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Vigneault, C. and Raghavan, V.G.S. 1991. High pressure water
scrubber for rapid O2 pull-down in controlled atmosphere stor
age. Can. Agric. Eng. 33:287-294. A theoretical model for a
pressurized CO2 water scrubber was developed to evaluate its techni
cal feasibility for CA storage applications. The simulation results
obtained led to a better understanding of the mechanisms involved. A
high pressure water scrubber can reduce O2 pull-down period from
417 hours to 140 hours without sacrificing its efficiency as a CO2
scrubber.

Un modele theorique d'un lessiveur de CO2 a ete developpe et son
application en entreposage AC a ete evaluee. Les resultats des simula
tions ont permis une meilleur comprehension des mecanismes en jeu.
Ce lessiveur de gaz a haute pression peut theoriquement reduire la
periode de mise en regime AC de 417 heures a 140 heures sans
diminuer son efficacite a eliminer le CO2.

INTRODUCTION

Fruit and vegetable physiological activity depends mainly on
the temperature and on the gas concentration in the surround
ing environment. A storage system in which the temperature
and the gas concentrations are controlled is referred to a con
trolled atmosphere (CA) storage. The gas concentration ranges
encountered in the CA storage are 0 to 10% of O2,0 to 30% of
CO2 and the balance in N2 (Kader 1985; Salveit 1985;
Meheriuk 1985) compared to 21% of O2,0.004% of CO2 and
78% of N2 for standard air. Some other gases, such as CH4,
may be present in low concentrations in the storage room but
they are neglected in this study. The period required to reach
the steady gas concentrations in the storage room is referred to
as the O2 pull-down period. Respiration is the metabolic pro
cess defined as the oxidative breakdown of complex materials
such as sugars into CO2, water and energy. It is possible to
slow down this destructive activity and optimize fruit and
vegetable quality by controlling the environmental conditions
of the stored commodity.

A proper gas control system requires an airtight storage
room, a system to partially replace the O2 used by the product
and a system to eliminate the CO2 produced by the commodity
in order to prevent harmful accumulation. Natural ventilation
alone cannot be used to flush out the CO2 since surrounding
air contains too much O2. A CO2 control system should scrub
the excess of CO2 and prevent the entering of excessive
amounts of O2.

Since a perfect airtight storage room is difficult to obtain on
a commercial scale, the introduction of O2 by the CO2 control
system could make the O2 pull-down period unacceptable.
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Pflug (1960) demonstrated that a CO2 control system which
did not introduce any O2 into the storage room required ap
proximately 25% less time to pull-down the O2 level at the
beginning of the storage.

Each province in Canada has its own regulations regarding
CA stored commodities. In general, the maximum O2 pull
down period is 480 h (Anon 1980; Anon 1981). Although a
shorter period is not required by regulations, it has been
proven, for some commodities, that a shorter O2 pull-down
period resulted in a better post storage quality. Lau et al.
(1983) showed that apple firmness loss can be decreased using
a rapid O2 pull-down (2.5% O2 or less within the 2 to 3 days
after sealing the room) compared to a 20 day O2 pull-down
period. In general, the best results are obtained when the room
is filled, cooled, and flushed to 5% O2 in no more than five
days (Bartsch 1986). The commercial use of O2 pull-down
techniques did not follow the results of post harvest physiol
ogy research mainly because of the lack of a faithful, economic
and efficient O2 pull-down system.

The objective of this study is to demonstrate the theoretical
feasibility of reducing the O2 pull-down period in CA storage
with a high pressure water scrubber that minimizes the amount
of O2 entering the storage while scrubbing the CO2. Further
more, this study aims at demonstrating that, at high pressure,
there is a net transport of O2 out of the CA storage.

THEORY AND DESIGN

According to Sive and Reznisky (1977), credit must be given
to Palmer of Hilton, New York, who in 1959, noticed that his
brine spray unit was absorbing CO2 and that on its return to the
brine tank, it was releasing the absorbed gas by aeration.
Smock et al. (1960) improved Palmer's idea and Pflug (1960)
adapted the engineering and design base for construction of
water scrubbers. Pflug preferred a separate absorption system
instead of a combined evaporator-absorption unit.

The description ofeach component ofa simple tower design
with full jet spray nozzle for water scrubbing was presented by
Smock et al. (I960). In the water scrubber shown in Fig. 1, the
water is circulated through the two sprayers and is used as the
medium to transfer the CO2 out of the storage room. As CO2
is soluble in water, it diffuses into or from the water drop to
equilibrate with its saturation capacity in water. The CO2 is
maintained at a higher concentration inside the storage room
than in the ambient air. Thus its concentration at saturation is
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higher in thewater exhausting from theroom than inthewater
entering intotheroom. Thisresults ina netCO2 flow from the
inside of the room to the outside. Unfortunately O2 and N2 are
also soluble in water. Therefore, the flow of these three gases
in the scrubbing medium must be considered, mainly when the
O2 concentration inside the room decreases due to respiration
activity. To improve the performance of a CO2 water scrubber,
the basic principles of diffusivity and solubility of gases in
water must be well understood.

CA

Storage
Room

/ Air

Fig. 1. Diagram of a conventional CO2 water scrubber.

Diffusion phenomena

The theory of diffusion (Fick's first law of diffusion) in an
isotropic medium states that the flux through a plane ofunit
area isproportional tothe concentration gradient normal tothe
plane and expressed as:

f=-d<£
OX (1)

Thefundamental principle ofconservation of substance within
a finite volume element V,at any given instant can bestated
as (Mikhailov and Ozisik1984):

Rate of Rate of substance Rate of

substance
— passing through

+ substance

accumulation the bonding generation
inV surface of V inV

(2)

The fundamental diffusion equation inanisotropic medium
maybe derivedfrom Eqs. 1 and 2. When diffusion is one-di
mensional (gradient of concentration along the x-axis only)
and the last term onthe right hand side ofEq. 2 isignored, the
diffusion equation (referred to as Fick's second law of diffu
sion) forD constant takes the form (Crank 1975):

* ax2 (3)

Under steady state conditions, the mass transfer through a
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surface can be derived from Eq. 3 and rewritten as:

ADACAt
M'=-

Ax
(4)

The size of the water drops, the diffusion coefficient, the
quantity of gas in water at saturation and the contact time are
the main factors involved in the scrubbing process. The diffu
sion coefficient is a measure of the gas capacity to respond to
a variation in concentration and it is specific to each gas and
medium involved. The diffusion coefficient is affected by
temperature and by the pressure when it is higher than 10atm
(Cussler 1984). Since the temperature is fairly stable in CA
storage, and pressure does not exceed 10 atm., the diffusion
coefficient is considered constant in a water scrubber. The
diffusion coefficient ofthe three gases involved inthe process
are presented in Table I.

Table I: Diffusion coefficients of gases at infinite dilution
inwater at 25°C (Cussler 1984).

Gases Diffusion Coefficient

(10* mV)

Air 2.00

O2 2.10

CO2 1.92

N2 1.88

Solubility of air components in water

Accurate knowledge of gas solubility in water is essential to
design awater scrubber. In 1803, William Henry observed that
the amount ofgas that dissolves in water ata given tempera
ture is directly proportional to its partial pressure (Gerrard
1980). The constant ofproportionality between the gas partial
pressure and the gas concentration ina liquid atequilibrium is
now known as "Henry's Constant" and can be expressed by
(LincoffandGossett 1984):

Ci =
H (5)

The solubility of gas in water is inversely proportional to the
temperature. It is advantageous tomaintain thetemperature of
the water as low as possible (just above 0°C) since more gas
can be dissolved at low temperature and the air exhausting
from the gas separator should be cold. Values ofsolubility for
the three gases involved inthe water scrubber are presented in
TableII (Hodgman et al. 1954).

Table H:Gas solubilities inwater under normal pressure
and at different temperatures
(Hodgman et al. 1954).

Gases Solubility (1/1) at temperature (°C)

0.0 5.0 10.0 15.0

02

C02

N2

0.049

1.713

0.023

0.043

1.424

0.020

0.038

1.194

0.018

0.034

1.019

0.016
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Conventional water scrubber

Applying the diffusion equation (Eq. 3), the time required to
reach saturation of thewaterdropusedina water scrubber was
calculated for O2and CO2 gases as a function of the diameter
of a drop (Fig. 2). From this time requirement and the fluid
mechanics theory, which describes the terminal velocity ofa
water drop in air (Clift et al. 1978), the minimum height
required to saturate the water drop falling in a still air condi
tion was calculated asa function ofitsdiameter (Fig. 3). As the
upstream air velocity increases, the minimum height de
creases. For small bubble diameter, the required height to
reach saturationis very similar for both gases and is less than
the height usually encountered in a commercial water scrubber
system. To achieve water saturation with a gas, it is important
to maintain water drops as small as possible, but just above the
size required to avoid any sweep by the air stream. The water
scrubber capacity is therefore only a function of the water flow
and the gas concentration in the water at saturation.

The two ways of increasing the water scrubber capacity are
to increase water flow or gas concentration in the water at
saturation. When the water flow is increased the CO2 transport

Fig. 2,

0.1

DIAMETER (mm)

The time required to reach gas saturation of the
water drops calculated as a function of the
diameter of drop.

Fig. 3. Falling height required to saturate water drop with
gas as a function of their diameter in a still air
condition.
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increases along with O2 and N2 gases. For agiven drop diam
eter, the O2 and CO2 require approximately the same height to
saturate water; theratio ofO2 / CO2 transport isdetermined by
the partial pressure of these gases inside and outside of the
room andtheirsolubility in water. It is possible tochange this
ratio byincreasing ordecreasing thepressure of thegases; the
quantity of a soluble gas contained in water at saturation is a
function of its solubility and its partial pressure (Eq. 5). The
O2 transport can thenbe reduced by increasing thepressure of
the air in contact with the water inside the storage room. This
would also have another positive effect since it increases the
CO2 transport capacity of the water and decreases the flow of
water required to extract the CO2 from the storage room.

Theoretical high pressure water scrubber

Since it is not feasible to increase the pressure in the storage
room, a high pressure water scrubber (HPWS) was designed to
permit pressurized air to be in contact with water. The sche
matic of this HPWS is presented in Fig. 4. A compressor is
used to pressurize the air coming either from the storage room
or from normal atmosphere and to introduce it in the water
stream. There, the air bubbles begin to rise to reach the top of
the water column. During their rise, CO2, O2 and N2 are
absorbedby the water dependingon various factors.At the top
of the water column, the air is returned to the storage room.
During this time, the water is pumped from a reservoir to the
top of the watercolumn.The water flows down to the bottom
of the column absorbing some gases to equilibrate with their
partial pressure, and then flows to the water reservoir. Since
the water is under atmospheric pressure, it releases or absorbs
the three gases to equilibrate to a new condition.

By analyzing the factors which affect the gas diffusion
through the air-water interface, one can simulate the perfor
manceof a high pressure water scrubber.The rising movement
of the air bubble in water creates an internal motion. This
spherical vortex is a function of theinterfacial tension between
water and air, the viscosity ratio of these two fluids, the size
and the speed of the bubble. Purity of water is also quite
important since small amounts of surface-active agents can
cause the formation of a "skin" around the bubble that effec
tively prevents gas diffusion between the water and the air
bubbles. In HPWS, it might be important to choose conditions

Pump
Compressor

Air

outlet

Evaporator

CA

Storage
Room

Air inlet

Fig. 4. Diagram of high pressure water scrubber using gas
solubilities in water to separate the gases.
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which cause internal motion and thus get uniform internal gas
composition due to the mixing effect.

Air movement in water

Considering a spherical airbubble moving in pure water, with
its interface completely free from surface-active contami
nants, so that the interfacial tension is constant, and assuming
that both Re and Reb are small (i.e. Re <=0.1), Eq. 6 can be
applied to both fluids (Clift et al. 1978).

ti*V =ti*Vb =0 (6)

Where E in spherical polarcoordinates can be written as:

£2=ii+^a2 cote a
dr* ?$ r2d (7)

Taking a frame of reference attached to theair bubble withthe
origin located at the center of the bubble, the boundary condi
tions are:

1) Uniform stream flow in the z-direction at large distances
from the sphere:

¥i«r->« =

3¥ d*¥b
dr~ dr'

vr
sin2 9

atr = a;

2 j— " (8)

2) No flow across the interface:

*P =n =0, atr=a; (9)

3)Continuity of the tangential velocity across the interface:

(10)

4) Continuity of thetangential stress across theinterface:

(11)

where k =\ibl\i is theviscosity ratio.

5) Continuity of the normal stress across the interface:

Pf-2\i
dr

1 9¥~

r^sinG <*9
+-=pb-2W>Tr 1 d"¥

r2sinO de
(1'2)

where the term a/a is the pressure increment associated with
interfacial tension.

The solutions ofEq. 6 when pob - po =2a/a, are presented by
Cliftet al. (1978), (Eqs. 13 and 14) as:
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vr1w?^fx a(2+3K) t
W = -

Tfc = -
v^si^e f
4 (1 + K)

2r(l +K) 2rJ(l +K)

1-

Ka
>

(13)

(14)

Equation 14 gives the airmotion within the bubble. The pres
sure distribution at the bubble surface (pf) is given by:

Pf=P0 +
\iv*>a cos6

(15)

This pressure distribution is a function of 9, so that thebubble
experiences anet pressure force ordrag force. Integration of
this pressure, the shear stress and the normal stress over the
surface of the bubble leads to the overall drag coefficient (f)
expression:

J Re (16)

The terminal velocity (voo) of a bubble flowing in water in
these conditions can be obtained by equating the total drag to
the net buoyancy force (Fs):

nDJApgFs- l

Voo=2£^M
6H

(17)

(18)

The maximum bubble diameter to which Egs. 13 and 14 apply
is0.06 mm corresponding toRe=0.1. As the diameter of the
air bubble increases, the shape of the bubble changes, Re
increases and the solution presented above does not apply any
more.

Furthermore, the terminal velocity of air bubbles inwater is
affected by the water purity and the bubble shape. Experimen
tal terminal velocities of air bubbles were measured by
different authors. Figure 5shows results presented by Clift et
al. (1978) and Bird etal. (1960) for pure water.

Height of the water column

For bubbles of moderate size (0.5 to 10 mm) with spherical
and ellipsoidal shape rising in water with no surface-active
agents, the gas in the bubble undergoes a toroidal circulation.
Asthe gas circulates, itencounters fresh liquid at the top ofthe
bubble. As the bubble rises, the liquid moves downward in
relation to thebubble andleaves when it reaches thebottom of
the bubble. The liquid near the interface isusually in laminar
flow and appears to maintain its identity. Thus the liquid
behaves much like the liquid at the surface of a falling film
(Bird et al. 1960). The contact time iscertainly short, so that
the penetration ofthe dissolved gas isslight and the following
assumptions are valid:
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Fig. 5. Terminal speed ofair bubbles in pure water at 20°C
(Clift et al. 1978 and Bird et al. 1960).

1) The gases in the air bubble are slightly soluble inwater
and hence donot change the viscosity of water appreciably;

2) The diffusion takes place so slowly in the water that the
gas does not penetrate very far into the water, i.e. the penetra
tion distance is small in comparison withthe water thickness.
This is particularly true when the size ofthe water column is
large compared tothe diameter ofthe airbubble.

Therefore, fora first approximation, Eq. 19 canbe used to
estimate the instantaneous gas diffusion (Bird et al. 1960).

Mi =8a2^Dab
fexp C\ (19)

The time exposure texp is the time required for the liquid to
slide along the bubble from top tobottom. This can beapprox
imated by Eq. 20.

2a
fexp —" (20)

Hence the instantaneous gas diffusion through the air-water
interface is:

Mi =^1Q2 n a5 Dab voo) C\ (21)

The solubility of each gas changes with time since the gas
concentrations in the bubblechange(Eq. 5). The diameter of
the bubble and the terminal speed (voo) decrease as the gases
are absorbed in the water. These facts make the mass transfer
a transient process. The total mass transfer through the air-
water interface can be obtained by numerical integration:

«=N

M=V(32KDab) At^^ial-Woon-l) On-1 (22)

The solubility of the gas, the radius of the bubble and the
terminal speed are adjusted at the end of each step of the
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numerical integration. The height of the water column re
quired to absorb the CO2 gas contained in the bubbles can be
calculated from the mass transfer numerical integration.
Using Eq. 22, data were generated for a 0.5 mm air bubble
containing initially 10.5% of O2 at a pressure of 2 atm. These
data are shown in Fig. 6. Similar curves can be generated for
any other conditions desired for the design of the scrubber at
known capacities.

DDDDDDDDaDDDDDDDDDDDDDDDDDDDDD

-B- 02

-0- C02

•SOOfl^Aftft^ftft

4 6 8 10 12 14 16
ELEVATION OF THE BUBBLE (cm)

Fig. 6. Ratio ofgas concentration atany height ofthe water
column to the gasconcentrationat height zero
plotted for differentelevations of the water
column for a 0.5mm bubble containing 10.5%
of O2 and subjected to a 2 atm. pressure.

DETAILS FOR SIMULATION

The first case used for a simulation of product storage con
sisted of a room volume of 1818 m3. The stored product
selected was410 t of Mcintosh apples. The spacefactor was
3.6 m3 ofair per m3 ofstored product. O2 and CO2 levels in
the room were 2.5% and 5% respectively. The room was
considered to have no air leakage and the ventilation was
operated as required to maintain the O2 level at 2.5%. The air
and water circulation rates through the water scrubber were
16.71-s"1 andwere thesame foreach casestudied.

The simulation was performed to evaluate the theoretical
behavior ofa high pressure water scrubber using data on apple
respiration rate. The simulation isbased on the work ofPflug
(1960) but did not assume equal O2 and CO2 absorption and
desorption coefficients. The factors considered for this simu
lation are listed in Table III.

Using the respiration rate data presented by Pflug (1960):

t/5.n = 58.25- 39.25(l-0.45'/J) (23)

it was possible toconduct a mass balance onthestorage room.
The performance ofa proposed HPWS system was compared
with a conventional water scrubber system and a hybrid
HPWS and N2flushing system in order to find whether there
is anyadvantage in rapidO2 pull-down period.
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Table HI. Factors considered for the simulation of a water scrubber.

Factors Symbols Units

Storage room volume Vi m

Amount of product in storage Bi m3
Space factor Zi=Vi/Bi m3/m3
Respiration rate ri m O2 consumed/m /day
O2 level in storage Yi m 02/m of air

CO2 level in storage ci m3C02/m3ofair
Leakage or ventilation rate xi m /m of air/day
Temperature Ti °C
O2 in normal atmosphere 02 m3/m3
CO2in normal atmosphere CO2 m3/m3
Apple bulk density Ai kg/m3
Time t kg/m3
O2/CO2transportratio
Pressure inside the scrubber

wi

Ps
O2 added/CC>2 removed
atm.

RESULTS AND DISCUSSION

The results obtained for the three systems are presented in Fig.
7. The first system simulated a conventional water scrubber
that operates when the CO2 concentration inside the storage
room exceeds the desired level (5%). The room is ventilated
using surrounding air when O2 is lower than 2.5%. Thesimu
lation shows that a 417 hour period from the sealing time of
the storage room is required to reach 2.5% O2. This corre
sponds to the O2 pull-down period encountered with
commercial apple storage facilities using commodity respira
tion to decrease the O2concentration insidethe room.

The Hybrid HPWS andN2 flushing system uses a HPWS to
extract the excess CO2 from the storage room. The absolute
pressure inside the water column of the HPWS is adjusted
from 1to 8.4 atm asthe O2 level inthe storage room decreases
from 21% to 2.5%. This permits adjustment of the partial
pressure inside the pressurized water column tothe outside O2
partial pressure and eliminates any O2 net transport by the
HPWS as O2 concentration decreases inside the room. Since
CO2 gas above 5% concentration iseliminated, this gas has to
bereplaced tomaintain thevolume ofgasinside the room ata
constant level. In this case, pure N2 isused asthe make up gas.
This helps to eliminate the CO2 without allowing any O2 to
enter andresults in a 277 hour O2 pull-down period.

The third system used in the simulation isrepresented by the
HPWS at10 atm, pressure curve (Fig. 7), and consists ofusing
a HPWS continuously operated at 10 atm absolute pressure
from the time the storage room is sealed until the sum of the
O2 and the CO2 concentration reaches 10.5%. The product
respiration decreases the O2concentration to 2.5%. Afterthis
period the HPWS operation isbased solely onCO2 concentra
tion. Surrounding air is used as make up gas to maintain the
volume ofgas inside the storage room constant. This process
results ina 140 hour O2 pull-down period.

With the two first systems, only the commodity respiration
is used to reduce the O2 level inside the room. With the last
system, the HPWS is also used to reduce the O2. With the
system being operated at 10atm, thepartial pressure of the O2
inside the pressurized water column (Fig. 4)ishigher than the
O2 partialpressure in the waterreservoir and this results in a
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net O2 transport outof the room. In that process, the airmake
up (Fig. 4) is also processed through the HPWS before being
introduced into the room inorder topartially eliminate the O2
it contains.

Since the operating time of the HPWS is based on the O2
concentration, the HPWS can be designed to meet any O2
pull-down requirements. In thepresent case, thewater andair
flow through the HPWS were chosen to meet the five day O2
pull-down period recommended by Bartsch (1986) but those
parameters canbeadjusted toany other specific requirements.

40 80 120

Conv. Water scrubber

HPWS Adj. Pres. - N2

HPWS 10 Atm Pressure

160 200 240 280 320 360 400
TIME (hours)

Fig. 7. Temporal variation of O2concentration inside the
storage room for different water scrubbing
systems.

CONCLUSION

From this investigation, it can be concluded that:

1) It is theoretically feasible toreduce the net O2 transport
into the CA room, using ahigh pressure water scrubber leading
to a reduction in the O2pull-downperiod.

2) The high pressure water scrubber causes a difference in
O2 partial pressures that results ina nettransport of O2 outof
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the CA room.

3) The results justify the construction and the testing of a
HPWS to eliminate the O2 after a storage room is sealed and
to control the CO2during the storage period.
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NOMENCLATURE1

8 = angular coordinate, measured away from front
stagnation

k = viscosity ratio (\ib ly)
H = water viscosity (M L" t" )
\Xb = air viscosity (M L" t" )
p = specific gravity of water(ML" )
pb = specific gravity of air (ML )
Ap = specific gravity differential between airand water

(ML"3) 2
ct = interface or surface tension (M t )
w = Stokes stream function for water relative to air

3-1
bubble center (L t" )

\)/b = Stokes stream function ofairinside bubble
relative to air bubble center (L t" )

a = radius of air bubble (L)
an = radius of air bubble at time nAt(L)
b, c = empirical parameter
A = area of surface (L )
Ai = apple bulk density (M L' )
B\ = volumeof product in storage (L )
C = concentration of diffusing substance (M L' )
c\ =CO2 level in storage, L3 CO2 L3 of air
Ci = liquid phase solute concentration at equilibrium

(ML'3)
On = liquid phase solute concentration at equilibrium

corresponding to gasconcentration at time
nAt (mole L" ) 3

CO2 = CO2 concentration in normalatmosphere (L L-)
D = diffusion coefficient of a material through its

2 -lparticular environment (L t' )
Dab = diffusion coefficient of material a through

environment "b"(L2 t'1)
Di = diameterof the sphere or the air bubble (L)
E = spherical operator
F = rate of mass transfer per unit area of section

(M V2 f1)
/ = drag coefficient
Fs = buoyant force water applies on air bubble (MLt" )
g = gravitational acceleration (L t" )
H = Henry's constant of the solute (L t" )
M = totalamount of gas diffusing through the surface of

the bubble (M)
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Mi = averageof mass transferthroughbubble surface
(Mf1)

N = total number of steps in numerical equation
n = step number in numerical integration
O2 = O2 in normal atmosphere (L L" )
Pf = pressure field due to flow in fluid f,

i.e. discounting hydrostatic pressure variations

f2)(ML-1
pressui

= partial pressure of solute (M L
=reference pressure (M L"11"2 )

Ps

Pi

Po

Pob =reference pressure incenter ofbubble (M L"11"2)
r =distance from originin polar coordinates (L)
n =respiration rate, L3 O2 consumed (L3 t"1)

DiVoop
Re =:

H

=pressure inside scrubber (M L"1t"2
•',-?>

-, the Reynolds number

Reb= 1 °°p6, Reynolds number based on bubble
\*>o

properties
t = time (t)
texp= timerequired for liquidto slidealong bubble

from top to bottom (t)
T\ = temperature (T)
Voo = terminal speed of air bubble (L t )
Voon= terminal speed of air bubble at time nt(L t"1)
V\ =storage room volume (L3)
m = O2/CO2 transport ratio, O2 added/C02 removed
x = space coordinates measured normal to the normal

plane

x\ =leakage or ventilation rate, L3 L"3 of air t"1
Y\ =O2 level in storage, L3 ofO2 L 3ofair
Z\ =space factor (L3 L3)

Units are presented in fundamental dimensions :L= length; M=Mass; t=time; and T=temperature.
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