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Abstract

Air permeability values are used to assess the state of aeration, soil structural stabil-
ity, structural degradation and compaction. A simple experimental procedure, with
a constant-speed motor, a syringe and simple pressure sensors, is discussed.

At steady-state air flow through a soil sample the air permeability coefficient can
be derived directly from the observations with Kirkham’s equation. For transient
conditions an equation is presented, based on a combination of Kirkham’s equation
and the ideal gas law, from which the air permeability coefficient can be deduced by
trial and error.

The importance of the soil water potential, in relation to the measurement of air
permeability, is discussed.

Complications arising from the ‘non-ideal’ behaviour of the pressure sensor are
also discussed.

Introduction

By measuring the air permeability of a soil, or any other porous material, one can
obtain useful information about the geometry of its air-filled pores. Combined with
information from the moisture retention function and the penetrability characteris-
tic, a fair assessment can be made of the structural quality, the state of compaction
and root penetrability, as well as possible aeration problems.

Air permeability compared to water permeability has been used as an index of
structural stability of the soil (Buehrer, 1932; Reeve, 1953; Janse & Bolt, 1960).
Combined evaluation of air permeability and penetrability may provide a measure
of the structural degradation of soil due to intensive cultivation (Ball, 1981b;
Groenevelt et al., 1984). In addition, the measurement of the air permeability is
successfully used as a workability test for arable land (Perdok & Hendrikse, 1982).
Air permeability is also used in fundamental research concerning physical prop-
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erties of porous materials (Marshall, 1958; Ball, 1981a). Standard laboratory pro-
cedures are described by Corey (1986).

Instrumentation

In an attempt to create a compact, easy-to-handle instrument the ‘constant-flux
permeameter’ was developed. The basic principle is the imposition of a constant air
flux and the measurement of the resulting pressure difference across a soil sample.

A piston, moving in a syringe at constant velocity, ‘builds up’ a pressure differ-
ence across an attached soil core, until the pressure difference becomes constant, at
which time the mass flux of air through the soil core also becomes constant. Asin a
method described by Ball et al. (1981), both the flux and the pressure difference can
be precisely controlled for constancy.

The present set-up allows for the selection of a flux ranging from 3 x 107 to 3 x
107 m’ s~!. The possibility to select the lowest ‘workable’ flux is important when at-
tempting to avoid complications due to air turbulence, water displacement and re-
sistance to air flow in the tubing.

The instrument consists of a pump (Saga Instruments model 355) that drives the
piston in a syringe at a constant speed. A set of three syringes (Becton-Dickinson
disposable syringes) with graded volumes of 35, 60 and 140 cm’, together with the
two switches on the pump, provides the range of fluxes mentioned above. The inner
walls of the syringes are greased with vaseline to secure smooth movement and to
prevent air leaks.

The air pressure at the air-entry side of the soil sample is measured with a magne-
helic pressure gauge (Dwyer Instruments Inc.) or with a water manometer (Fig. 1).

The soil sample is clamped in a holder which contains an O-ring.

The set-up is checked for air leaks by running the equipment with an impermea-
ble sample (e.g. a rubber stopper) or by closing the air outlet. After stopping the
pump the air pressure should stay constant.

The outflow side of the soil sample is left open to the atmosphere. The recorded
pressures are above atmospheric pressure.

Water potentials

The energy level of the water in the soil has a dominant effect on the air permeabili-
ty. From a point of view of physics one may argue that it is the water content, deter-
mining the air-filled pore space, which is most directly dictating the air permeabili-
ty. However, from a practical point of view, it is often preferable to choose the
energy level as the determining parameter. For instance, for comparing air permea-
bilities of a particular soil in field plots under different tillage treatments, it is proba-
bly more accurate to assume that the water potentials are equal rather than the wa-
ter contents. Therefore, we perform air permeability measurements at a specified
water potential.

There are three common ways to express water potentials, viz as energy per unit
mass, per unit volume or per unit weight. In soil physics a preference exists for the
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Fig. 1. Instrumentation for air-permeability measurements. V is the volume in the syringe and V; is the
‘dead’ volume.

first choice (cf. e.g. Bolt & Miller, 1958). That branch of science is in need of a
name for the derived SI unit J kg™'. We now suggest the name Bolt with the symbol
Bo. For a fluid with a density of 1 Mg m™, 1 Bo is equivalent to 1 kPa. Further, 1 Bo
is equivalent to 0.1 m H,O height if one approximates the acceleration in the gravity
field by 10 ms™.

In our experiments concerning the ‘rootability’ of soils (Groenevelt et al., 1984),
all soil samples were equilibrated at —5 Bo, so that the equivalent diameter (d) of
the air-filled pores was =60 um (60 um being the approximate diameter of a grow-
ing maize root), according to

d(m)=-3x10"*y (Bo) (1)
Calculation of the air permeability coefficient
When steady-state air flow is established and both the flux and the pressure drop

across the soil sample are constant, the air permeability coefficient can be calcu-
lated from the equation derived by Kirkham (1946):

O/A = k(P}~ P)/(2uLP)) @)
where
Q; = the volume of air, measured at the high-pressure or ‘inlet’ side of the soil
sample, passing into the soil sample per unit time (m’s™!)
A = the cross-sectional area of the soil sample (m?)

the intrinsic air permeability (m?)

the air pressure at the high-pressure or ‘inlet’ side of the soil sample (Pa)

the air pressure at the outlet side, kept at atmospheric pressure (Pa)

the viscosity of air (N m™25s)

the length of the soil sample in the flow direction (m)

In Eq. 2 one finds P, in the denominator because Q is measured at the air ‘inlet’ side.
The equivalent form of Eq. 2, with pressure heads, is:

k
P,
Pa
U
L

I
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Q/A = K(hi-h})/(2Lh) 3)

where

K =g,gkiu(ms™)

h = Pl(p,g) = pressure head (m)

0, = the density of water (kg m™)

g = the acceleration in the gravity field (m s72)
Eq. 2 may be written as

Q/A = k(uL)AP(1- AP/2P)) 4)

where AP = P,-P,.
Similarly, Eq. 3 may be written as

Q/A = KL 'Ah(1-A4h/2h,) (5)

where Ah = h,—h,.
For experiments during which 44 does not rise above 0.2 m H,O, the terms in pa-
renthesis in Egs. 4 and 5 may be deleted without loosing more than 1 % accuracy.

The above procedure is simple and straight forward. However, it is not seldom
that, with the available equipment, steady-state air flow cannot be established due
to limitations of either the syringe or the pressure sensor. Then, the air permeability
coefficient must be calculated from observations during the transient state.

During the transient state air flow process two extensive and one intensive varia-
ble in the ideal gas law are time functions. They are the volume, the amount of sub-
stance and the pressure. This situation differs from that discussed by Kirkham
(1946), in which case the volume was constant, and only the amount of substance
and the pressure were time functions.

For the present set-up the ideal gas law may be written as:

P(V +V,) = MRT (6)

where

P = the air pressure at the inlet side of the soil sample, = P, (Pa)

|4 the calibrated volume of air in the syringe ahead of the piston (m’)

V, = the ‘dead’ volume between the syringe and the soil sample (tubes and con-
necting spaces) (m®)

M = the amount of air in the space (V + V) (mol)

R = the universal gas constant (J mol™* K™")

T = the absolute temperature (K)

The time function of V can be written as

V() = Vy- Qut (7
where
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Vo the value of Vaatt =0
Q. = the ‘flux rate’ of the piston in the syringe (m*s™)
The constant O, can be calculated from the speed of the piston and the inner cross-
sectional area of the syringe.
By differentiating Eq. 6 with respect to time and substitution via Eq. 7 one ob-
tains
dM

W+ V Qt)——QP— T (8)

and can be related

The flow of air out of the space (V + V) is represented by M
to Q; via dr

RT—ddM =-RTyQ,=-PQ, ©

where y (mol m™>) is the density of the air, according to y = M/(V + V). By substi-
tuting Eq. 2 and Eq. 9 into Eq. 8 and subsequently separating the variables one
finds:

[P~ 2cP - P2 "'dP = [2¢{t-(V, + V)IQ ] dr (10)
where

¢ =uLQJ(kA) (11)
and P = P..

During the transient state flow process, P has to be measured at two different
times.

Integration of Eq. 10 from P, to P, and from ¢ = 0 to ¢ = ¢ gives, after writing ¢ ex-
plicitly:

=+ 0 1+

(P,—c-b) (Pl—c+b)}db] (12)

(P,—c+b)(P—c-b)

where
b = (P2+ ¢»)"and
P, and P, are absolute pressures.
By trial and error, by using a simple computer program, one can find the value of
¢ and subsequently, via Eq. 11, the value of k.
The pressure head form of Eq. 12 reads:

(13)

t=(V,+ V)0, 1_{ (h,—C-B)(h;-C + B)}C/B]

(h,-C+ B)(h;-C-B)

where
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C=LQJ/KA and
B=(h+C)"
Again, a simple computer program, with the principle of trial and error, produces a
value for C, from which K can be calculated.

In case (4, — h,) does not rise above 0.2 m, Eq. 13 can be replaced by

- -1 hy(h,— C—h,) )

=ewe {3y -

So far all is still rather simple and straightforward; only V/ still needs to be deter-
mined. Problems arise when he pressure sensor does not behave ideally, i.e. when it
allows air to escape or changes the value of V. The magnehelic tends to ‘bleed’ air
from the second port while the pressure is rising. The ‘bleeding’ stops when the
pressure is constant. The bleeding makes the instrument unsuitable for the trans-
ient-state K determination. When a water manometer is used, volume changes due
to the water movement in the manometer legs must be taken into account in the de-
termination of V.

Determination of V,

The value of V can be determined by closing the air outlet or using an impermeable
‘soil sample’ and setting the piston in motion.
According to the ideal gas law

P{V+ v, + %m”'(P—Pa)/QWg} = MRT (15)

should be constant, where r is the inner radius of the legs of the water manometer.
The following example shows how V can be determined from a set of observa-
tions. After the air outlet is closed, the piston is set in motion at time ¢ = 0. At that
time the pressure in the closed air space is P,, taken to be 1.013 x 10° Pa.
Observations were made (Table 1) of the values of the manometer pressure
(h—h,) = (P- P,)/p,g at several points in time. In order to even out the inaccura-
cies in the observations, a linear regression is carried out (Fig. 2). From the slope of
the line, essentially by solving two equations with two unknowns, one can calculate
the value of the dead volume, V,, and the value of the constant, MRT. For the pres-
ent example, with
V, =3.5%x107°m’
Q, =1.09% 10" m*s* and
ro =35x10"m,
one finds
V, =7.7%x10"m’and MRT = 11.345]J.
Table 1 shows that the value of MRT stays reasonably constant during the experi-
ment.
Staying with the simple equipment, including a water manometer, and dealing
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Fig. 2. Relation between (h — h,) and time,
140 when the air outlet is closed. Q, = 1.09 x 1077
m’s V) =3.5%x10"m’.
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with those cases for which steady state cannot be reached, Eq. 15 now replaces Eq.
6, and instead of Eq. 8 one now has to find a solution for

(Vo+ Vym Qu + 7 (P= P08} - = O.P- QP (16)

After substitution of Q, according to Eq. 2 separation of variables is no longer possi-
ble. However, an approximate solution can be found by writing Eq. 16 in the form

2e{t= (Y% + V)IQ) _ 2em(P-PJ2)

dP=dt 17
(P*—2cP-P2) (P*-2cP-P) (17)
where cis asin Eq. 11 and
m = nrlo,.gQ. (18)

Table 1. Observed and calculated values connected with the determination of V.

" (h—h,)* Verr(h-h)*  Qu** P MRT**
(s) (cm) (em?) (em?) (10 Pa) )

0 0 0 0 1.0130 11.3456
28 10 1.9242 3.052 1.0228 11.3400
54 20 3.8485 5.886 1.0326 11.3547
83 30 5.7727 9.047 1.0424 11.3336

109 40 7.6969 11.881 1.0522 11.3444
135 50 9.6211 14.715 1.0620 11.3534

* Observed; ** Calculated.
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In the absence of the second term in the square brackets, integration of Eq. 17
from P, to P, and from ¢ = 0 to ¢ = ¢ again yields Eq. 12.
By subtracting the value of

I 2em(P-PJ2)
(P2-2cP-P?)

Py

from the solution for ¢ found in Eq. 12, one obtains

c-b)(Pj—-c+ b)}db]

r= o+ V0o, [1 {(P—c+b)(P—c b)

oG (e )]

Verification

In order to verify the above theory, a sample was chosen that eventually did reach
steady state (Q; = Q,), or at least came very close, so that k could be calculated
from Eq. 2 and X from Eq. 3.

The last observed value of (h— k,) was assumed to be the final constant value. For

0, =1.44x10"m’s"'and

A = 1.9635 X 107> m?, the last observed value (see Fig. 3) was

h-h, =1.1176 x 107'm

hhg (em)

0 L ! 1 1 l
0 60 120 180 240 300

Time (s)

Fig. 3. Measured (k- h,) values as a function of time (symbols). O, = 1.44 X 107" m3s7!; ¥, = 2.2 x 10~
m?>. The solid line is calculated from Eq. 19.
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With

P, =1.013x10°Pa

o, =1x10kgm™

g =9.8ms™?

h, = 10.3367 m

h, = 10.4485m

P, = 1.02395 x 10° Pa

L =5%x10"%m

u =1.8x10°kgm's,
one finds

k = 6.05885 x 10" m’ and

K =3.2987 X 10° ms},
and subsequently

c = 1.08939 x 10° Pa and

b = 1.0130586 x 10° Pa
With

1A =22x10"%m’

Vi =7.7x10"°m’

m =4.86%x10kg' ms’

and taking P, = P,, one can calculate from Eq. 19 the time it takes for a certain
value of (h - h,) to be reached. The solid line in Fig. 3 is calculated from Eq. 19. The
symbols represent the observed data points. The calculated curve fits the observed
data points quite well.

Conclusion

Sufficient mathematical tools are available to determine the air permeability accu-
rately with simple instrumentation under transient conditions.
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