bird et al. 1960). In the present case, the water
was circulated several times through the system which gen
erated some impurity in the water. This impurity reduced the
gas solubility which was measured (Vigneault et al. 1993a)
and considered in the model.

Thirdly, the bubbles did not rise in a quiescent liquid. The
water flowed downward while a multitude of bubbles were
flowing upward. This water movement coupled with the
design of the water inlet, certainly generated turbulence and
preferential bubble paths affecting the predicted performance
of the system. The water/air counterflow has been taken into
account while calculating the total contact time of the bubble
with the water but no attempt was made to include the effect
of turbulence in the model.

The theoretical performances of the HPWS were calcu
lated using the model and the initial conditions of each test.
The effect of the temperature on the mass transfer rate was

Table I: Operation levels of the parameters tested in the evaluation of the n(le9g7le5c)teTdhas relcob~l.mendfed b
h
Y Marais

HPWS . e so u I Ity 0 eac gas was
adjusted for the temperature of each test
using the equation presented by Vi
gneault et al. (l993a).

Efficiency of the HPWS

The efficiency of the system, expressed
in percentage, was calculated for each
test as the ratio between the total mass
of each gas dissolved in the solubiliza
tion column of the HPWS and the
results were calculated using the model.
This efficiency was then related to dif-
ferent parameters using the regression
presented in Eq. 4. The statistical analy
sis performed was a stepwise

Equation 2 gives the instantaneous mass transfer. For each
bubble size made of gas mixtures, a set of similar differential
equations comprised of one equation per gas has to be solved
simultaneously. This generalization is possible if one ignores
interactions of one gas to the others in the diffusion process.
In Eq. 2, Sa is a function of the pressure. For the present
system, it can be written as Eq. 3. The difference on the
right-hand side of the Eq. 3 accounts for the fact that the
water entering the solubilization column is saturated in gas at
atmospheric pressure.

where:
Ma

Pa
Sa
d

Theoretical model
A model was developed to predict the performance of the
HPWS. The model was based on the theory presented by Bird
et al. (1960) for gas absorption from bubbles rising th~ough
a clean quiescent liquid. The theory presented applies to
bubbles of moderate size (0.5 to 10 mm) with spherical or
ellipsoidal shape rising in water with no surface-active
agents (Vigneault and Raghavan 1991). The gas in a bubble
of that size undergoes a toroidal circulation and encounters
fresh liquid at the top of the bubble. As the bubble rises, the
liquid has a relative downward motion and leaves when
reaching its bottom. The liquid near the interface is usually
in laminar flow and appears to maintain its identity. Thus, the
liquid behaves much like the liquid at the surface of a falling
film. The mass transfer equation presented in Bird et al.
(1960) can be rewritten as:
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HPWS performance and efficiency

The 147 tests were performed using the initial conditions
presented in Table I. Typical examples of the results obtained
are presented at Figs. 4 and 5 for 3.4 mm d3.2 bubbles in
itially containing 5%, 20%, and 75%, C02, 02, and N2,
respectively, rising in a 0.56 MPa pressured water column.
The mass of the 02 and N2 decreased constantly as the bubble
rose through the water above the diffuser position while the
mass of the C02 decreased much more rapidly (Fig. 4). The
remaining C02 was less then I % of its initial mass at 600 mm

established at 0.17 Lis below the maximum flow rate the
compressor can supply at the operating pressure.

Fig. 4. Mass of the gases inside of 3.4 mm d3,2 bubbles
initially containing 5 % C02 and rising in a
566 kPa pressured column as a function of its
elevation above the air diffuser position.

forw.ard/backward linear regression using a 0.15 level of
confIdence for both entry and rejection of each independent
variable used in the model.

Effx =Go + G1d3•2 + G2H + G3P + G4Qg + G5Qw + G~x + E

(4)

= efficiency of HPWS tested for gas x (%),
= regression coefficients
=height of water above diffuser in

solubilization column (mm),
= gas mixture flow rate entering system (Lis),
= water flow rate circulating through system

(Lis),
= solubility of gas x at initial test condition

(L gas/L water), and
= experimental error associated with each set of

data.

Due to the configuration of the system and the capacity of
some of the components, some initial conditions of the tests
were somewhat related. For example, the gas flowmeter did
not pennit measuring low gas flow rate with an acceptable
precision and the compressor capacity did not allow testing
high flow rate at high pressure. Thus, the d3.2 was correlated
with the air flow, and pressure and indirectly to the solubility
of the gases since the solubility is a function of the pressure.
Before using the model to predict the efficiency of the
HPWS, this correlation between the different parameters
entering into the model was studied. This multi-collinearity
between the parameters could make the statistical analysis
invalid (Steel and Torrie 1980). The Eigen test, a statistical
procedure presented by Freund and Littell (1991), was used
to determine whether or not the multi-collinearity affected
the result of the regression. Finally, a T-test was perfonned
on each coefficient of each model to test the null hypotheses
that the coefficients were equal to zero.

RESULTS AND DISCUSSION

Pump performance

The maximum water flow rate the pump was able to supply
as function of the operating pressure corresponded to Eq. 5.
The pump could not adequately supply water when the pres
sure exceeded 0.69 MPa. At this pressure the pump cavitated
and the pressure had to be released completely before the
pump supplied water again. Based on this result, the maxi
mum pressure used during the experiments was 0.60 MPa.

---._-------------------80

o-l-......;::.::=:;=::;=-....,....--r-,.--...,....--,..-,.-.........--.---,,.--..-r---.
o 200 400 600 800 1000 1200 1400

Eleva tion of the bubble (mm)

....
o 40

C

.2....
tll...
C 20 - --------------- .---------------------_.
CD
o
c
o
o

Fig. 5. Concentration of the gases inside of a bubble
3.4 mm diameter, for initial concentration 5%
C02 and rising in a 566 kPa pressured column
as a function of its elevation above the air
diffuser position.

(5)R2 =0.997( J
1.5

P+0.04
Qw = 4.3 - 0.285

Compressor performance

The maximum air flow rate the compressor supplied is pre
sented as a function of the operating pressure (Eq. 6). The
low value of the correlation coefficient (R2 ) of Eq. 6 is due
to the relatively high variation in the measure of the gas flow
rate (±O.17 Lis) compared with the decrease of the gas flow
rate (0.15 Lis) over the range of pressure tested. The maxi
mum air flow rate supplied by the compressor was
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Table II: Value, importance, and significance level of the coefficients for each gas
tested using the HPWS

(7)

(9)

(8)

0.0001

0.0001
0.0001
0.0001

0.0004
0.0001

0.0001
0.0001
0.0001

0.0001
0.0001

0.0001

0.7876
0.0002

Prob >ITI

Effc02=26.16d3•2+ 6.574P + 12.IIQw + 0.37 I3SC02
R2=0.681

Eff02=- 94.74+ 90.75d3•2 - 0.0179H + 6.197Qw

+ 9.734S02 R2 =0.709

EffN2 =- 170.4 + I64.8d3,2 - 0.03564H + 16.45SN2
R2=0.710

An incomplete release of gases from water while circulat
ing ~t atI:nospheric pressure could explain the positive
~elatlOnshlpbetween the efficiency and the gas solubility. By
Increasing the gas solubility, the effect of the partial release
of the gases decreases and the efficiency increases. Further
more, the effect of the solubility on the efficiency of the
system decreased with the respective solubility of each gas,
which is 0.937, 0.033, and 0.0162 L gaslL of water for CO2,
02, and O2 under 18°C and atmospheric pressure conditions.
The solubility of the gases is a function of the inner pressure
and their concentration. Since the concentrations of O2 and
N2 were nearly the same for each test, the series of the tests
did not differentiate the separate effect of pressure and gas

any apparent error in using the pro
posed model to correlate the
efficiency to the parameters. The co
efficient of variation of the residuals
was only ±5.9%,± 6.9%, and ±12.8%
for C02, 02, and N2respectively. This
indicates that the regression estimated
the efficiency of the HPWS within an
acceptable accuracy. The relatively
larger value of the residual error asso
ciated with the regression for N2 was
due to the high variability of the re
sults obtained using this gas. The
results for the three regressions were
comparable since they explained
68.1 %, 70.9%, and 71 % of the vari
ation of the efficiency of the system
for CO2, O2, and N2, respectively.

The results of the Eigen test re
vealed a strong correlation between
some parameters used in the regres
sion model. There were: d3.2, SC02'
and P for the CO2; d3.2 and S02 for the
02; and d3.2, SN2 for the N2. However,
the Eigen test results also demon
strated that these multi-collinearities
were not significant enough to invali
date the results of the regressions
(Freund and Littell 1991).

The resulting models predicting the
efficiency of the HPWS are presented
by Eqs. 7, 8, and 9 for the CO2, 02, and
N2' respectively. For all cases, the ef
ficiency of the system increased with
an increase of the d3,2 and the solubil-

ity of the ga~. T.his increase was likely due to a better mixing
of the gases InsIde of the bubbles that occurs as the diameter
increases (Clift et al. 1978).

9.618

6.600
4.654

7.738

3.655
10.59

-0.270
3.945

-10.31
15.17

-10.86

-10.51
15.53
-9.782

T for Ho
parameter = 0

0.1878

0.2787
0.2433

0.0274
0.2477

0.2556
0.1782

0.1430
0.0942

0.3808

Partial
R2

0.0629

ValueCoefficient

ao -2.785

d3.2 al* 26.16

H a2 rejectedt

p a3* 6.524

Qg a4 rejected

Qw as* 12.11

SC02 a6* 0.3713

ao* -94.74

d3.2 al* 90.75
H a2* -0.0179
p a3 rejected
Qg a4 rejected

QII' as* 6.197

S02 a6 9.734

ao* -170.4

d3.2 al* 164.8
H a2* -0.03564
p a3 rejected
Qg a4 rejected
Qw as rejected
SN2 a6* 16.45

ParameterGas

N2

02

t Rejected means that this parameter did nOl meet the 0.15 level of confidence for both
'" entries and rejection process of the stepwise regression.

Different from 0 at the 99% confidence level.

~bove of the diffuser position. Similarly, the gas concentra
tIOn of the C02 decreased rapidly to reach C02 concentration
of the atmospheric condition at 600 mm above of the diffuser
position (Fig. 5). Even if the mass of the N2 decreased, its
concentration increased as the bubble rose due to C02 and 02
solUbilization. The 02 concentration increased slightly from
20% to reach 20.4% while the major part of the C02 was
dissolved and then decreased to 18.5%.

The theoretical performance of the HPWS was calculated
using the initial conditions of each test. The efficiency of the
HPWS was calculated for each test by comparing the experi
mental results to the theoretical performance of the HPWS.
In general, the efficiency of the HPWS to dissolve the CO2
and N2 ranged from 43% to 90% and 2% to 104% of its
theoretical performance, respectively. It was much lower for
the 02, ranging from 6% to 60%. The results of the stepwise
regression analysis performed to relate the efficiency of the
HPWS to the initial conditions of the tests are presented in
Table II for the three gases tested. The relative importance of
the effect of each parameter is represented by the partial R2.

The residual errors derived from the differences between
the efficiency calculated using the regression model and the
measured ones, were calculated and are presented in Fig. 6
for the case of CO2 gas. Similar results were obtained using
the data of the O2and N2gases. These results did not indicate
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Fig. 6. Residual of the C02 flow rate measured as a
function of the estimated C02 flow rate.

concentration which were combined together as solubility. In
the case of CO2 gas, the range of the gas concentration was
sufficient to allow demonstrating the pressure effect on the
efficiency of the system.

The height of the water in the solubilization column (H)
had an effect on the efficiency of the system while scrubbing
N2and 02. This was expected since the model used to deter
mine the theoretical performance was based on the air
bubbles rising in pure distilled water. This assumption was
good only for the first few millimeters of water at the top of
the water column. As the water flowed down, it began to be
saturated with flowing gases. Thus, the calculation overesti
mated the real efficiency of the system as the height of the
column of water increased. Since most of the CO2 dissolved
very quickly compared to the two others gases (Fig. 4), the
height of the water column had less effect on the efficiency
of the system while scrubbing the CO2, This explained why
the model did not relate the efficiency to the height of the
column (H) while evaluating the CO2 gas efficiency. For the
same reason, increasing the water flow rate should increase
the efficiency of the system by supplying more fresh water.
This was the case for 02 and CO2 but not N2•

The mean percentage of the mass of O2 dissolved in water
was 16.5% with a maximum of 31.6%. However, the mean
O2 concentration of the gas mixture exhausting from the
HPWS was only 1.1 % lower than the mean 02 concentration
of the gas entering into the system. This decrease of 02
concentration did not exceed 1.9% in any case. This was
likely due to the fact that the system was twice as efficient in
scrubbing N2 compared to O2 (Fig. 7). An imperfect gas
mixture occurring inside of the bubbles might have slowed
down the mass transfer of the 02, the N2 gas concentration
being generally four times higher than O2 concentration.
Moreover, the efficiency of the HPWS increased with the d3.2
increase, likely showing a better gas mixture happening as
the bubble diameter increased (Clift et a1. 1978).

02 Efficiency (%)

Fig. 7. Comparison of the efficiency of the system to
dissolve the 02 and N2.

CONCLUSION

An HPWS was built, instrumented, and tested under condi
tions encountered during the 02 pull-down period of the CA
storage of fruits and vegetables. The capacity of the pump to
circulate water through the HPWS was too low to permit the
testing of the HPWS at a pressure greater than 0.60 MPa.

A model was developed to determine the theoretical per
formance of the system and to allow evaluation of the
efficiency of the system by comparing the measured per
formance to the result obtained using the model. A statistical
model was developed that permitted the prediction of the
efficiency of the system over the range of the conditions
tested within an acceptable precision: that is ±5.9%, ±6.9%,
and ±12.8% for CO2, 02, and N2, respectively.

The efficiency of the system was acceptable to dissolve
CO2 and N2 gases but not 02. In each individual test, the
efficiency of the system to dissolve Nz was about twice as
much as that for 02'

Even though the low efficiency of the HPWS was not
clearly explained, it was worthwhile testing the system. Test
ing permitted to document the poor performance of the
HPWS in removing 02 from the air flow circulated through
the system. This makes the HPWS of little value for CA
storage application. Furthermore, this low performance com
bined with the development of a newer generation of less
expensive gas separators make the HPWS of no current
commercial value. However, the system developed may be
adapted to other solubilization column applications.
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NOMENCLATURE

aj =regression coefficient (i =0 to 6)
Co = concentration of gas a inside the bubble (%)

Coo = concentration of gas a in the atmosphere (%)

d =bubble diameter (m)
d3•z =Sauter mean diameter of bubble population

(mm)
D aw =diffusion coefficient of gas a in water (mz•s

-
I )

Eff( =efficiency of the HPWS tested for gas x,
x = CO2, 0z, or Nz (%)

H =height of the water above the diffuser in the
solubilization column (mm)

Ma =mass of gas a inside the bubble (kg)
P = pressure inside the solubilization column

(MPa)
Patm =atmospheric pressure (MPa)
Q = gas flow rate per unit of length of diffuser

(L.S· I• m-1 )

Qm =maximum gas flow rate (LJs)
Qg =gas mixture flow rate entering into the system

(LJs)
Qw =water flow rate circulating through the system

(LJs)
R = correlation coefficient

Pa =density of the gas a (kg/m3
)
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Sa == solubility ofgas a in water (Ls ofgas al L of water)
Sao == solubility of gas a at atmospheric pressure

(Ls of gas al L of water)
Sx == solubility of the gas x at the initial test condition

(Ls of gas I L of water)
== time (s)

VI == terminal velocity (m/s)

e == experimental error associated with each set of data

The unit L s is the standardized liter of gas, that is, the
volume occupied by the mass of gas at O°C and 101.3 kPa
absolute pressure.
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