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eontinuous column at sach point is equal and opposite to the
vapor flow at that point, Sm« middle zections umaffected
by evaporation or condensation have deen chosen, the vapor
flow in the continuous eolumn is practically equal %o the
vapor flow in the wunbroken column, The gonsequenas is that
in the broken column the evaporation component orossing the
air gap should be equal to the diffusion component. But it
has slready been established that this is not the oase; there-
fore the two molsture gradients for the broken and unbroken
columme oan not correspond to the same moisture retention
ocurve. This re-emphasized the existence of two distinet
stable molsture retention curves,

For the Millville silt loam & complete drying curve is
avalilable. A partisl 4drying and wetting cwrve has also den
osloulated dy Riohards {1931) and & complete curve in terms
of pF is reported by Baver (1948), Haymes (1930), and Richards
{1931). They have shown that all points in the region bounded
by the wetting end drying curves may be resched when the mois-
ture is made to change in a oertsin way. In general the tene
sion tends to shift smoothly from the initial value up to
one on the drying owrve iAf the w’u is 4drying, and vice versa.

In our osse, if we consider the equilibrium curve of
the continuous soil, we have to negleot the portion of this
ourve at moisture values below the wilting point since it
dces not meterially contribute to the flow., The remsining
active part may be divided into s colder section where an
inoreasing condensation may coour, and & warmer evaporating
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portion. The points st the 00ld face are certainly inten-

sively wetting and their tension is expected to be on the
wetting cuwrve, Siallarly, at the warmest evaparating section
the tensiom is expescted S0 be on the Arying ourve. BSince the
moseturs tension ourve in the soil must de continuous smd
ainos in the middle seotion thers is 2o reasen for the ten-
 sion %0 be at either of the limiting tension curves, it is
rossonable to expest that the texsion at this point is intere
mediate, Ve cemnot infer the position of the intersediste
points. However, if the molisture charssteristios ocurves are
obzerved, it is apparsnt that st the higher moisture contents
of the soil the drying and wetting ocurves bdeocome closer toe-
gother (at lesst in the range from fisld espesity to about
the wilting peimt), BSinse in our osse the wettest point is
shout 248 (loose soll) or 20,5% (oompact soil) molsture, snd
the waruest is about 8% and 12% respeotively, we may assume
that thers is little wrror in the tension gradients if we
draw for our sase & tension curve like that shown in fig. 22a.
On the other hamd, the curves inside the slioces of the
broken soluams are more complicated sinse two distinet pro-
ossses are mperimposed. The second slice in fig. 15 is
subjeated to an overall condensation dut the two faces of
mu' slice are relatively svaporating or condensing. Yor
this slice the first process is predominant during the first
two days. During this time this curve omrmot have points on
the drying owve. It i3 not kmown 4f all its points are on
the wetsing ourve, however. If this last was the case, due
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to the small moisture difference practiosally mo liquid flow
' ﬂuumtmamm&mm.:m. and the 4iffer~
ence in moisture should mm sbout half the amount
mmﬂolatm side. The difference in slope of the
sliees of fig. 16 can be imterpreted as being due % either
8 higher temgion gredient that is required for the liquid
ﬂ.mt. or s 1little higher smount of evaporation soourring
* which eompsmsates for the smaller &iffusion rate (this Qe~
pends on a higher temsion at this meisture level). In sny
oase, the molsturs tension gradient must be low here, since
she smount of £1ow inside the slices is expected to be rather
 small, |

It iz worthwhile %0 use thess arguments snd the experie
menta) data to compute some of the soil constsmis, The liquid
flow is dsminsted by the value of the hy&rsulic oonduetivity.
Prem Dayoy's squation we have: |
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A% 30,368 en?, The tension gradimmt may be obtained by eom-

us.mm that: .
- ETEkE

‘where K = moisture percemtage. The first fsator e‘f the right
amber is umm frou She misture retention surve; the
seoond fastor is obtained from figs. 11 and 12 for She comtine
uous column. The evalustion of §f 1s mere complicated. If
we oonsider & middle sestion, Just half way betwsen the oon-
dnsing and svapsrating mmn.l praotically ne divergence in

B
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Fig. 22a. and 22b. Moisture retention. eurve for the
Millville silt loam. Al
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She flow will coour. PFor this oase the rate of flow is
oqual to the summstion of the rete of scocumnlation in the
oolder layers. Por the compsot seil, it is possidle to use
£ig. 17 by extrapelating to zerc alr gap 4istence for the
. agsumulation figures, In order to compute K for points ¢o
She left or right of the center, provided the meisture at
shis point is enough to insure vaper flow, it is necessary
to kmow the value of the flow at this partioular point. This
oomputation osumot be exasctly dome. Pig. 19 has been obtained
by taking for rate of Scoumulation at the coldest slice, the
slope of the ourve in fig. 18 when corrested for the air gap
distancs. Jor the seconmd slice the rate of ageusulstiom has
boen taken from the aversge acoumulation in the first three
4sys, since uﬂm- this time this slice alzo started to evepe
orste. It 1s mot pessidble to get exaet dasa for the warm side
sines heve the evaporating reglon is moving; however, it seems
reasomable te assuss as a first syproximation, that the rate
of depletion at the warm side should follew a symmetrioeal
curve with respsct to the eondensing curve. This assusption
seens $0 be supported both by the idemtity of equatioms 13¢
and 1A, and by the obssrvatisn of the rate of dspletion st
the warmest laysr Guring the firss day compared $0 the aver-
age scoumulation rate for the coldest layer. Pig. 9 is very
Anteresting sinoce it seems $o prove that the evaporation smd
condensation reglons not only extemd far from the ends of the
oolumn, but even toush esch other at & mid peint. Om the above
Basis the following figures have been computed for the moisture
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oomdustivity, Rt
‘ oK' %{sw
Table 9, Hydraulie miﬂty values 3
- - Koo
T jd&istenos} 1 1 1 , s
soil from mu«-{M, &q. | g K ' |
s0lvan &u:‘t.a?u-tr-;w. % . g .
on | A . 5_{ J A/ 0% OI M on |
— "3 ﬁ' ‘ —* iﬂ"‘ . Jf‘r - &
loose N R i
17.5%] 3.5 123.0 10,13} 2.48 lo.27 o.a:m 0,001, za.z no=s
. ”mt ' . | ) 33 ."ID
17.58] 2.0 {15.0 low90] n.28 -‘.wxazn*Fo;x.au'~o~3u 1-1::1@*’ -
17458 5.0 {171 Jouss] 5,79 lo.76]0.0980 0129 6,04x105 e’
| ] t o |
sﬁjiL 8.0 119.6 m.zeg 5,24 [0,40}0,0237 rmeshi 18..33:10"‘5 5 ‘f‘“

O ' These ﬂmu-u are of the order of mm mum MI
L ,:‘am uu rm m m 1iterature,

- does not it the owrve for She compact soil. AS this mutm. \
much m *he umwln. it in Qm mt there will hdf; -

: When the values for X are
. .pmmMthmm-mmamnmmu
o _m* 2h is ommo. Note that the value tw the :tmu mu

h&ghw Wl emuuv in & compact uu.

It an analogous oosputation is desired for the coefficient

of gasevus diffusion, a sericus mmm s found., In this
oass the valus for e is mot Xnown, singe the vaper pressurs

to be umumc is the ones given by the solution of the 4Affer~
ential eguation 136 whioh cammot be solved.

Sinee, however,

the vapor pressure gradient sxpected from equation 13¢, s

shown by fig. 25, has 0 b smaller than the saturation pressure
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gradient, we can compute a2 minimum value for the coefficient
of vapor aiffusion by using the latter gradient,

Ve have!
D= ! |
N A 88

whore D = goefficient of vapor mmm; e % volume OONOEN
tration of the water vapor. Conmsidering the middle section
of the compect 501l oylinder, we oHSrve & vSpOr Gomoentra-
tion gredient of 1.71 x 10°6 g/ou® and & vepor flow of 5.79
€ /day. The minimum value for D is thus equal to a';ﬁa ea?/se0.
The value for the ocefficlient of water wvapor difussion in air
is given by
b= om0 (L T
273.1
and at 20° G. is about O.24. Assuming that the coeffisient
- for the diffueion in the soll column is prepertiemal te the
poreosity of the sotl {Pemman {1940), Taylor (1950)), we
expect for the column of compaet soil a diffusion eveffiolemt
about squal to 0.086 ew?/ses. It is surprising the dissrepe
ansy detwean the expected and the observed value, m latter
mm at leest 11.5 times lapger $han the former.

Gurr, g% al. found also & 4iffusion coefficient too high,
but the differsnce from the expested value was less simae they
mhm 414 not oconsider the vapor eondensation um&m Lo
fron the oold end, . : , o

“An explsmatien for this fast omn De found in & psper by
Homry (1948). He states that: |



Vahenever moisture 4iffuses through a porous
absordent body the thermal effeots ascompanying
the process result in a soupled diffusion of nole-
ture and heat whioh is mathematioally mugm
in many aspects t0 a pair of coupled vibrations.

The combined 4iffusion processes oAn Ha VON«
sidered mathematioally as equivalent %o the inde-
gmm diffusion of two quantities, each of whioh

s & linear funotion of both vapor oonsemtration

and temperature. These quantities ocorrespond to

the narmal coerdinates of the well known coupled

vibration prodblen; The 4iffusion oonstants ‘

priate to theme quantities are always such tha

one is ‘ snd the other less ¢ either of

the dirfusion constants which would be observed

for she moisture and heat, were these mot ooupled

by the intaraction,

This writer observed on cottom dales, that:

. » ¢ B8 the texpersture rises, the meisture

aiffusion oveffioient D, whieh is at first sush

amaller them the thermsl 4iffusion ccefficliemt

D, svamtually becomes muoh lurger.

Heury points out that thess relations ars valusble for
temperature less than 802 G, and relstive humidity less than
90f since under these conditions a liguid flow ocoours amd
takes & remarksble part in the process.

In owr oase, the fluid flow plays an important role and
we osnmot emtirely apply Kemry's conolusions. Alse, Hemry
was dealing with unsteady vapor aiffusion. VWe 4o not kmow,
thersfore, 50 which extent these faots may be responsidle
for the high wvalue of the diffusion sdeffisient observed,

A last point to check is the influsnos of the 4istance
to the wet front on the meisture content of the drier layers.
Sinae in no onse is the minimum valus for the meisture below
%, sous wvalues have besn salculated for the moisture peroent-

age of a #04) layer at various distances from the peint at AS
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and 26° O, of temperature. The following formuls has deen

applied:

Pz 12 Pog Po
e os B fon 2

The pPF curve given by Baver for the Greenville loam (the
pame for which has now been changed %o NMillville silt loam)
was used. Asmming that the same motusl vapor pressure, but
a different temperatwre, exists at all points, the following
figures wers obtained:

| satur.  sotual

ﬁilmo Temper. vapor vapor Relative moisture
C. pressure pwnm humidity pPF £
o 26  28.209 22,738 90.2 S.h2 0
0.66 25 23.756 22.798 95:7 4.71 72

1.33 26 22377 22,738 100,08 - satur,

It is surprising how yapidly the water tensien and the
moisture content sust changs in order to haveoguiliberiun in
the vapor phase as the temperature changes, In fig, 1 the
change in moistwrs is very rapid, particularly at about 6.5
em, from the cold face. The small deviation from the pre-
diotion may be sasily explained on the basis of the faot
" that sotually at this point there is not equilibrium and
liquid flow will prodadly seour.

. These facts, even though some points still require fure
ther investigations, permit a better understanding of the prine
oiples umderlying the moisture treansfer in the soil. The
partioular uﬁmmim in which the experiment has besn conducted



76
may slso apply to the case of water flow from & buried warm
surface, 6.g., & heated oable, a hot~bed heater. Similsrly,
it applies for the case of condemsation (6.g., agsinst water
pipes}. If we neglect or modify the considerations SoRoerne
ing the svaporation snd condensation at the closed ends of
the soll colunm, & good pieture 1s obtained for the woisture
displacenmnt in & free soll mass.

The importanee of the diurmsl and seasonal temperature
varistions in the soil are expected to have the effeet pre-
viously euphasized by meny writers.’



SUNNARY ARD CONCLUSIONS

The movemsnt of molisture in closed s0il solwums has
_been theoretically smalysed in its details, Forsulas and
 equations arve given and discussed., Predictions have been
aade.

The experimental results give information comserning
the relative importance of the faotors involved in molsture
tranafer, md give confirmation to moet of the prediotions,

Some other peints, such as the influense of changes in
the thermal gradient, the intersction between vaper flow amd
heat flow smd its influsnce on the vapor 4iffusion goefficient,
and the sotusl moisture retention ocwrve in these conditions
remain to b studied.

The following spesific statements by way of susmary snd
conclusions may be made,

1. The muturg transfer in the soll under & tempers-
ture gradieat primerily results from vapor flow., This flow
in deteotable by the air gap technique. The use of wire poreens
reduces this flow, but does met impede it ecompletely.

2 The vepor flow is essentially & Aiffusion process.
The conveotion movement could not be proved.

3. The influsnos of the variation in the satuwration
vapor pressurs, snd its first and second derivatives has mot
been proved. If it exists it 1is expected S0 be negligible.

4. Ths largest factor affesting the mnisture distridution
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in a olosed soll saystem, sesms to be the evaperation and eon-
densation processes that ogour at the warm and aold faces,
respectively. The regions involved in this process extend
far fron tﬁa end of the aulm; and appear to contast at the
niddle point, smoothly passing from & positive to & negstive
ovmntmm |

'§, Whenm the soil colusn is Anterrupted by en air gap
some svaporation snd sondensstion cecurs at the fases of the
air gap. These progesses, howeaver, seem %0 have very little
influence on the overall moisture movement. 7"

6., The thickness of the air gap plays sn isportant role
through i1%s influences on the thermsl gradiemt distribution.
Its influence on the vapor flow diminishes when the thickness
tends to zero.

7. The existence of &istinet drying and wetting melsture
ocharscteristic curves has been supported,

- 8« Some values for the asisture conduotivity have Teen
wmu&. Their order of magnituds is reasonabls.

9. The namuznm for vapor aumam m been found
wuoh higher than expected. Neo simple explamation could be
found., o

10, The dependence of the minimum value for the moisture
oontent at the dry end as a funotion of the distance to the
wet fromt follows approximstely the predictions,
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