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Early years

Nearly 51 years ago, December 1946 was an important
month for Bill Priestley and also for me. Both of us
were in Melbourne. On December 23 Bill got off the
ship and was having his first experience of Australia.
Two days earlier I had been in the old Wilson Hall, hav-
ing conferred on me the degree of Bachelor of Civil
Engineering.

In the aftermath of World War 2, the Suez Canal was
closed and Bill and his bride Connie had suffered the six
weeks rigor of the voyage of the Dominion Monarch
from Southampton around the Cape. Bill was packed in
a crowded cabin for 10 men; and his bride in a crowded
cabin for 10 women.

Bill had arrived into David Rivett’s CSIR. Rivett’s
principle of scientific management was simple and
effective: find the best man to head up the task; then
give him the maximum freedom and help to get on with
it. (Rivett recognised that, in uncorrupted English,
words such as ‘man’ and ‘him’ serve for both genders
when neither is specified.)

Though its brief was based in science, the British
Meteorological Office sat fair and square in the Civil
Service, with its attendant rigidities. One can envisage
how attractive it was to the 31-year-old Priestley to be
plucked from the ranks of the Met. Office and given
carte blanche to set up a unit to pursue fundamental
research into meteorology, even if it was at the other end
of the world. .

Early 1947 found Priestley, a caged bird released,
stretching his wings and exploring his new world. He
discovered Taffy Bowen in Sydney and beat a hasty

retreat to Melbourne. He was set up there in an old flour

mill in Flinders Lane; and it was from his flour mill that
he began to find his way around Rivett’s CSIR and to
formulate his research plans.
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Early 1947 found me also in Rivett’s CSIR, though
totally by accident. I was a precocious (and doubtless
irritating) youth of 19. Conformist that I was, I tried,
like the rest of my graduating class, to get a job as an
engineer in the Victorian State Public Service. My con-
temporaries, old men of 22 or more, took up posts as
engineers on the princely salary of £330 a year. On the
other hand, T was found not be an adult: all I could be
offered was an engineering cadetship at £205 a year. I
hungered for money and refused the offer. The best-
paid job I could find was that of labourer in the Spencer
Street railway goods yard; and I was about to start work
there when the University, for the first time ever, adver-
tised for a graduate assistant in agricultural engineering.

The- job paid £350 a year, with no questions asked
about age. So, out of pure lust for money, I blundered
into the line of work that has turned out, over the last 50
years, to be more fun than work.

The engineering course I'd just completed was
doubtless useful in some ways; but the message I took’
away from it was: ‘All things are understood, and all a
young engineer needs to know is what handbook to use.’
This suppression of curiosity and removal of intellectu-
al challenge made the course utterly boring, and its
products brain-dead. I guess the modern version of that
old message is ‘All things are understood, and all a
young graduate needs to know is what software to use.’

This brain-dead youth was immediately seconded to
what was then the CSIR Irrigation Research Station at
Griffith in the Murrumbidgee Irrigation Area. To find
myself in Rivett’s CSIR was a sudden illumination.
Agricultural scientists at Griffith had been struggling for
a decade to understand the hydraulics of furrow irriga-
tion, but suffered the handicap of having little or no
physics and mathematics. They, at least, knew all too
well that all things were not understood; and I found
myself enjoying the pure luxury of being challenged to
unravel phenomena not previously understood, and
being actually encouraged to do so.

It soon became clear to me that even the elementary
physics and mathematics of a callow young engineer
could help with the vast array of unresolved problems of
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how water and other entities were transported through
the natural environment of the soil, the plant, and the
atmosphere.

In the following few years I was in Queensland as an
engineer in the Irrigation Commission, which was expe-
riencing a post-war renaissance. I found myself investi-
gating, designing, and laying out a number of irrigation
schemes. I was called on even to invent (what are now
called) cost-benefit analyses of these quite large
schemes. But this was a world short of )basic data, let
alone a sound understanding of the processes involved.
I was able to carry out my duties only through a mix of
guesswork, imagination, and sheer chutzpah. 1 grew
progressively more unhappy not only with the rigidities
of a State-run engineering bureaucracy, but also with the
base of deep ignorance from which all our work sprang.
I yearned to return to the atmosphere I’d breathed
briefly at Griffith; and I knew that, if I did, I would
never apologise for attacking any problem or studying
any process at as fundamental a level as I could.

Liberation came when I took up a research position
with CSIRO at Deniliquin in late 1951. But this great
gain had some initial pain. Firstly, I had to cast aside my
lust for money, and take a 25 per cent drop in salary.
Secondly, Deniliquin was still suffering a serious post-
war housing shortage: there was simply no accommoda-
tion. So we started life in Deniliquin in a tent on the
banks of the Edward River. At the time I was so intent
on hurling myself into my research that I hardly noticed
the privations; but it must have been hell for my dear
wife Frances who, for good measure, was pregnant. The
low point in the tent came when an errant ewe not only
did a Goldilocks on our bed, but left behind a generous
fecal calling-card. I’'m not much given to guilt; but in
after years I have felt guilt over this early episode.
Frances, stout soul that she is, insists she enjoyed it all.

A primary concern of the Deniliquin laboratory was
the irrigation of pastures. The water demand of vegeta-
tion and evaporation losses from the supply system were
thus topics of concern. These meteorological connec-
tions led to my first personal contact with Bill Priestley,
1 think in early 1952. I made the pilgrimage to Highett,
where Meteorological Physics was then based; and on
that occasion and others over the next few years, 1 found
myself trying to talk about evaporation and transpiration
not only with Bill, but also with Bill Swinbank and Len
Deacon. I have the impression that the sight of this
bumptious, and presumably ignorant, Ocker yokel froze
all three of them into silence; and the more silent they
became, the more nervously the yokel would babble.
They seemed to form an inscrutable and very English
tripartite deity: Priestley the lordly Father, Swinbank
the more down-to-earth Son, and Deacon the painfully
shy and suitably vague Holy Ghost. But, of course, as
time went by and the British nucleus was diluted with

" local recruits, the Trinity adjusted to Australian ways

and became suitably hail-fellow-well-met.

In my early days at Deniliquin, I struggled to come
to grips with the whole gamut of processes involved in
the terrestrial hydrologic cycle. It was clear that this
involved no one particular established scientific disci-
pline but, at the very least, all three of soil physics, plant
physiology, and meteorology.” This was expressed and
explained in the schematic picture shown here as Fig. 1
(Philip-1957a).

This diagram depicts the gradients of partial Gibbs
free energy, water potential, activity (call it what you
will) that drive the transport of water through the soil to
the roots; from the roots through the plant to the leaves;
out of the leaves through the somata into the adjoining
air; and then upward to higher levels of the atmosphere.
This figure, published in the 1950s! was the first explic-
it recognition in the literature of the whole soil-plant-
atmosphere thermodynamic continuum for water trans-
port.

This continuum was firmly in my mind in 1953,
when the CSIRO Executive set up a Committee to
advise it on research in hydrology. The Committee was
E. Sherbon Hills FRS, Professor of Geology at
Melbourne University and Norman England, a pedolo-

Fig. 1 The soil-plant-atmosphere thermodynamic con-
tinuum, as depicted and explained in Philip
(1957a).
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The soil-plant-atmosphere continuum showing profiles of total
potential P: 1, during normal transpiration; 2, during temporary
wilting; 3, at permanent wilting. Points of the transpiration path:

A, soil (a definite distance from the plant root); B, surface of root
hairs and of absorbing epidermal cells; C, cortex; D, endodermis;
DE, vessels and tracheids in xylem; E, leaf veins; F, mesophyli
cells; FG, intercellular space and substomatal cavity; GH, stomatal
pore; HJ, laminar sublayer if present; JK, turbutent boundary layer;
KL, free atmosphere; DPD,, denotes ¢-value at incipient plas-
molysis of root cells. .
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gist-cum-hydrogeologist with the NSW Water
Conservation and Irrigation Commission, with me as
Secretary, i.e. the person who actually did the work.

From 1930 the American Geophysical Union had
recognised Hydrology as one of three fluid-earth
Sections, the others being Meteorology and
Oceanography. But, unlike its fluid-geophysical sisters,
hydrology lacked a coherent intellectual framework:
each practitioner tended to be immersed in his own spe-
cial applied problem: hydrology meant wildly different
things to hydrogeologists, urban drainage engineers, and
irrigationists. The Committee recommended that
CSIRO set up a Section of Hydrology to conduct
research on basic processes of the terrestrial hydrologic
cycle. Its report included the chart, shown here as Fig.
2, which explained how the various scientific disciplines
impacted on the diversity of processes; and how under-
standing and control of these processes could lead to
better use of land and water.

On December 8, 1953 the Executive put to six rele-
vant Chiefs and Officers-in-Charge the proposal for a
Section of Hydrology. The Emperor-Chiefs opposed the
idea, and the Executive went into retreat. Lord Acton
would have smiled. Here is an extract from the record
of the meeting;: ’

It was agreed to record that there was some sup-
port for the development of hydrology as a science
in its own right both in its pure and applied aspects
and that there was both support and opposition to
the establishment.of a separate hydrological group
either in CSIRO alone or in collaboration with a
university.

The bold face is mine. Weasel words were as
prevalent in 1953 as today. Two of the emperors were
Otto Frankel and Bill Priestley. They were among the
most enlightened of CSIRO Chiefs, and both were
good friends to me and very helpful over the years, but
I didn’t think too well of them at the time. It is ironic
that it is only now, in 1997, that CSIRO has an entity,
Land and Water, with essentially the brief we proposed
43 years ago.

Opposition to these ideas came from many soil and
water people darkly suspicious of an approach with a
strong flavour of physics and mathematics. The art of
abstracting physically well-based entities from the
real world that are amenable to mathematics was not
much understood. 1 remember trying patiently to
explain to largely disbelieving audiences how physics
and mathematics could illuminate their problems
(Philip 1957b).

Fig. 2 A proposed Section of Hydrology. Extract from report to CSIRO Executive, 1953.
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Water movement in unsaturated soil

I turn now to describing samples of physical-mathemat-
ical research undertaken in the group that started out in
Deniliquin and ended up known as CSIRO
Environmental Mechanics for more than half of its 45-
year existence.

Water movement in unsaturated soil provides an
excellent example of the fruitfulness of applying physics
and mathematics in the environment. In its natural state,
the soil is normally unsaturated: that is, it contains both
water and air. Most water of the terrestrial hydrologic
cycle spends all its time in unsaturated soil. Here in
Australia about 93 percent of precipitation enters the
soil; and 92 percent returns directly to the atmosphere,
only about 1 per cent reaching the groundwater.

Among the processes of water movement in unsatu-
rated soil of great concern to hydrologists are infiltration
(the entry into the soil of water arriving at its surface);
drainage and retention of water in the soil strata; extrac-
tion of soil water by plant roots and its subsequent tran-
spiration; and evaporation of water directly from the soil.

The character of these everyday, but all-important,
processes depends on the physical uniqueness of water,
namely that its surface tension is so great, and that there
are also adsorptive (and in clay soils electrostatic) forces
between water and soil particles. This means that the
soil can hold appreciable quantities of water against
gravity. This makes possible the whole range of mois-
ture conditions at the surface: in the absence of capil-
larity the land surface would be either desert or swamp,
and plants would have evolved differently. Note that
here we lump these various water-soil interactions under
the convenient but loose term ‘capillarity’.

A proper understanding of these processes came very
late in the history of hydrology. Until the mid-1950s,
they were treated more or less at the folklore level. Each
phenomenon had its separate empirical and often inac-
curate explanation, with no physical basis for quantita-
tive prediction. Since then a systematic mathematical-
physical analysis of the interplay of capillarity and grav-
ity in these phenomena has made the study of water
movement in unsaturated soils a reasonably coherent
and quantitative branch of physical science.

Astonishingly, a thorough-going analysis of just how
water soaks into soil wasn’t made until 1953. The story
goes back, however, to 1907 and the American physicist
Edgar Buckingham.

Total potential and moisture potential in unsaturat-
ed soils

Because of the various forces between water and soil
that we have mentioned, the water in unsaturated soils is
not free in the thermodynamic sense. Buckingham
(1907) was the first to appreciate that these conservative

forces governing the equilibrium and movement of the
water are amenable to treatment through their associat-
ed scalar potentials.

We define such potentials relative to the reference
state of water at atmospheric pressure and datum eleva-
tion z = 0. Here z is the vertical space coordinate, con-
veniently taken to be positive downward. Then, for a
nonswelling medium the total potential is

P=¥-; .l

The moisture potential W is the potential of the forces
arising from local interactions between water and soil.

In water-wet nonswelling soils, ¥ = 0 at saturation,
and W <0 in unsaturated soils, decreasing with the vol-
umetric moisture content 0 to very large negative values
(typically -104 m) at the dry end of the moisture range
of interest. Figure 3 shows a typical W(8) relation.

Darcy’s law for unsaturated soils

In addition Buckingham suggested that, for unsaturated
soils, Darcy’s law should hold in a generalised form in
which the hydraulic conductivity K was a function of 6.

The appropriate form of Darcy’s law is thus

v =-K(6)VD w2

where v is the vector flow velocity. Figure 4 shows the
K(0) relation for the soil for which Fig. 3 gives W(0).

Fig. 3 Relationship between moisture potential, ¥, and
moisture content, 8, for Yolo light clay (Moore
1939).
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The general flow equation

After Buckingham, nothing happened for almost a quar-
ter century. Then Richards (1931), in his PhD work at
Cornell, combined Eqns 1 and 2 with the continuity
equation, obtaining the general flow equation for water
in unsaturated soils

3—? = V(KVW) - 3K / 8z : .3

where ¢ denotes time. For a uniform soil and nonhys-
teretic processes we may take K and W as single-valued
functions of 6. This gives the form of Eqn 3 with 6 as
dependent variable

dk' 96

20 ’ 4
B -v.(DVe) - —
at ¢ )‘ de gz

with the moisture diffusivity

D =Kd¥ /do .5

In general, the coefficients D and dK/d® are strongly
varying functions of 6 and Eqn 4 is a strongly nonlinear
convection-diffusion equation. Figure 5 shows D(8) for
the soil for which we have already seen W(8) and K(8).

For more than 20 years, Richards’ Eqn 3 lay around
like some strange object fallen from the sky. The
natives looked at it with some awe, but knew not what
to do with it.

Fig. 4 Relationship between hydraulic conductivity, K,
and moisture content, 6, for the soil of Fig. 3. The
squares indicate experimental observations.
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Then Klute (1952), also in his PhD work at Cornell,
gave a solution for horizontal one-dimensional flow,
driven purely by capillarity, with no gravity. Reading
his paper in Deniliquin, I saw the way to go. The
unsolved real problem was that of infiltration, of how
water made available at the soil surface enters the soil
and moves downward in it. In formal terms what was
needed was the solution of the one-dimensional verti-
cal form of Eqn 4.

FL] =i( 99)_% 39 .6
at 0z dz do 9z

that describes what happens when water is suddenly
made available at the surface of a soil initially at some
uniform moisture content less than saturation.

The infiltration solution

Both D and dK/d8 are empirically known functions of
0, and are different from one soil to another. The prob-
lem looked horrible; and it seemed that, if I were to
solve it, it would have to be by computer. At the time
the one computer in Australia was CSIRAC, recently
moved from CSIRO Radiophysics in Sydney to the
Mathematics Department at Melbourne University.
Early 1953 found me in Melbourne attending Tom
Cherry’s course in programming CSIRAC. Some of
you may not know that in those far-off days program-
ming was done in machine language.

I soon realised that CSIRAC had far too minute a
memory and was far too slow to solve my horribly non-
linear partial differential equation; and, into the bargain,
the waiting-list to use CSIRAC was at least three years
long.

Fig. § Relationship between moisture diffusivity, D, and
moisture content, 6, for the soil of Fig. 3. (The
peak at small 0 arises from vapour transport, not
discussed here.)
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In the event, this was for me terrific good luck. It
forced me actually to use my brain. At small ¢ all the
action had to be at small z. And I saw that the dimen-
sional makeup of the right side of Eqn 6 required that,
with z small, the first term had to be large compared
with the second. This meant capillarity dominated grav-
ity at small r.

Klute had worked with the nonlinear diffusion equa-
tion you get with gravity dropped from Eqn 6 and
arrived at the similarity solution

2(0, 1) = ¢1(8)r1/2 .7

Here ¢1(8) was the solution of a nonlinear ordinary
equation, easily found numerically (Philip 1955).
Equation 7 had been known to Boltzmann (1894).
Obviously the required solution of Eqn 6 was essential-
ly a gravity-perturbation of Eqn 7. A little work showed
that it was, in fact,

2(0, 1) = ¢1(8)t12 + (0 + $3(0)12 + . .8

$1(0) was as before; and ¢(8), ¢3(8) etc. were solu-
tions of ordinary equations that were linear, and so even
easier to find than ¢;. The series on the right of Eqn 8
is rapidly convergent. Typically 3 or 4 terms suffice to
give accurate solutions for quite large s-values (Philip
1954, 1957c¢, 1957d, 1969a).

I'found, further, that we could supplement Eqn 8 with
the asymptotic travelling wave solution (Philip 1957¢),
valid for large ¢,

2(0,1) = (t-1p)u + T(B) .9

The constant downward velocity of the moisture
profile (travelling wave), u, follows simply from K(0).
The wave shape T(0) is given by a simple quadrature,
and fy by a matching procedure. Figure 6 shows a sam-
ple solution for the soil for which we have already seen
the D(0) and K(68) functions. Note that for t < 106 s the
solution was calculated from Eqn 8; and from Eqn 9 for
t>106s.

These solutions are a striking demonstration of the
interaction between capillarity and gravity. The capil-
lary-driven ¢ 12 behaviour at small ¢ gives way gradual-
ly to the travelling wave as gravity becomes more
important. The wave expresses an ultimate dynamic
equilibrium between capillarity and gravity (Philip
1969a).

Some extensions
This has been simply a first episode in the story of using
physics and mathematics in soil-water problems; but I

have no time to go on and tell you of extensions to crust-

Fig.6  One-dimensional infiltration into the soil of Figs
3-5. Computed profiles of moisture content, 6.
Numerals on each profile represent value of #(sec)
at which profile is realised. Profiles for ¢t < 106
calculated from Eqn 8; those for larger ¢ are
based on Eqn 9.
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ed and layered soils (Philip 1967, 1998), to two and
three-dimensional systems (Philip 1966a, 1969a, 1989),
and to the related processes of capillary rise (Philip
1966b) and evaporation (Philip 1957f) from soils.

Swelling soils
I must mention briefly, however, the extension to clay
soils that swell and shrink and crack (Philip, 1969b,c.d,
1970, 1992, 1995). This work has depended very much
on the stimulus and collaboration of David Smiles (Philip
and Smiles 1969, 1982). We were able to show that, once
some all-important modifications were grafted onto it, the
foregoing non-swelling formulation carries over to one-
dimensional flow and volume change in swelling soils.
Soils in the field are constrained to swell one-dimen-
sionally — upwards: their particles must move upwards.
So the process of wetting up such a soil requires that
work be done against gravity; the specific gravity of
clay particles is 2.65, whilst that of water is only 1. This
has the radical consequence (regrettably not yet com-






