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PREFACE

This publication (Interim Report 69-1) forms the first part of
two reports dealing with gas exchange from soil. Included here are
pages 1-12L of the work while the second part (Interim Report 69-2)
forms an appendix of pages 125-188. The latter is entitled "Basic
Concepts of Spectral Analysis by Digital Means." We have chosen to

make two reports because of the anticipated diversity of interest in

them.

E. R. Lemon
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INTRODUCTION

Both the evaporation rate from soil during the second stage of
drying and the soil aeration status depend upon the rate at whicn soil
gases are exchanged with the atmosphere. For many years, it has been
generally believed that the most important mechanism determining the
rate of soil gas exchange is molecular diffusion. However, the basis
for suchk belief has not been experimental evidence; rather, it has been
logical speculation. Since recent experimental evidence has indicated
that a mass flow mechanism caused by turbulent air flow over the ground
might also be important, this study was initiated to evaluate the effects
of air turbulence upon soil gas exchange.

In Chapter 1, field measurements of a liquid's evaporation rate
from beneath surface coverings of soil and other porous media are
described. The measurements were made using a new instrument, christened
vapor exchange meter (VEM), which could be buried beneath the soil
surface so that disturbance of air turbulence characteristics at the
soil surface would be minimal.

It has been shown in laboratory studies that an oscillatory mass
flow can cause an increase in mixing of soil gases. Since mass flows
are caused by pressure gradients, measurements of natural pressure
fluctuations at the soil surface, described in Chapter II, were made for
various conditions. The pressure fluctuations were characterized
using spectral analysis, a technique described in the Appendix, which

is more familiar to meteorologists than to agronomists.
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In order to be able to predict quantitatively the influence of

air turbulence upon soil gas exchange, equations are needed which relate

soil gas movement to air turbulence parameters. In Chapter III, two

equations are derived from which an average velocity and displacement of

1 mass flow can be calculated given the spectra of air pressure fluctu-

ations obtained in Chapter II. Using the two equations and the results ‘
E nf previous workers, an attempt is made to calculate the total amount

of gas movement which could be expected from both diffusion and mass

flow.
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Chepter I

MEASUREMENTS OF SOIL GAS EXCHANGE WITH AIR TURBULENCE

Soil aeration and the loss of water by evaporation in the later
stages of drying are important processes in which gases are exchanged
between the soil and the atmosphere. To understand fully soil seration
and evaporation, onc must first understand the mechanisms by which this
exchange occurs. Romell (1922) [as described by Keen (1931)] published
the first study of trese mechanisms., He calculated how much exchange
could occur from wetting and drying of soil, from temperature gradients,
from barometric pressure changes, from wind, and from diffusion. He
concluded diffusion was the most important mechanism, and, although he
had no direct measurements, his argumenis appeared sound. Recently,
however, evidence has appeared which suggests that air turbulence may
also have an important influence, at least, under some conditioms.

The possible importance of air turbulence is illustrated by the work
of Hanks and Woodruff (1958) who observed that evaporation through soil,
gravel, and straw mulches increased with wind velocity in their wind
tunnel. Also, Holmes, Graecen, and Gurr (1960), using a wind tumnel,
found that evaporation was affected by surface tilth (and, hence, from
inference also by surface roughness and by the subsequent nature of air
turbulence). Benoit and Kirkham (1963) observed an increase in evapora-
tion rate when they increased the air movement over soil columns having
a soil mulch. Evans, Kraner, and Schroeder (1962) state that a high wind
(>313 cm/sec at a height of 168 em) caused a decrease of about 10% in

222

the Rn concentration at the 61 cm depth in the field. Their Bn222 flux




measurements from the soil surfa.ée were somevhat higher for unstable
atmospheric conditions thau for stable for the same concentration gradi-
ent velow the surface, but they had few observations.

Although Pearson (1965) found no significent correlation of Rn222
flux with wind speed at 50 cm above the ground, he did observe a large
increase in flux when he increased the air velocity inside his bottomless
sampling box. Scotter, Thurtell, and Raats, (1967) fownd an increase in
"dispersion" of ges in colums of soil and other porous media as they
increased the velocity and displacement amplitude of sinusoidal gas
flow in their columms. Also, the theoretical work of Covey (1965. Air
movement and gaseous diffusion in the soil in relation to drainage: I.
Physical principles. Talk presented before the Conference on Drainage
Requirements of Crops, Weslaco, Texas, Feb. 24. Mimeograph COpY.),
Farrel, Greacen and Gurr (1966), and Scotter and Raats (1968, 1969)
indicates that air turbulence can affect soil gas exchange, particularly
at shallow depths and in materials with large pores. Thus, since there
were several indications of turbulence effects in the literature, a
re-examination of mechanisms of exchange from porous media was deemed

necessary and was initiated.

foident £rusd '._i
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Msterials and Methods

To study the mechanisms of gas exchange from soil or other porous
media, a vapor exchénge meter (VEM) was built which could measure
changes in the rate of soil gas exchange in the field as they occur
with changes in the turbulence pattern above the soil. The VEM, shown
schematically in Fig. 1.1, consisted of a two~chambered plate which
could be buried beneath the soil surface. The upper chamber contained
liquid heptane and the lower chamber contained two heater vires. When
some of the heptane had evaporated, more liquid was drawn into the upper
chamber from a tube to the outside. The outside end of the tube dipped
intc a little pail, and the evaporation rate of the heptame could be

obtained by measuring the rate of weight loss from the peil. Evaporation

from the pail itself was insignificant. Since the concentration of heptane

vapor in the air above the so0il could usually be assumed to be zero, the
VEM was not affected by changes in the composition of the air above the
soil. Since the plate was buried, the turbulence pattern ahove the
soil was not affected, although there may have been some effects on gas
movement within the soil. The VEM had a time response constant of about
15 sec, so the rate of helrane evaporation could be correlated against
turbulence parameters obtained for time periods as short as one minute.
The plate for the VEM was made from a 91.5 em length of 3.81 em
diameter, hard-drawn brass tubing which was softened by heating and
shaped into a hollow, flattened "U" with a steel mold. The hollow
inside the "U" held the heating wires. The liquid heptane chamber was
formed by soldering across the top of the "U" a porous stainless steel

strip (Haddam Manufacturing Co.;, which was 4.45 cm wide, 0.152 cm thick,
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25 micron pore size. The ends were sealed with brass strips; short lengths
of 0.635 cm 0.D. copper tubing soldered near the ends. provided access

to the internmal chamber, Aluminum screen over the porous stainless steel
provided an air gap between soil and the plate surface. Polyethylene
tubirg (0.635 em 0.D.) with short connecting lengths of teflon-lined
rubber tubing (0.635 cm I.D.) was used to connect the heptane chamber to a
small glass spout that dipped into the weighing pail. A valve system

not shown in Fig. 1.1 permitted the plate to be switched from the pail

to a large heptane supply reservoir. The plate would be switched to the
reservoir vhen the pail was being refilled and when no evaporation runms
vere being made. The pail was weighed on a recording balance like the

one described by Xunze and Peters (1964). A spring was connected to the

top of the magnetic core of a linear displacement transducer, and the bottom

of the core was connected to the pail. As the weight of the pail changed,
the spring contracted or expanded, and the voltage from the transducer
changed in proportion to the change in core displacement. The balance
was placed in a small ercavation about 150 cm from the plate to permit
the pail to be below the plate surface and thus provide a slight capillary
tension. To prevent the heptane evaporation rate from being dependent
upon the rate at which the soil supplied heat to the surface, a tempera-
ture controller was used to supply a heating current proportional t¢ the
difference between the plate temperature and the soil temperature several
cm away at the same depth. The temperatures were sensed by 9 thermocouples
on the plate surface and 9 thermocouples in the soil. The temperatures

of the plate could be maintained within 0.5°C of the soil température,

except when the "soil" was coarse gravel or straw.
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Heptane was chosen for the evaporating liquid in the‘VEM'because
it is insoluble in water, not toxic to handle, and not prchibitively
expensive. From Handbook (1963) figures, the heptane vapor pressure
under field temperatures was never more then 6G mm Hg. Taus, errcrs
due to the mass flow effect of slow vapor molecules diffusing into faster

counter-diffusing O2

the analysis of Evans (1952. Effect of combined pressure and concentration

and N2 molecules were not more than 3% according to

gradients on pressure flow through soils. Unpublished Ph.D. Thesis. Ames,
Iowa, Iowa State University Library.). The density of heptane-saturated
air is greater than normal air, however, so buoyancy effects had to be
minimized. This was accomplished by burying vertically a large steel
cylinder (180 cm diameter x 250 cm deep) in the experimental field with the
VEM plate always in or on the soil near the open top of the cylindrical
tank. Except when a coarse gravel was being studied, heptane evaporation
measurements were not started until the soil air in the cylinder below
the plate had had time to saturate with heptane vapor. Plaster of Paris
disks cemented over small access holes in the bottom of the tank permitted
water to move in &-d out of the tank.

Air turbulence over the ground was measured with two instruments. A
capacitive manometer-type absolute pressure transducer (Datametrics
Corp., Model 511A) sensed the air pressure at the soil surface directly
over the VEM plate through a 120 cm long by 0.635 cm 0.D. copper tube.
Mean wind was measured at a height of 270 cm or 475 cm on a mast located
about 10 m from the VEM plete by cup anemometers.

The measurements were taken at field site in Ellis Hollow near Ithaca,

New York. During the first stage in data acquisition, the VEM plate was




¢

rlaced over the Chenango silt loam in the large tank and filled with
heptane. The ent;re area of the tank was then covefed with soil or ome
of several other porous media. A "run" would be made by reccrding the
voltege output from the VEM, the VEM plate thermoccuples, and tkLe absolute
press'ire transducer with a multi-channel data logger. The voltages with
accompanying clock data were printed cn paper tape at 1 sec intervals.

The counters for the cup anemometers were autcomatically photographed at

1 min intervals. Runs usually lasted about 2 hr including interruptiocns
to refill the VEM pail with heptane. The runs were made for each porous
medium under both unstable daytime and stable nighttime conditions so thst
a range of natural turbulent conditions would be observed. Between

runs the nlate was allowed to evaporate lieptane continuously from the
supply reservoir. A fan, which was directed toward the porous media
surface over the VEM plate, provided particularly high levels of turbu-
lence during portions of each run. The permeability of each porous

medium was meesured by filling a 7.7 cm diameter by 17.0 cm long copper
tube with the porous medium and then measuring the pressure drop across

the tube with a differential pressure transducer (Datametrics Corg.,

Model 511), as N2 gas was passed through the tube. The volume fiow rate

was measured using a stop watch to determine the rate of movement of a

soap film through a second glass tube in series with the sample tube.
The high sensitivity of the transducer permitted differential pressures of

only a few ubar to be used.

The filux and accompanying data were analyzed using consecutive 1 min
intervals for averaging periods. An average heptane flux for a particular

minute was computed from the weight of heptane lost from the pail during
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the minute. Plate temperature was taken as the average of the temperature
at the end and beginning of ecach minute., The plate tempersture measure-
ment was used to adjust the heptane flux measurements to a2 standard
temperature 50 that the effect of having a higher vapor pressure at higher
temperature would not be confused with turbulence effects cn the flux
measurements. The change in plate temperature from the beginning to the
end of ea:h minute was also computed in order to correct the flux measure-
ments for the error due to differences in thermal expansion between liquid
heptane and the solid plate and tubing. The root mean square (rms)
amplitude of pressure fluctuation was taken as the standard deviation of
the pressure measurements for each minute after being corrected for
linear *“rend. A rms frequency of pressure cscillation was also computed
by dividing the standard deviation of numerical derivative of pressure
by the rms amplitude. Mean wind speed was computed f-om the change in
count.

Multiple regressions were run with heptane evapcration flux as the
dependent variable, cnd VEM plate temperature change, average VEM plate
terperature, wind speed, rms amplitude of pressure oscillation, and rms

frequency of fluctuation as independent variables.
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Results and Discussion

In Fig. 1.2, i.3, 1.k, 1.5, 1.6, and 1.7 are plotted the values of
heptane flux against the rms amplitude of pressure fluctuation which
were obtsined when the VEM plate rested on silt loam and was covered
with 2 cm of straw, coarse gravel, fine gravel, very coarse sand, medium
sand, and Chenango silt loam. Scme physical properties of the media are
listed ir Table 1.1. All of the flux values in the graphs have been
corrected to zero change in temperature and adjusted to a 20°C VEM plate
temperature from the partial regression coefficient for flux on these
two variables. As indicated on the graphs, the data were obtained under
nighttime scable and daytime unstable atmospheric conditions, with and
without a fan. 1In spite of a large amount of scatter in the data, it is
apparent that the pressure fluctuations definitely affected the
keptane evaporation rate,and that the effect became less pronounced as
particle size decreased, particularly when going from medium sand to silt
loam. The partial regression coefficients listed in Table 1.2 substanti-
ate these conclusions. All are significantly different from zero, and

there is somewhat of a decrease with particle size particularly when

going from medium sand to silt loam. The regression lines along with their 5%

standard error confidence limits are also plotted on the graphs.

If attention is concenirated only on those points obtained from
natural turbulence using no fan, the effects of turbulence are far less
apparent. The st. 'stics given in Table 1.3 show that the regression
coefficients for heptane flux on pressure amplitude were significantly

different from zero only when the plate was covered with straw and coarse
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Table 1.1 Properties of the porous medis wused in the VEM experiments

Property
Particle Moisture

Permeability diameter® Air content
Medium (u2) (cm) porosity+ (%)
Strav 540,000 0.97 ~ dry
Coarse
gravel 320,600 1.8 0.36 ~ dry
Fine
gravel 67,000 0.90 0.33 ~ dry
Very coarse
sand 2,800 0.11 0.39 2.0
Medium
sand 1,600 0.030 0.%0 2.3
Chenango
silt loam 10,000 0.2 4.5
Coarse
vhite sand % ,200 0.10 0.%0 0.2

* Taken from sieve size at which 50% of sample was retained

+ Particle deniity assumed to be 2.65 gm/cm2 axcept for straw assumed to
be 0.8 gm/cm
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Table 1.2 Regression statistics for heptane flux on rms amplitude of
pressure fluctuation when fan was on from multiple regressions
of heptane flux on rms amplitude, VEM plate temperature, and

: change in VEM plate temperature for several porous media

Porous material

Very Chenango
Coarse Fine coarse Medium silt
Statistic+ Straw gravel gravel sand sand loam
Intercepti 18.8 4T 11.6 12.5 8.7 16.3
Regression
coefficient 8.39 8.0k 3.91 5.9 6.42 1.09
SE of
Reg. coef. 0.87 0.50 0.24 0.4 0.31 0.12
T value 0.68%% 15, g%k 16, ,5%% 1) ¥ 20 Sk 9.29%#
Multiple
corr. coef. 0.8 0.85 0.91 0.87 0.90 0.T4

+ Heptane flux in ugm/cmg/sec and rms pressure amplitude in ubar
s Adjusted to 20°C from regression on VEM plate temperature

#* Sionjificant at 1%
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Table 1.3 Regression statistics for heptane flux on rms amplitude of
pressure fluctuation from multiple regressions of heptane
flux on rms amplitude, VEM plate temperature, and change in VEM
plate temperature for several porous media

Porous material

Very Chenango

Coarse Fine coarse Medium silt
Statistict Straw gravel gravel sand sand loam
Intercept¥  10.1  13.h 13.8 6.8 9.5 17.8
Regression
coefficient 2.06 1.64 -0.82 1.23 0.205 0.179
SE of
reg. coef. 0.63 0.36 0.78 1.13 0.61 0.18
T value 3.26%% L somk _1 05 1.09 0.34 0.99
Multiple '
corr. coef. 0.94% 0.95 0.72 0.77 0.65 0.49

+ Heptane flux in ugm/cmzlsec and rms pressure amplitude in bar
t Adjusted to 20°C from regression on VEM plate temperature

¥% gionificant at 1.0%
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gravel, and that the natural pressure fluctuations had no significant
effect on evaporation from the other media.

In Figures 1.8, 1.9, 1.10, 1.11, 1.12 and 1.13, the heptane flux
is plotted against wind speed for timers when the fan was not on, again
adjusted to zero temperature change and to 20°C. The statistics in
Table 1.4 show that vind had significant effects on heptane evaporation
through straw and coarze gravel and also through very coarse sand. How-
ever, the range of wind speeds was not very large when the data with
very coarse sand were taken. The correlation of rms pressure amplitude
with wind speed was about 0.65, thus irndicative that the two parameters
were not equivalent. However, the regressions in Table 1.3 and Table 1.k
were quite similar. Both indicate little influence of natural air
turbulence upon gas exchange through media of small particZe size. They
contrast with the regressions in Table 1.2 which show that air turbu-
lence caused by a fan can significantly influence gas exchange through
media whose particle size is as small as silt loam.

The effects of depth of one porous medium upon the regression of
heptane flux ca winc. speed is indicated in Table 1.5. The regression
coefficient for the 8 cm deptn is much smaller than those for the 1 and
2 cm depths, but the wind may still be having an effect since the T
value indicates that the null hypothesis cannot be completely accepted.

One can conclude from the data presented that air turbulence can
indeed affect heptane evaporation at shallow depths when the particle
size of the material is large enough. The scatter of the data, howevar,
prevents one from concluding that natural air turbulence has no effect on
gas exchange in fine textured media. Since the effects of air turbulence

on gas exchange did decrease with pore size, and since the pore sizes

in soils containing encugh water to support plant growth are much smaller
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Figure 1.8 Flux of heptane evaporation from beneath 2 cm of straw
plotted against mean wind speed for 1 min time periods




23
f | &

COARSE GRAVEL
s DAY °
S 40L ©NIGHTa _

bt ity AR e A e IR

O 200
WIND (cm /sec)

Figure 1.9 Flux of heptane evaporation from beneath 2 cm of coarse

gravel plotted against mean wind speed for 1 min time
periods

— . o

o e L el o Rt i
T e | e oy R




2k

—
FINE GRAVEL
1
O i s Day |
3 40 . Night
QV]
£
S 30} -
£
o
= !/
x 20+ & .
SR
I R
']O‘;:"5 %Abﬁ =
P s}
Q_ _____ diffusion___

0 200 400 600
| Wind (cm /sec)

Figure 1.10 Flux of heptane evaporation from beneath 2 cm of fine

gravel plotted against mean wind speed for 1 min
time periods

|
| 3
| Ce |




P SO

50 T
VERY COARSE SAND

2 DAY
o NIGHT

- . . -

D
@)

FLUX (ugm/cm</ sec)
o W
O O

O

diffusion

O

WIND (cm /sec)

Figure 1.11 Flux of heptane evaporation from beneath 2 cm of

25

400 600

very coarse sand plotted against mean wind speed for

1l min time periods

PSR SRR




26

50 ' LI y 1
MEDIUM  SAND

s DAY
40F o NIGHT '

FLUX (ugm/c m2/sec)

0 200 400 600
WIND (cm /sec)

Figure 1.12 Flux of heptane evaporation from teneath 2 cm of
medium sand plotted against mean wind speed for 1 min
time periods
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Table 1.4 Regression statistics for heptane flux on wind speed from
multiple regressions of heptane flux on wind speed, VEM plate
temperature, and change in VEM plate temperature for seversl
porous media

Porous material

Very Chenango

Coarsz= Fine coarse Medium silt
Statistic+ Straw gravel gravel sand sand loan
Intercept 7.5 10.5 12.8 ¥.7 9.5 17.5
Regression
coefficient 0.0355 0.0713 0.00100 0.0362 0.0103 0.0688
SE of
reg. coef. 0.0154 0.0111 0.0133 0.0158 0.00988 0.00652
T value 2.30% 6.k4%* 0,08, 2.28%% 1,05 1.06
Multiple
corr. coef. 0.93 0.96 0.7 0.79 0.66 0.49

+ Heptane flux in ugm/cmz/sec and wind in cm/sec
¥ Adjusted to 20°C from regression on VEM plate temperature
* Significant at 5%

#% Significant at 1%
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Table 1.5 Regression statistics for heptane flux on wind speed from
multiple regressions of heptane flux on wind speed, VEM plate
temperature, and change in VEM plate temperatures for several

s depths of coarse white sand

) Depth {cm)
Statistic+ 1 2 I 8
Interceptt 7.5 5.0 ' L. 5
Regression
coefficient 0.00627 0.00665 0.00211 0.00058
SE of
reg. coef. 0.00388  0.00182  0.00262  0.00040
T value 1.62*% 3.65%* 0.807 1.44#
Multiple
corr. coef. 0.61 0.68 0.3 0.50

o+

*®

Significant at 10%

** Sionificant at 1%

Heptane flux in gm/cmz/sec and wind speed in cm/sec

Adjusted to 27°C from regression on VEM plate temperature
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than the materials used in this study, it seems likely that Romell (1922)
was correct in his conclusion that diffusion is the main process contri-
buting to soil aeration. Nonetheless, air turbulence definitely contributes
to evaporation of water through coarse textured mulches and probably also
through very shallow depths of soils during the second stage of drying. In
regions which have high wind speeds, the effects of natural air turbulence
probably would be larger and more like the effects of the fan used in the
study because windin Ellis Hollow, New York, are comparatively light.

The reasons the data are so scattered in this study are unknown.

The multiple correlation coefficients given in Tables 1.3 and 1l.L for '
natural turbulence show that about 95% of the variance in heptane flux
through corase material was explained by a regression on change in plate
temperature, average plate temperature, wind or air pressure fluctuation
amplitude, but only about 50% for silt loam. No significant effects of

the frequency of fluctuation were found for natural turbulence, although
frequency of fluctuation when the fan was on had significant effects on

all media.

The intercepts for the regression lines also are all substantially
larger than predicted by molecular diffusion. Using Wesseling's (1962)
linear equation relating diffusion coefficient to soil porosity and
inferring the vapor pressure at the plate surface from plate temperature
(Handbook, 1963), diffusion fluxes were calculated, and they are plotted
in Fig. 1.2 - 1.13. The value of this computed diffusion flux is in
error no more than 60%. This error comes from possible errors in a) Wessel-
ing's relationship, b) the vapor pressure curve, c) the measured porosity,
and d) the measured soil depth. The flux at the intercept thus must be

due to something other than diffusion.
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Since most of the data points near the irtercept for very low
wind speed and pressure amplitude were obtained at night, the possibility
exists that nighttime thermal gradients were causiang mixing of the soil
air. Since the soil temperature at a depth of 2 em wes 5°C cooler
than the temperature at 7 cm every night data was obtained, cooler,
heavier air was over warmer, lighter air. Elder (1967) has studied con-
vection of heat in a porous medium heated from below, and his results
apply here. Elder found that there was no contribution by convection

to heat transfer when the Rayleigh number was less than 40. The Rayleigh

number is given by

2
A= kygATHp "¢
Kmu

where

H = thickness of material (2 cm)

k = permeability (1072 cn?)

Y = coefficient of cubical expansion (0.003670/°C)
g = acceleration of gravity (980 cm/sec?)
AT = temperature difference (10°C)

o = density of fluid (0.0011 gm/em’)

¢ = heat capacity of fluid (0.2Lok cal/gm°C)

l

u = viscosity of fluid (1.8 x 10”7~ poise)

Assuming very large values for k and AT, and obtaining the values

shown in parenthesis for the other varisbles from the Handbook (1963),

. —

K_ = thermal conductivity of saturated medium (0.001 (cal/cm?/sec)/°C/cm))
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the A for a thickness of 2 cm is 1.60. This is much below 40 so one must
conclude there was no transfer of heat by convection. If there was no
convection, there was no mass flow of air due to a thermal gradient and
consequently no mixing of the soil air beyond diffusion due to = thermal
gradient either.

It may be possible that buoyancy effects of heavy heptane vapor
could have caused the scatter and the fluxX intercept values to be so
much larger than diffusion, but it seems unlikely. Since the heptane
vapor is heavier than air, one would presume that it would settle to
the bottom of the tank until the tank became nearly saturated. Since
the vapor is heavy, the air in the tank should be quite stable. Assum~-
ing a low flux rate of 10 ugm/cm?/sec from the plate, zoxzd not counting
the rather liberal addition of heptane to the tank from spillage when
the plate was filled, 56 hours would be required to fill the tank with
saturated heptane vapor. Only with the coarse gravel were measurements
taken less than this amount of time after filling. The data for the
Chenango silt loam were obtained sfter the plate had been evaporating
almost continuously for 10 days. These data show the highest, and not
the lowest, flux of heptane at low wind speeds, so it is improbaeble that
the high flux rates at zero wind were caused by a settling of heptane
vapor down into the soil.

It is also puzzling why the permeability values given in Table 1.1l
are not more closely related to particle size, and also why the flux
regression coefficients are more closely related to the particle size
than to the permeability measurements. Since in the permeability deter-
ninations, the measurements of volume flow rate and pressure drop across

soil colums were accurate and precise, the permeability wvalues should
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be quite relisble. However, it was necessary tc transfer the porous
material from its experimental position over the VEM 'plate and pack it
in the ¢olum so the difference could be due tc tne differences in bulk

density of the material over the VEM plate and in the permesbility column.
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Summary

A VEM(vapor exchange meter) was built which could measure the
exchange of a gas between soil or other porous medium and the atmosphere.
The device measures the rate of evaporation of liquid heptane from a
porous stainless steel plate buried beneath the surface of the porous
medium. Natural air turbulence as indicated by both mean wind speed and
root mean square air pressure fluctuations significantly affected the
heptane evaporation rate through 2 cm of straw and coarse gravel but not
through fine gravel, medium sand, or Chenango silt loam. The regression
coefficients for wind decreased from 0.0713 to 0.00688 (ugm/cme/sec)/’cm/sec)
with a decrease in particle size from that of the coarse gravel to that
of the Chenangc silt loam. When a fan was used to provide higher tur-
bulence levels than the comparatively low turbulence level in Ellis
Hollow, New York, the rms air pressure fluctuations significantly
increased heptane evaporation through 2 cm of all of the porous media
tested. Increasing depth from 1 to 8 cm in coarse sand caused a
decrease from 0.00627 to 0.00058 in the regression coefficient for wind
speed. It is inferred from the data that soil aeration is mostly &
diffusive process, &s has been thought previously, but that natural
air turbulence can significantly increase the transport of water wvapor
through coarse mu’ .aes and through very shallow depths of soil. How-
ever, heptane flux values are quite scattered and are larger than those
predicted from diffusion theory even at zero levels of turbulence. Neither

the magritude nor the scatter are fully explained.
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Chapter II

SPECTRA OF AIR FRESSURE FLUCTUATICNS AT THE SOIL SURFACE

A theoretical explanation of the effects of air turbulence upon
gas exchange from soil depends upon an adequate evaluation of the eir
turbulence which exists at the soil surface in the field. The work of
Rolston, Kirkham, and Nielsen (1969) and Scotter and Raats (1968) shows
that there is an increase in the effective diffusion coefficient or
"dispersivity" of the soil air when there is an increase in soil air
velocity. Therefore, since pressure gradients cause soil air velocities,
attention here is focused upon the fluctuations of air pressure associ-
ated with turbulence.

For their theoretical analysis of soil air velocity, Farrel, Graecen,
end Gurr (1966) considered the air pressure to be a one space dimensional,
traveling cosine wave, and they used a differential pressure transducer
to try to measure the amplitudes, periods, and wave lengths of waves
which exist in the field. However, as the recording in Fig. 2.1 of
air pressure obtained with an absolute pressure transducer indicates, the
pressure at a point in the field appears to be as random as it is sinu-

soidal. Because of this, it is necessary to consider methods for dzaling

with seemingly random variables.

One techniqgie which has contributed to the understanding of such
seemingly random variables in other fields than agronomy is spectral
arialysis, which is discussed in detail in the Appendix. With this tech-
nique the contribution to the statistical variance of a variable is

determined for each of a whole series or "spectrum” of sinusoidal waves.
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As will be shown in Chapter III, it is possible to extend the theory of
Farrel et al. to consider the air pressure at the soil to be a series
of superimposed, traveling waves whose amplitudes can be determined from

spectra. Therefore, spectra of air pressure at the soil surface were

determined for various conditionms.
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Methods

Measurements of air pressure using a Datametrics absolute pressure
transducer model 511A equipped with a null offset adapter were obtained
at a 10 hectare field site in Ellis Hollow near Ithaca, New York, at
various times between June 11 and July 31, 1968. The transducer was
placed on the soil surface about 30 m from air-conditioned trailers
vhich housed signal conditioning and recording equipment. On any rums
vwhich lasted more than 5 min, the transducer was mounted inside a Styro-
foam container on a thermal base which mointained the transducer tempera-
ture at 49°C.

During the day and night of June 11, 1968, when the soil surface
was nearly bare, and during the night and following day of July 30, 1968,
wvhen a 200 cm corn crop was present, the pressure data for four different
but overlapping ranges in frequency spectra were obtained. The frequency
ranges and other supplementary information are given in Table 2.1. A
simultaneous recording of wind speed was obtained using a Hastings-Raydist
heated thermocouple anemometer mounted at a height of 50 cm on June 20
and a height of 250 cm on July 30.

During both time periods, a low pressure system was moving into the
area, and the wind blew rather steadily from the southeast both day and
night. Generally, the sky was partly cloudy to lightly overcast. Unfor-
tunately, rain started before run number 5 could be completed, and it had
to be cancelled.

The pressure for the two higher frequencies was sampled through

lengths of 4.75 mm I.D. copper tubing, while that for the two lower
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frequency runs was sampled through lengths of 4.75 mm I.D. polyethylene
tubing. The polyethylene tubing was buried 5 cm beloﬁ the soil surface
to prevent spurious signals from arising due to a mechanical disturbance
caused by the wind blowing directly on the tubing. The sampling ends

of all the tubes were bent to form a gooseneck so that the sampling

port pointed vertically downward at a point just below (<lmm) the soil
surface. The lengths of tubing used for runs from each frequency range
are included in Table 2.1. Following the analysis of Iberall (1950),
the lengths were chosen to be short enough so that there was minimal
attenuation of frequencies over the ranges used and narrow enough so that
there was damping of resonant frequencies. Some of the lengths were
long because the frequency spectra were cbtained as part of a larger
experiment to measure space-time spectra using differential pressure
transducers. The larger experiment failed because therz simply were not
enough sensors available to represent adequately the space dimensions.

Between June 20 and July 25, pressure data for the frequency range
from 0.00195 to 2.0 cycles/sec were obtained under the variety of atmos-
pheric conditions and crop heights listed in Table 2.2. A 120 cm long, 4.75
mm I.D. copper tube with its end bent in a gooseneck and pointed downward
just velow the soil surface was used for all of the runs in Table 2.2.

An IBM 1800 computer which was equipped to digitize analog signals
was used for computations. Use of a program named LOGR permitted digit-
ized signal values to be logged into rdisk storage. A second program
named SPEC was written to compute and plot spectra either from data
logged on the disk by LOGR or read into the computer from cards. SPEC

used Fortran subroutines called RFORT and FORT to compute fast Fourier
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transforms of data points by the algorithm of Cooley gnd Tukey (1965). The
algorithm, explained well by Brigham and Morrow (1967), computes the
complex Fourier coefficients from the equation

N-1

s(f) =& I p(t Jexp(-i2nf,ty) 2.1

k=0

where
S(fh) = complex Fourier coefficient for nth frequency, f,

At = sample interval (sec)
N = number of data points, chosen to be an integer power of 2

p(tk) = pressure at the kth time, tj

The spectral density values were then computed from
s(f,) = —2— K

where S(fh) is the spectral density at the nth frequency and Af equals the
frequency increment (or 1/total sampling time). Various aspects of
spectral analysis are described in detail in the Appendix. The amplitude
of a pressure wave is taken as S(f;) or as IS(fn)I when using Equation 2.2
in reverse to compute aumplitudes from spectral density.

Before any Fourier transform was computed, the data was always
corrected for the presence of a trend by the method of least cquares.
After computation and before plotting, the spectra were smoothed four

times using the weights shown in Equation 2.3.
s'(2 ) =0.258(£,_1) +0.55(8,) +0.255(2,,,) 2.3

The end points were smoothed by an ordinary averaging with their adjacent

points.
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The June 11 aad July 3 data for the Lhree highest frequency ranges
weie reccrded on magnetic tape by an analog tape recorder and later
played tack irto the 1800 computsr for computation of spectra. To
prevent aliasing, a low pars, RC filter was used, vhich had a cut-off
frequency of eitaer 1, 10, or 100 cycle/sec depending on the corresponding
frequency range.

The June 11 and July 30 data for the lowest frequency range were
recorded on digital magnetic tape bty & data logger at a 1 sec sampling
interval, and then they were read from the digital tape on an IBM 360
computer. No special precautions were taken against aliasing, but electri-
cal noise was no particular problem witk the data loggei- compared to the
analog recorder. Moreover, ovirlapping portions of the resulting spectra
from different ranges agree closely, so neglect of aliasing apparently
was not important. To reduce the number of points, the data were smoothed,
using a 49 weight, low-pass, digital filter which had a sharp cut-off
from 0.26 to 0.32 cycle/sec; then, every Tour points were average
together. The four point average was punched on cards for later compu-
tation of spectra on the 1800.

The data for the runs sbtained between June 20 and July 25 were
printed on paper tape by the data logger at a 0.25 sec sampl.ng interval
for a 512 sec samriing period. They were then punched onto cards by

hand before compuiation of spectra on the 1800.
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Results and Discussion

To obtain spectra which vere as representative as possible of the
time periods listed in Table 2.1, the spectrs for several replica: or
sweeps were cosmputed and then averaged rrom subintervals of the magpetic
tape record lor the particular time period. The number of sweeps which
contributed to each averaged spectrum is also listed in Table 2.1. To
illustrate what a typical spectr.m loocked like before any hand work was
done, the computer-drawn average spactrum for Run 15 is presented on the
left in Figure 2.2 for the air pressure at the ground surface. It was
obtained using the absolute pressure transducer as discussed previously.

The other two graphs are pressurc spectra from two other points in

the field and were obtained as part of the space-time experiment. The curve

from the absolute presscre transducer is quite linear and fairly smooth
with a slcpe of about -5.6/3 on the log-log pl~t, except at the low
frequency end. Here the decrease in steepness is undoubtedly due, not
to any natural phenomena, but to the fact that an equally weighted
average with the second point was used to smooth the end points. A
better procedure probably would have hLeen to weight the end point by 0.75
and its adjacert point by 0.25.

In Figures 2.3, 2.4, 2.5, and 2.6, the spectra of air pressure
and wind from Runs 1 - 16 are plotted, covering four ranges of pressure
for day and night conditions with and without a .rop canopy. The
spectra were obtained by hand tracing from the computer-drawn curve of

Figure 2.2 and its counterparts.
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Figure 2.3 Spectra of air pressure and wind for the day of
June 11, 1968, near Ithace, New York, when no crop
vas present. The numbers on the curves refer to b
the rur numbers in Tsatble 2.1.
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Figure 2.4 Spectra of air pressure and wind for the night of
June 11, 1968, near Ithaca, New York, when no crop vas
present. The run nutbers on the curves refer to
the run numbers in Table 2.1.
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Figure 2.5

Spectra of air pressure ard wind for “he day of
July 31, 1968, near Ithaca, New York, when s 200 cm
corn crop was present., The numbers on the curves
refer to the run numbers in Table 2.1.
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Figure 2.6
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Spectra of air pressure and wind for the night of
July 30, 1968, near Ithaca, New York, when a 200 cm
corn crop was present. The numbers refer to the
run numkters in Table 2.1.
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The overlapping portions of the spectra from the various runs are
almost identicael. It is epparent that the pressure spectra form roughly
a straight line with a slope of about -6/3 on a log-log plot over the
entire frequency range covered in this study. Furthermore, they are very
similer to the pressure spectra in Fig. 2.7 which have been redrawn
from Gossard (1960) and Priestly (1966). The spectra of Gossard and
Priestly were obtained by different methods under different conditions
from the methods and conditions used in this study. One concludes, there-
fore, that air pressure spectra which have slopes of about -6/3 over
wide frequency ranges are quite general phenomens.

The overlepping portions of the wind spectra from different runs {
also tend to agree fairly well., On the log-log plcts, the spectral 11
density appears roughly constant for frequencies to about 0.1 cycle/sec
and then tends to drop sharply to form a steep straight line with in-
creasing frequency. .

These eir pressure spectra which are straight lines over the whole
frequency range‘covered in these experiments probably do not indicate
that the same physical phenomena are operative over the entire range as
pointed out by Lumley and Panofsky (1964). The portion for frequencies
greater than about 0.1 cycle/sec where the wind spectra also have a steep
slope probably indicates an inertial subrange in which there is trans- 3
fer of energy to smaller and smaller eddies but no production or dissipe-
tion. In such a subrange the predicted slope for the pressure spectrum
is =7/3 and for the + ~  spectrum is -5/3 which is not greatly different
from the slopes of sbout -6/3 for both type of spectra in Fig. 2.3-2.6.

At frequencies from about 10-3:> down to about 10’6 cycle/sec, (which




Figure 2.7

Spectra of air pressure redrawn from Gossard (1960
and Priestly (1966).
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is below the range of the figures shown here) the spectra are dominated
by weather-map phenomena. In this range Gossard found that the pressure
spectrum reached a maximum of 10]']"7 uba.r2/cycle/sec at a frequency of
10'5°6 cycle/sec, which corresponded to a maximum in the wind spectrum
previously found by Van der Hoven (1957). Ac frequency increases from
10'5'6, the pressure spectrum of Gosssrd decreases with a slope of -6/3
except for two sharp peaks corresponding to periods of 12 and 24 hours.
Lumley and Panofsky mention that on the weather-map scale, the wind speed
varies with pressure gradient so the wind spectrum should be proportional
to the pressure spectrum times frequency on a log-log plot, and such is
roughly the case between the pressure spectrum »f Gossard and the wind
spectrum of Van der Hoven.

Presumably, the entire pressure spectrum below the maximum would
more or less indicate an inertial subrange-type behavior were it not for
the input of convective energy at higher frequencies which makes the
spectral curve higher and decreases its slope. The convective energy
input seems to occur mostly in the frequency range from about 10'3's to
about 1071:0 cycle/sec as evidenced by the largest differences in the
height of the pressure spectra in this range in Fig. 2.3 - 2.7 and by the
wind spectra reaching a maxima here. The height of the spectra in
Fig. 2.3 - 2.7 in the mid-frequency range varies with wind speed and,
at least occasionally, can also be influenced by gravity waves, which
presumably caused a rather prominent peak at about 10"2°8 cycle/sec in

two spectra obtained by Gossard. An indication of the amount of influence

of wind speed on the mid-frequency spectrum can be obtained from Fig. 2.3 -

2.7 and also from the spectra presented in Fig. 2.8 - 2.10. The wind
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Spectra of air pressure for daytime hours near
Ithaca, New York. The numbers on the curves refer
to the run numbers in Table 2.2,
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Spectra of air pressure for daytime hours near
Ithaca, New York. The numbers on the curvers refer
to the run numbers in Table 2.2.

e T —

P

b




P o

e

SR R -

S ikl i a0

oy

> |
i |
(§) O |
w40 T
C
L ﬁ
[ o
Eqo
Q) m
=4 O
- il |
Q¥ < |
_ _ |
“
Aumm\m“u\AU\mgmn:v.ZMD dS 907
j
§
i
s e A S o A L s e B A A S A D N e S ,
P TN eSS TR TR A e e e e e S gy




66

Figure 2.10 Spectra of air pressure for nighttime hours near
Ithaca, New York. The numbers on the curves refer -
to the run numbers in Table 2.2. i
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speeds present for the various runs are given in Tables 2.1 and 2.2. The
most striking differences are probably between the spectra obtained during
the day and those at rather low wind speeds at night. The spectral
density for pressure was 100 times greater during the day of July 31
than it had been the previous night at a frequency of 0.1 cycle/sec.
The night spectra in Figure 2.10 are also noticeably smoother than the
deytime spectra in Fig. 2.8 and 2.9. The differences between days is
large too, however, as evidenced by a 500-fold difference in spectral
density at a frequency of 10~1*7 cycle/sec, between Run 17 in Fig. 2.8,
when the wind speed was 552 cm/sec at 50 cm and Run 20 in Fig. 2.9 when
the wind speed was 66 cm/sec at 475 cm.
The theories of soil gas movement presented by Farrel et al. (1966)
and by the author in Chapter III indicate that, in addition to amplitude,
the wave length or eddy size of pressure waves is important. The wave
length of a particular wave can be obtained by dividing the frequency of
the wave by the wind speed. This method works if the wind speed is
available, and if one assumes that the pressure moves along in a frozen
pattern of turbulence at the speed of the mean wind. That this is not an
wnrealistic assumption is indicated by a wave number-frequency spectrum '
of pressure calculated from pressure correlation measurements made by
Priestly (1966). Priestly found that the longitudinal correlation coeffi-
cient for a narrow frequency band between points parallel to the

wind across a field of short grass could be described by

R(f,8) = e~ cosps 2.4

where
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f = the particular frequency

§ = the spacing between observation points

R(f£,5) = the longitudinal correlation coeificient for air pressure
between points separated by a spacing of § at a frequency

of f.
o, = empirical constants determined by least squares fit to the

data for a narrow frequency band. o indicates the magni-
tude of the decay of correlation of pressure with increasing
spacing between observation points, and 8 indicates the
frequency of the oscillation of the correlation coefficient
with spacing. Both are functions of the narrow band
frequency at which the pressure measurements were made.

Using Equation 2.4, the wave number-frequency spectrum can be obtained

from the Fourier transform of R(f,5) according to

s(f,k)

«©
2 [ R(£,8) cos2mksds
0

2.5
a(f) a(f)

.+
[a(£)]° + [8(£) + 20k]°  [a(£)]2 + [B(£) - 27k ]2

where

k

wave number = l/wave length

s(f,k) = spectral density at a frequency of f and wave number of k

Using values of o and B given for 16 different frequencies by Priestly
and choosing values of k in the range covered by him, the plot of spevctra.l
density presented in Fig. 2.11 was cbtained using Equation 2.5. The

curves are contour lines of constant spectral density plotted against wave
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number and frequency. One of the dotted lines represents the combination

of wave number and frequency corresponding to eddies moving at the speed
i of 600 cm/sec, and it is apparent that the spectral density decreased
from both sides of a ridge slightly to the right oi" this line. The

wind speed observed by Priestly at a height of 427 cm was 600 cm per sec,
so the eddies were moving at or just slightly faster than the mean wind
speed at 427 cm. If the smaller eddies close to the ground surface

move more slowly due to surface drag than do the larger, higher eddie;,
then the ridge in Fig. 2.11 should bend upward with increasing frequency
to lie closer to the second dotted line which indicates a 300 cm/sec wind
speed. No such bending is apparent, so, at least ove:r the limited range
of wave number and frequency covered in Fig. 2.11, the pressure moved with
the mean wind in a frozen pattern of turbulence. Thus, it probably is
not too unrealistic to obtain the wave length of an eddy from its fre-
quency and the mean wind. However, the anemometer used to measure the
mean wind must be mounted at a fairly large height above the ground or
crop surface. Priestly's anemometer was at a height of 427 cm, and
apparently, the eddies vere moving at a speed even slightly faster than
the mean wind at this height. The errors of measurement probably are as

large as the apparent wvelocity difference, however.
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Summary

To determine the amplitude of air pressure fluctuations at the ground
surface, spectra of air pressure and wind were obtained which cover & fre-
quency range from 10"‘ to 102 cycle/sec during both day anc night condi-
tions with and without a corn crop. The pressure spectra were very similar
to the spectra obtained by previous workers using di fferent methods under
different conditions. The spectral density for pressure decreased in a
roughly linear manner with a slope of about -6/3 on a log-log plot for
all conditions from sbout 108 to 10-3 ybar/cycle/sec over the frequency
range. The greatest variability in shepe and height of the spectra
occurred in the mid-frequency range from asbout 1073 to 107} cycle/sec.

The variability was associated with the wind speed, and a 500-fold in-
crease was observed between one run when the wind speed was 68 cm/sec
and another when the wind was 552 ecm/sec.

A wave-number frequency spectrum of air pressure was computed from
data obtained from the literature. Over the limited range of wave
number and frequency covered by the spectrum, the pressure field moved
with the mean wind in a frozen pattern of turbulence. It is suggested,
therefore, that the wave length associated with each frequency may realist-

ically be computed from the mean wind.
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Chapter III

THEORY OF MASS FLOW OF GAS IN POROUS MEDIA DUE TO AIR TURBULENCE

The experimental work described in Chapter I showed that the rate of
heptane evaporetion through a porous medium increased with wind speed or
root mean square pressure fluctuation under certain field conditions.
These results indicate that air turbulence can cause an increase in the
apparent diffusion coefficient of vapor in porous media. To explain the
increase on a theoretical basis, mathematical equations are needed to
relate the apparent diffusion coefficient to parameters which describe
the air turbulence and the porous medium.

The apparent diffusion or "dispersion" of a vapor through porous
media was found by Scotter, Thurtell, and Raats (1967) to increase with
the velocity and the displacement amplitude of an oscillatory mass flow
of bulk gas through the porous medium. The displacement amplitude is half
the maximum dist-.ace a particle of air would move during one period of
oscillation. &Scotter and Raats (1968) then developed a theory based on
scaled velocities and displacement amplitudes which predicts the rate of
dispersion in one medium from measurements made in another, at least for
classes of similar media. It may be possible, therefore, to use an adapta-
tion of their theory and their laboratory measurements to predict vapor
transfer under field conditions if the velocities and the displacement
amplitudes which exist under field conditions can be adequately predicted
and properly scaled.

To attempt to calculate the velocity of mass flow of gas in porous

media under field conditions, Farrel, Greacen, and Gurr (1966) derived
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an equation which used a sinusoidal, one-space dimensional traveling
pressure wave for a model of air turbulence. Using a differential pressure
transducer, they also attempted to measure the pressure waves found wnder
field conditions. However, natural air pressure does not resemble a pure
sinusoid. It more nearly resembles and can be described by a superposition
of many pressure waves to form a spectrum as shown by Gossard (1960),
Priestly (1966), and the author in Chapter II. Therefore, to calculate
mass flow velocity and displacement amplitudes resuiting from air tur-
bulence, new equations have been derived which model air turbulence as a

whole spectrum of superimposed, traveling pressure waves.
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Derivations
Using Darcy's law in the form
; = - E.Vp 3.1

u

where \—r is the vectur velocity of gas flow (cm/sec), K is the air per-
meability of the porous media (cm?), pis the viscosity of gas (poises),
and p is the pressure excess above a large mean barometric pressure
(ubar), Kirkham (1946) has shown that the air pressure at any point in the
so0il must satisfy

3p _ KPo £, 2%, 2% 3.2
50 o= [ @e ™ ae M ae

where t is time (sec), ¢ is air porosity, P_ is the mean barometric
pressure, and X, y, and z are space variables (cm). The soil is assumed
to be homogeneous down to some barrier impermeable to gas flow at depth h

so one boundary condition is

3z = 0, z=h 3.3
At the soil surface, the two-dimensional pressure field composed of many

superimposed two-dimensional pressure waves traveling parallel to the mean

wind in the positive X direction is described mathematically by

B 4 2 2
p= I I [ &nm cos! gﬂi - .15. - ¢ &% _ ¢y )
— \ xm m
n=1l m=l 2 T Xn Yn

+ 8y cos( 2TE _ 21X _ +m+¢ )] 3.b
2 T, Xy 0 Y T
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where M is the number of distinct periods (Tm) present, N is the number
of distinct wave lengths in the X direction (X;) and in the Y direction
(Yy), ayp is the amplitude of the wave with nth period and m'h wave
length, ¢xz is the mtt phase angle in the X direction and °ym is the mth
phase angle in the Y direction.

To make calculated results from the solution of 3.2 more universal,
it is useful to introduce appropriate scaling factors to make the variables
dimensionless. The obvious factor used for scaling lengths is the soil
depth, h, and the one used for scaling pressures is the bsrometric pressure,
P,. However, the choice of the appropriste factor for scaling time is not
so obvious because no unique period of oscillation exists, as it did for the

systems examined by Farrei et al. and Scotter and Raats. The time con-

stant chosen is
heve
Kp

o

T = 3.5

which is the length of time required for the pressure at the bottom of a

soil colum to change by a factor of l/e when a step change of pressure is
introduced at the surface. The analogous case for heat flow is discussed
in Gebhart (1961, p. 52). Pressure is transmitted rather rapidly through

soil, so T is typically on the order of milliseconds. Thus, introducing

x' = x/h )
y' =y/n 3.7
z' = z/h 3.8
t' =t/ 3.9
p' = p/P, 3.10
a'nm = enm/P, 3.11
T = Tn/T 3.12
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Equations 3.2, 3.3, and 3.4 become respectively

-aL: =(3_22.’_ + B_Z.L' + .BEP_' )
ot 3x'2 ayva 3z'2

)
EE-=0,z’=l

0z’
N M ] ] 2 ' 2 '
p' = & r Znm cos(——z,}r? -L),c—-dim-'%‘-%m)
n=l m=1l 2 n X'm m

' 2nx' 2ry'
+ &'nm cos( CLIT —"'— - ¢ +Ls:—+ ¢ym)
2 TI;. x‘m xa Ym

Equation 3.15 is satisfied by a general solution of the form

p'= L I [a.;:m exp(b t' + e X' + dy' + eqpz' + )
n on
+ghoexp(ht' + ipx' + 3y + k2" * 1)
vhere
=2 2 2
bp =cp + 4 + e n
_ 32 2 2
and hn-1m+'jm+knm
If one sets
* = gk = gt
% - &m B

0

n
[N

1l

]
[v'N
n
=
=
g -

3.13
3.14

3.15

3.16

3.18a

3.18

3.18¢
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and Ip = -iby + 10

vhere i = /-_l, the real part of Equation 3.18a satisfies the upper

boundary condition given by Equation 3.17. From Equations 3.18b and 3.18c,

enm and knm are also uniquely defined as

®an = ¥nm = f/ (2M)2 4 (2M72 4 g 2r 3.19
x' Y' T' .
m m n

Using Dwight (1961, eans. 58.1, 2), e  can be broken into real and imagin-

ary parts defined as

€nm * t(Anm + iynm) 3.20
where - -
(% + 3’2)2 AR (i"_z.+ ﬁ) 1/2
v L% T X2 ¥ 3.21
nm
L 2 -
-2 2 7
by hﬂ 27 /
o T2 Tolie M2 4,2 |Y2
N E Xl'112+Yr'r12) + (Tr'l) -(;1,1'2‘ +-Y—1,r§)
Yom = m m 3.22
2

' I;:] I;:d [a.n' ( Ay ') (21!1;' amx! 2my' "
p' = m exp(=- z cos(——— = - ¢ - - -y A
n=l mel 2 " T Xh @ gy T Wm T Ym
+ __'m exp(=X__z') cos(-——zﬂt' - amx! b+ 2my’ + ¢ z')
2 nm TI'I 7l xu  Y' ym Ynm
qm , amt' 2mx' 2my'
— - —— - & 1]
0 = exp(+X _z') cos( ™ - Oxm = ¢’ym * Y2 )
m m
a'x'm ont! o 2Ty !
_nm 1 g™t _e'x _ ey ;
% S5 exp(+A, z') cos( T ' Om *+ ) + ¢ym + Yopz')]
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To satisfy Equation 3.16, an additional series feature is needed. It

can be incorporated by multiplying the terms in the first set of brackets
by (-1)XF(k) and the terms in the second set of brackets by (-1)%F(x + 1)
and adding all terms from k = O to infinity. The solution with the addi-
tional series satisfies Equation 3.15, and it will also satisfy Equation
3.17 if F is chosen = 1 for k = 0, because all of the terms of the new
series cancel each otuer out except the first term. Differentiation of
Equation 3.23, followed by substitution into Equation 3.16, along with

careful inspection, shows that if

-2k :
F=e (Anm a lYnm)

Equation 3.16 is satisfied. The solution for the air pressure at any

point in the soil is -

N M )
p'= I % ) {(-1)kexp[-Anm(2k +2')] &' nm
n=l m=1 k=0 P
] T [] '
[oos( 208 _27x' _ 4 _2W' _ 4 _ (2 + 2')y.)
1 ' xm ' ym nm
T X4 Yy
2nt! 2mx! oTy!
*eos( - SE - b+ S o) - (2K 4 2t )yy) ]
Tn xm Ym

+ (-1)%exp[- Ayp(2k + 2 - 2')] *'nm

2
1 1 b m:'
[cos(2;? B 2;3 ) ¢Xm'-2Yﬁ ) ¢Ym - (2k + 2 - z')ygp)
n
+ cos(2;?' B 2;f' = b * 2§¥' *+ byp - (2k + 2 - 2')ypp))) 3.2k
n m m

To calculate the vertical velocity of soil gas, Equation 3.1 is used

in the form q
7 = SR 3.25
z. B
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where

v; = vz/(sh/T).

Since p is oscillatory, v; is also oscillatcry and the average for a long
period of time is, of course, zero. To calculate an average rate for the
vertical movement of the soil air, Farrel et al. defined a mean half period
velocity by the average value of the vertical velocity over a half period
of the pure sinusoid at the surface. However, since no unique period of
wave exists in the boundary conditions specified by Equation 3.k, it
appears simpler and more meaningful to define a scaled, root mean square
(rms) velocity by

t

2

- 1 t 2 1/2

Vims = ( J VS at) 3.26
to -t t1

where to - t1 is & long period of time with respect to the longest period
wave at the surface. The corresponding unscaled rms velocity is given

by

Vems = v;ms (en/t).

Now if, in the characterization of the waves at the surface, the Tﬁ are
chosen to be integer divisions of total sampling period t, - ), Vyms 18
particularly easy to calculate, because the integration in Equation 3.26 is
over whole periods of orthogonal functions so that most terms are zero.
Choosing the TA to be integral divisions of the total sampling interval
is a reasonable procedure if enough terms are chosen to represent all of
the statistical variance of p, such as is done in the spectral analysis
technique described in the Appendix.

To calculate v;ms’ therefore, one first isolates the time dependent

factors in Equation 3.26, using trigonometric formulas to obtain
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1
v = { L f [ Z I L cos i?t
s tp -ty t; 0=l mel k=0 'n
+ = i =
(AnkaOSEnmk AanCOSank BnmksmEnmk Bnmksanmk
+ Cnmkcoscnmk + Cnmkcosnnmk - Dnmksmcnmk - DnmksmHnmk)
+(l\mnksin}'3lrlmk + A sinFp o + B ocosE . + B, cosF .
ComcS1nGy e + CopsinH o+ D cosG +'Dnmkcoanmk)
sin2mt! ]2 at 1/2
Tg v 3.27
where
= - 1% 2 expl-A_(2k + 2')]
Anmk 5 /B mAnmEX¥PL= Ay
B . =+ =(-1)¥a' y exp[-A_(2k + z')]
nmk 2 nmYnmEXP L= nm
C =+ 1) A expl-r (2K + 2 - 2')]
nmk 2 nm nm nm
D = - -l-(-l)ka' y exp[-A _(2k + 2 - 2'")]
nmk 2 nm nm nm '
- amx' amy' 1
Enmk X! * o * e * ¢Ym + (2 + 2 )Ynm
m
Ty! 1
ank=2x+q>xm-._"L.2 = byp + (2k + 2')y ;
Xn Y
2nx! 2ny!
Gk = X& * ot Y& + ¢ym +(k +2- z')Ynm
_ a2nx! 2Ty '
Hnmk"_k'-";;"" ¢m-_Y.E’1__ B (2k + 2 - 2")y,

Then, since all the Tr'x are integer divisicns of t, - t], one notes that

2
only terms containing cos2(2™!) or sinz(g&'},‘-'—) after squaring will be
T! n

n {
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unequal to zero after the integration so that Equation 3.27 becomes
1 N M ©
vi ={= 1 I X
TS 2 421 mel k=0

l(AnmkcosEnmk + Anmkcoanmk - BnmksinEnmk - Bnmksinank

* Cancc05Cnnic * CrnkeoSHame = DopcinCnk = DpSinHngy )

cosF

+(AnmksmEn + A 51nlh + B COSEnmk + Bnmk _

mk nmk mk nmk

1/2
+ ComSinGyp + Copesind o + Dy cosG oy + Dy ycosE )21} /

3.28
After squaring the quantities in parentheses, applying trigonometric
identities, and substituting for A, B, C, D, E, F, G, and H, Equation
3.28 can be simplified to
N M

Vs =120 T a2 Oua® v, 2014 cos( 4 20))

n=l m=1 n

(- -]

L [exp(-2r  (2k + 2')) + exp(-22 (2k + 2 - z'))
k=0

—cexp(-2)__(2k + 1)) cos2yp(z' - 1)1} /2 3.29

Equation 3.29 predicts the scaled root mean square vertical velocity at
any depth z' in the porous media.

The displacement amplitude can also be computed from Equation 3.2k,
Since displacement is the integral of velocity over time, as indicated
in Equation 3.30

D= /v dt 3.30
Equations 3.24 and 3.25 can be used to derive equations to calculate

displacement amplitude.
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Since v is oscillatory, D is also oscillatory, and, therefore, en
average D in the vertical direction is probably the most meaningful
parameter which can be defined. Analogous to the rocot mean square velo-
city, the average D in the vertical direction is taken as the root mean
square displacement in the vertical direction. The displacement amplitude
RtMnhﬁmduVgﬁmsmemsﬁwhmmm.

If D is scaled with respect to the soil depth so that

D' =D 3.31
eh

then, using Equation 3.25, the rms displacement is defined by

piE= {tglj {tz [ f%’;—:— at' 12 at} 172 3.32
1
After substituting Equation 3.24 for p' in Equation 3.32 and inte-
grating, one has an equation exactly analogous to Equation 3.26 for
velocity. Then, if steps similar to the ones used to go from Equation
3.26 to 3.29 are taken, one obtains
N M

- ' 2 T, 2 2 2 h 1
DLs = 1/2{n£l Iy (D)7 Opg’ *+ ¥py”) (14 cos(_;i_+ 26 )]

kio [exp(-2knm(2k + z'))i'exp(-2knm(2k +2-2"))

-2exp(-2>\nm(2k + 1))cos2ynm(z' - 1)]}1/2 3.33
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Results and Discussion

Equations 3.29 and 3.33 for the rms velocity and displacement have

several interesting features. First, neither v!

rmsnorD;_mshasanyx

dependence, so both are uniform in the downwind direction. The y depen-
dence changes with the phase relationships between all the various waves
in the cross-wind directions. Presumably, these angles are rather random
in a turbulent flow, and calculations of v' using sets of random numbers
for ¢ym showed deviations of only a few per cent on either side of the
value for v' obtained by setting all ¢ym = 0. The effect of wave super-
position can also be seen. The total v;'ms or D;'ms equals the square
root of the sum of squares of the velocities or displacements for the
individual waves.

For single waves, velocities computed from Equation 3.29 (with
Yo = ¢ym =0, y"'=0) are equivalent to velocities computed from the
equation of Farrel et al. multipligd by n/2/§ . One notes in Equations
3.29 and 3.33 that for a single pressure wave v' and D' vary linearly
with the amplitude. The dependency on period and wave length for a
single wave is more complicated. In Figure 3.1 are plotted lines of con-
stant vz',,mS for z' = 0 against the scaled period and scaled X-wave length
of single waves of scaled amplitude 10'6. The curves in Figure 3.1 and

all of the other figures are for the arbitrary point y' = 0 and for y

direction phase angles assumed equal to zero. The curves were computed using

Ym = Xm, Xm < 50 cm
Y = (8h.)(Jm )0 TH Xy > 50 cm 3.34
100.

B RSN DR RN

s o

e

.
AT S

AT N D PR TN




ea oo, |

ARSI

WO

L

=7 - - =

Figure 3.1

88

Contour lines of constant scaled soil air velocity

at zero depth plotted against the log of scaled period
and X-wave length of pressure wave at the soil
surface. The vertical lines in the upper left indicate
no change of velocity with period. The horizontal
lines in the lower right indicate no change of
velocity with X-wave length. The four diagonal

lines show a wind velocity of 100 cm/sec scaled to

the four soils in Table 3.1, and, for most soils,

they indicate that the winds found in nature fall

into the region of the curve where there is no

change of soil air velocity with the period of
associated pressure waves.
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which is a relation found by Priestly (1966) for pressure fluctuations
over short grass. Since the wave lengths in Equation 3.34 are not scaled,
Figure 3.1 strictly applies only to a medium which has the same properties
as Soil I in the Table 3.1. However, one can see that, when the log of
the scaled period is greater than twice the log of the scaled X-wave
length =2, the velocity does not change with period but does decrease
linearly with increasing wave length up to a scsled wave length of 1.0,
and then it decreases somewhat faster than linearly. When the log
of the scaled period is less thar uwice the log of the scaled X-wave
length - 2, the wvelocity does not change with X-wave length but does
decrease with the square root of increasing period up to a scaled period
of 1.0, and then it decreases somewhat faster than with the square root.
The lines corresponding to a wind of 100 cm/sec are scaled and plotted
for each of the four soils listed in Table 3.1. For the shallow soils,
I and III, an eddy size of 2.5 cm is at log X/h = 0, so a wind of 100 cm/sec
is found to be mostly in the region where soil air velocity does not
change with period but does change with X-wave length. Thus, the physical
size of the eddies, and not their period, determines how much they influ-
ence soil air velocity. For the deep soils, II and IV, an eddy size of
2.5 cm is at log X/h = -4, so, also in the deep soils, eddy size and
not period is important over a large range.

The attenuation with depth of single waves whose scaled amplitude
is lO-6 is shown in Fig. 3.2. The left side shows that waves which have

a veriod which is long compared to T cause a low soil air velocity at the

surface, and this velocity is attenuated about linearly with depth. On
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Teble 3.1 Properties of four soils

(The properties correspond to the Main Sand and 10 mm gravel
studied by Farrel et al. (1966))

Soil

Property I II III Iv
Depth 5 -
(em) 2.5 2.50 x 10 2.5 2.50 x 10’
Permeability

(c;g) 1.15 x 1076 1.15 x 1076 3.45 x 10°% 3.45 x 107%

3 #
Time constant h &

(sec) 3.97 x 20% 3.97 x 10° 1.3 x 1076 1.3 x 10"

Particle size
(cm) 0.04 C.Ck 1.0 1.0

*Assume porosity of 0.l, barometric przssure of 106 wbar, and viscosity
of 1.83 x 10~% poise
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the other hand, waves which have periods short compared to Tt cause a
high soil air wvelocity at the surface, but this velocity is rapidly
attenuated with depth.

In Chapter II, several spectra were presented for the air pressure at
the soil surface. The spectral density was found to decrease in a roughly
linear manner with a slope of about ~2.0 over the entire frequency range
covered. There was some change in the height or gltitude of the curve

with wind velocity. The curve can be described empirically by

s(f) = Af=2 3.35
where |
s(f) = spectral density
f = frequency
A = altitude of curve = spectral density at

f = 1 cycle/sec.
By breaking a curve into frequency increments, a procedure which is the

opposite of obtaining a spectrum (see Appendix), the amplitude of n'! wave

S fh Af
a, = ——:;——— 3.36

can bg obtained from

vhere
8 = amplitude of wave with nth frequency and nth wave length
Af = frequency increment
I nth frequency

Thus, from the spectra in Chapter II, the amplitudes of a series of
pressure waves at the soil surface are known for each of a broad range
of frequencies. A two-dimensional spectrum, also presented in Chapter II,

shows that, over a limited range of frequency and wave number, air pressure
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tends to move in a frozen pattern of turbulence. Thus, one can obtain
the wave length of each wave from its frequency and a supplementary

measurement of mean wind, so that

X, = W/t, 3.37

Using Equations 3.34, 3.35, 3.36, and 3.37, computations of soil air

rms velocity and displacement have been made from Equations 3.29 and

3.33 with y' = ¢ym = 0. The frequency increment was taken as 0.1 on a

log scale so that, as one moved toward higner frequencies, a wider and

wider frequency band was taken to represent a single wave. A trial run

using Af = 0.05 on a log scale increased the calculated velocities only a

few per cent, so presumably the frequency increment was small enough (and -
the corresponding number of waves large enough) to adequately represent

the spectra. The computations were made using a value of 3.14 for the

altitude, A. Using Equations 3.36 and 3.35, the velocities and displace-

ment amplitudes from Equations 3.29 and 3.33 are seen to vary with the

square root of the altitude. Consequently, rms velocities or displacements

niay easily be obtained for spectra with an altitude other than 3.14 from

V. D A
- = = = /—" 3.38
Vrms(3.14) Drms(3.14) 3.1k

Early trial runs showed that the frequency range covered by the spectra

in Chapter 1I was not adequate because, for shallow depths, velocities

were still increasing with frequency at a frequency of 100 cycle/sec.

6 i

Therefore, the computations have been made covering a range from 10

(which is lower than the point where Gossard (1960) found the spectral
L

density to reach amaximum) to 10" cycle/sec.
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The resiults of the computations for the four soils in Table 3.1 are
presented in Figures 3.3-3.8. In Fig. 3.3, the log of soil air rms
velocity at several depths is plotted against the log of frequency for a
wind speed of 100 cm/sec. It can be seen that increasing permeability,
going from Soils I and II in the left graph to Soils III and IV in
the right, caused a porportional increase in velocity for all frequen-
cies. The deep soils (II and IV) have higher velocities than the shallow
soils (I and III) at low frequencies, but, at hfgher frequencies, the
curves become identical. 1In the shallow soils, the velocity caused by
high frequency waves is several orders of magnitude higher than the
velocity caused by low frequency waves. Greater attenuation with depth
of the velocities due to higher frequencies is apparent for all four soils.

In Figure 3.4, the log of soil air rms displacement at several depths
is plotted against the log of frequency for a wind speed of 100 cm/sec.
The low frequencies make the largest contribution to displacement
at all depths in all the soils. Since the rms displacement increases
all the way to the low frequency edge of the graph, Equation 3.35 may
inadequately represent the spectrum of air pressure. However, the summa-
tions to obtain the total rms displacement, soon to be presented, started

6

at 107~ cycle/sec, so the maximum spectral density found by Gossard at

10-5-5 cycle/sec was covered. Increasing permeability causes a nearly
proportional increase in displacement over the whole frequency range.
The rms displacement for the deep soils is always greater than it is for
the shallow soils, starting with a difference of ten at the lowest fre-
quency and increasing to 1000 at the highest frequency. The contribu-

tions of the higher frequencies attenuate rapidly with depth for all

the soils.
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In Figure 3.5, the log of soil air rms velocity at a depth of 0.025
cem is plotted against the log of frequency for three wind speeds. The
features of the changes of velocity with frequency and permeability are
the same as for Figure 3.3. ihe effect of increasing the wind speed is
to decreasz the soil air velocity at all frequencies and both permeabili-
ties, except that there is little change at both low frequency and low
permeability. While a decrease in soil air wvelocity with an increase in
wind at the soil surface may be surprising and seem backward at first,
the explanation is rather simple. These soil air velocities have been
calculated using a constant altitude of 3.14 for the air pressure spec-
trum. Thus, the amplitude of the pressure waves was held constant, while
the wave lengths calculated from Equation 3.37 were increased. As
iliustrated in Fig. 3.1, an increase in wave length causes a proportional
decrease in soil air velocity for most soils over a wide range of wave
lengths found in nature. An increase in wind velocity causes an
increase in soil air wvelocity oy increasing the altitude of the pressure
spectrum. The increase is not as great as one might expect, however,
because of the accompanying increase in wave lengths.

In Figure 3.6, the soil air rms displacement at a depth of 0.025 cm
is nlotted against frequency for three wind speeds. The changes in the
displacement amplitude with frequency and permeability are similar to
those illustrated in Fig. 3.4. The effect of increasing wind speed is
to decrease the displacement. As with the soil air veloecity in Fig. 3.5,
the reason for this decrease with increasing wind is that the altitude
of the air pressure spectrum was held constant. Therefore, the only
effect of the wind is to increase the wave lengths which, in turn, cause

a decrease in rms displacement.
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The total rms soil air velocity which one obtains from Equation 3.29
is the square root of the sum of squares of all the velocities for all
the frequencies plotted in Fig. 3.3 and 3.5. In Fig. 3.7, the log of
this total rms velocity is plotted against the log of depth for four
soils and three wind velocities. As can be seen, the velocity ranges
from infinitesimal to several cm/sec near the surface of the soil with
higher permeabiiity. The values at 0.025 depth are surprisingly close
to velocities calculated for zero depth by Farrel et al. (1966) from
their equation for the single pressure waves they measured with a differ-
ential pressure transducer.

There is a roughly proportional increase of velocity with perme-
ability at all depths in going from soils I and II to III and IV.

The nearly straignt, now vertical lines at the top of the graph for all
soils show the exponential decrease of soil air velocity with depth

at shallow depths. The effect of increasing wind velocity is to decrease
the soil air velocity, but, as discussed previously, the decrease comes
from increasing the wave lengths while holding altitude constant.

The total soil air rms displacement one obtains from Equation 3.33 is
the square root of the sum of squares of all the displacements for all
the frequencies plotted in Fig. 3.4 and 3.6. The rms displacement is

N

seen to increase by a factor of about 10  when the depth increased by a
factor of 105. Increasing permeability also caused the dispiacement to
increase, but the amount of increase is influenced by the wind speed.

The wind speed is seen to have a large influence at the high permeability

in Soils III and IV and very little influence in the low permeability

soils, I and II.
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Figure 3.7
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Log of soil air rms velocity for four soils and three
wind speeds plotted against the log of soil depth.
The numbers on the curves are wind speed in cm/sec.
The velocity has been computed from a spectrum of
air pressure at the soil surface similar to those
presented in Chapter II. Soils I and II have low
permeability while III and IV have high permeability.
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The soil air rms velocity and rms displacement have been calculated
from Equation 3.29 and 3.33 for the spectra in Chapter II for a variety
of conditions. The significaqce of their contribution to soil gas
exchange, however, can only be assessed by evaluating their effect upon
the mixing of the soil air for the various conditions. Scotter and
Raats (1968) have developed a method for evaluating the increase in
effective diffusion coefficient or "dispersivity" of the soil air, when
there is an oscillating flow velocity. Figure 3.9, which was obtained
by them, shows the increase of dispersivity with increase in scaled
velocity and scaied displacement amplitude. By scaling flow velocities
and displacement amplitudes to particle size and diffusion coefficient,
the dispersivity may be obtained for another system from their
measurements if the medium is similar to their glass spheres and the flow
is similar to their purely oscillatory flow. The dashed line in the
upper graph in Figure 3.9 represents the dispersivity as a function of a
steady flow velocity from an equation derived by Seffman (1960), as
discussed by Scotter and Raats. It represents roughly the upper limit
for the other curves.

If one assumes, for the sake of illustration, that soil particles
are similar to glass spheres, one can use Figure 3.9 directly to obtain
dispersivities Tor field media. If one further assumes that root mean
square parameters for somewhat random flows are similar to rms parameters
for purely oscillatory flows, one can use Figure 3.9 to obtain dispersi-
vities for field flows. This can be accomplished because Figure 3.9 can
be converted to rms parameters by multiplying the velocity scales by
/2 /2 and the displacement scales by 1/ v2. Equations 3.29 and 3.33 can

then be used to obtain rms velocities and displacements for field flows.
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Figure 3.8
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Log of soil air displacement for four soils and
three wind speeds plotted against the log of soil
depth. The numbers on the curves indicate wind
speed in cm/sec. The displacement has been computed
from a spectrum of air pressure at the soil surface
similar to those presented in Chapter II. Soils I
and IT have low permeability while III and IV have
high permeability.
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Scotter and Reats (1969) developed an equation to calculate the
ratio of the flux of a gas when there is a non-zero soil velocity to the

diffusive flux when there is zero velocity. The equation is

F d
Fo s de dz

where
F = the flux of gas
F, = the flux due to pure diffusion
d = the depth in the soil at which the concentration of the gas is

held constant. The concentration is assumed to be zero at the

soil surface.

s = tortuosity of the soil = 0.71 for the glass spheres of Scotter

and Raats

f(z) = K*/D = ratio of dispersivity, K*, to diffusion coefficient

The integral can be evaluated numerically by using the modified Figure 3.9
to obtain values of K¥/D from the rms velocity and rms displacement

at each depth. Thus, using Figures 3.4 and 3.8 to obtain rms velocities
and rms displacements,values of F/Fo were computed for the four soils of
Table 3.1 for d = 2.5 and s = 0.7T1. The results of the calculation are
presented in Table 3.2 for four combinations of air pressure spectrum altitude
and wind speed. For the soils with low permeability, I and II, the

soil air velocities and displacements are low, and no increase of flux
beyond pure diffusion is predicted. In Soil III, a slight increase

in flux is predicted for the highest wind speed condition. For Soil

IV, the scaled displacements are in the hundreds, which is completely

off the graph of Fig. 3.9. Therefore, the limiting curve shown in the
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Table 3.2 Values of F/F, calculated from Equation 3.39 using four
wind conditions for the four soils in Table 3.1
Soil
Altitude Low Permeability High Permeability
of
pressure Wind Shallow Deep Shallow Deep
spectrum  (cm/sec) B II III IV
3.1k 100 1.00 1.00 1.00 s ST
3.1k 30 1.00 1.00 1.00 1.98
0.314 30 1.00 1.00 . 1.04 1.30
314, 1000 1.00 1.00 1.23 2.72
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figure from Saffman (1960) was used. The values for Soil IV are all
somewhat larger than one, so for this particular soil an increase in
soil gas exchange is predicted for all of the wind conditions at the

surface.

The predicted values of F/F, in Table 3.2 are much smaller than

the actual values of F/F° vhich can be obtained from the data in

Chapter I for the evaporation of heptane from a depth of 2 cm. How-
ever, the fin= gravel, for instance, had a particle size about the same
as Soil IV and a permeability twenty iimes as great. Such an incresse

in permeability gives scaled velocity values completely off Fig. 3.9,

so the K*/D is presumatly large. However, it is difficult to extrspolate
exactly how large the value is. A large K¥*/D could give an F/F, value

compatible with tre data for fine gravel in Chapter I. The sands, on

the other hand, had permeabilities about the same as Soil IV, but they had
much smaller particle diameters. Smaller particle diameters give lower

scaled rms velocities and larger scaled rms displacements than Soil IV,

i b

As was done for Soil IV, a K¥/D can be obtained from the limiting curve

»
of Saffman. It would be lower than for Soil IV, and, hence, so would the % f
F/Fo velue. A lower F/F, value does not agree with the results in ;~;
Chapter I. The Chenango silt loam in Chapter I had a somewhat larger | i
permeability and much smaller particle_size than the sands. It repre- 3
sents yet a more extreme disagreement between predicted and observed 35

values of F/F_ than do the sands.

There are three reasons why one would expect the F/F, values cal~
culated from Equation 3.39 to be smaller than measured values when
Figure 3.9 and Equations 3.29 and 3.33 are used to obtein values for

K*¥/D. First, the media used to obtain the measured data are much rougher
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and not as homcgeneous as the teads or glass spaerse which were used

to obtain the curves in Figure 3.9. Scotter et al. (1967) found that
dispersion coefficients for Paar silt iscam were about the same magnitude
as the dispersion coefficient for b mm glass beads with the same flow
velocity ahd displacement amplitude. Furthermore, the dispersion cceffi-
cient for tha» 2.0-4.7 wm aggregate portion of the silt loam was of the
same magnitude 4. the dispersion coefficient for the 0-L4.7 mm aggregate
portion. Thus, dispersion coefficients for silt loam which are pre-
dicted from measurements of disrersion coefficients using scaled flows

in glass beads will grossly underestimate the amount of mixing. Also
one would expect a low estimate for sand but that the agreement should be
closer than with silt lcam. Plots of K¥/D like the ones in Figure 3.9
should be cbtained using some porous media other than glass beads so

that a better estimate of the increase in mixing due to heterogeneity of
the media can be obtained. .

A second possible reason why the calculated F/Fo values are smaller
than the observation in Chapter I is that the dispersion coefficient in
Figure 3.9 which was obtained using an oscillatory £l may not apply
to a natural flow which is as random as it is oscillavory. In the oscilla-~
tory flow, mixing of soil gases proceeds at a steady rate (when look.ng
at time scales long compared to the period of oscillation), which is
somewhat larger than pure diffusion. In the natural case, however, the
mixing probably is not steady. A gust of wind could cause the flow
velocities to increase with an accompanying increage in mixing of the
soil gases. Yet, during every 1lull in the wind mixing proceeds at least
as fast as diffusion. In other words, the average (rms) velocities and

displacements one can calculate from Equations 3.29 and 3.33 cannot be
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used to obtain accurate values of X¥/D from Figure 3.9, becauss K*/L
does not respond linearly to changes in flow velocity and displacement
emplitude. New equatiors are_needed from vhich integrated valuzs of
K*/D can be ot*ained. Laboratory experiments, similar to the one conducted
by Scotter and Raats in chtaining Figure 3.9, need to be ccaducted to
determine how K®/D is affected by several, superimposed oscillations in
the flow. By gradually increasing the number of oscillations, one may
be able to determine how K¥*/D is affected by the whole spectrum of
superimposed waves which exists in natural conditions.

There is a third reason why predicted values of F/F  obtained
using Equations 3.29 and 3.33 may underestimaie soil gas exchange under
natural conditions. Equations 3.29 and 3.33 predict an average velocity
and displacement in the vertical direction only; nc account has been
taken of velocities and displacements in the .horizontal direction. Using
previous work with steady flow as a basis for argument, Scotter and Raats
(1969) speculate that horizontal ~elocities and displacement do not
contribute significantly to the mixing of soillair in oscillatory flow,
but experimental verification is needed.

There is still another possible reasor for discrepancy between the
predicted values of F/F° and the experimental observations. One notes
from Fig. 3.3 and 3.4 that high frequencies make the largest contribu~
tion to velocity, but low frequencies make the largest contribution to
displacement. Therefore, it is not completely reasonable to use the
average velocity from Equation 3.29 with the average displacement from
Fquation 3.33. As noted previously, the scaled values calculated for
Soil IV from Equation 3.33 are very large. The rms displacements for the
frequencies at which the rms velocities are a maximum are very small.

Should they be used instead? Again, some laboratory studies of the
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dispersion resuiting rom seversl superimposed waves cf differing

arplitude, frequency, and wave length are required in order to understand

the natnral system.
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Summary

An eguation hes been derived which permits calculation of the air
pressure at -y point in the soil from the spectrum of air pressure at
the soil surface. From the equation, two additional equations have alsc
been derived. The first permits calculation of the root mean square
vertical veloeity and the sezond permits calculation of the root mean
square cdisplacement of the soil air from the air pressure spectrum at

the surfacs. Using the velocity equation, calculations «#ith single

pressure waves indicate that the pnysical size or wave length of eddies is

more important than their periods for normal wind speeds. Additional
calculgticns, using the latter two equations and an empirical equation to
describe spectra obtained from fizld measurements, showed that fre-
guencies higher than llcycle/sec made the largest contribution to soil
air velocity. Similar calculations showed that low frequencies below

1 cycle/day made the largest contributions to the displacement. The
contributions of high frequencies to both velocity and displacement were
found to attenuate rapidly with depth. Increasing permeability caused a
roughly proportional increase in velocity and displacement for most of
the conditions studied. The total rms velocity at the surface for all
frequencies in the air pressure spectrwu was surprisingly close to values
computed by other workers for single pressure waves.

An attempt was made to compare measured to predicted increases of
soil gas exchange over diffusion from the computed rms velocities and
displacements. A method developed by previous workers was used to com-
pute the predicted increases in soil gas exchange from the rms veloci-
ties and displacements. The computed increases were much lower than the

measured values. Several reasons for the discrepancy clearly indicate

fruitful avenues for further research.
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SUMMARY AND CONCLUSIGSS

The effects of air turbulence upon soil gas exchenge have been
invesztizated. In Chapter I, field »easurenments are described of the
evaporauion of neptane from beneath surface coverings of straw, coarse
gravel, fins gravel, very coarse sand, medium sand, aud Chenango silt
loam. They were obtained using a vapor exchange meter (VEX) which
could be buried beneath the soil surface. Air turbulence was evaluated
by measurements of the root mean sguere fluctuation of air pressure
and ty measurements of the mean wind velocity.

Regression snalysis reveaied that air turbulence significantly
alfected heptane evaporation from beneath straw and coarse sand. The
regression coefficients on wind ranged from 0.0712 for a 2 cm surface
layer of coarse gravel to 0.00688 (ugm/cm2/sec)/(cm/sec) for a 2 cm
surface layer of Chenango silt loam. Increasing fhe surface layer
depth from 1 to 8 cm caused a decrease of 0.00627 to 0.00058 (ugm/cn?/sec)/
(cm/sec) in coarse sand. One can conclude that the transport of water
vapor through coarse mulch2s or shallow depths of soil can be greatly
affected by the air turbulence. On the other hand, it seems likely
that in a soil which has enough water to support plant growth, the pore
size is small enough so that gaseous exchange is primarily a diffusive
process. However, the heptane flux values are quite scattered and are
larger than predicted by diffusion theory at zero wind speed. Arguments
are presented which indicate that neither the density gradient effects
of hesvy heptane vapor nor of therma’® gradients caused the discrepancy.

The reason why the flux values are larger than predicted remains unexplained.
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In Chapter II, spectra of the air pressure ﬂ_uctuations at the soil
surface during both day and night witk ard without a corm <rop are pre-
serted. They were c&lculated.from air pressure measurements obtained
at & field site near Ithaca, New York, using an atsolute pressure trans-
ducer. The spectral density decreased in a roughly linear manner with
a slcpe of about -6/3 on a log-log plot from 108 to 1073 ybar? /cycle /sec
over a2 frequency range from 10_,'5 to 102 cycle/sec for all conditions.
The spectra are very similar to the svectra obtained by previous workers
using different methods under Jdif{ferent conditions. The greatest
variability between spectra was in the neight of the curves in the mid-
frequency range from 1073 o 1072 cycle/sec. The heignt changed with
vind speed; a 500-fold increase was cbserved between one run when the
wind velocity was 68 cm/sec and another when the wind velocity was 552
cm/sec.

In Chapter III, an attempt is made to predict theoretically the
influence of air turbulence upon soil gas exchange. Two new equations
are derived from which average root mean square soil air velocities and
displacements are calculated using the spectra of air pressure
fluctuations presented in Chapter II. The contributions to the rms
velocity and displacement of each frequancy over the whole frequency
range of the spectra are shown for four soils. The frequencies higher
than 1 cycle/sec made the largest contribution to soil air velocity
while the very lowest frequencies made the largest contributions to
displacement. The contributions of high frequencies to both velocity
and displa.cement—a.re showr to attenuate rapidly with depth. Increasing
permeability caused a roughly proportional increase in velocity and dis-

placement for the cases considered.
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A method developed by previcus workers was used to evaluate the
amouat of ircrease in soil gas exchange vhich the calculated velocities
and displacements could cause. 'lthe calculated increases were found tc be
far smaller than the field measurements presented in Chapter I. Several

reasons for the difference are discussed; they indicate areas for future

research.
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