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Field Test

S OIL water fluxes in a draining soil
profile were measured with flux
meters featuring variable hydraulic resis-
tances. As the hydraulic conductivity of
the soil changes, the meter resistance is
adjusted such that the overall hydraulic
head loss across the meter matches that
measured with tensiometers in undis-
turbed s0il nearby. The soil water flux is
then equal to that through the meter
and is derived from the calibration of
the resistance. If this match is not quite
perfect, the remaining small amount of
divergence or convergence of flow is cal-
culated with an empirical relationship,
independent of the magnitude of the
flux and the hydraulic properties of the
soil. The soil water fluxes were meas-
ured in essentially undisturbed soil,
since the meters were installed from a
horizontal direction. Such installation is
possible by using a compression spring
that pushes thin filter plates against the
top and bottom of undisturbed soil sur-
faces excavated to a certain size with a
specially designed apparatus. A slanted
pin used to constrain the spring permits
the meter to be installed and retrieved
repeatedly. Two flux meters of different
sizes and with different hydraulic resis-
tances were tested side by side in a field
plot and gave consistent, satisfactory re-
sults.

INTRODUCTION

Most studies concerning the hydro-
logic water balance of a field require the
water flux to be known in the soil or
the atmosphere at one or more loca-
tions. Uneil a few years ago, devices
other than lysimeters were not available
for directly measuring soil water flux.
Indirect techniques lacked accurate
methods for measuring soil water con-
ductivity or required elaborate atmos-

Article was submitted for publication in
August 1974 reviewed and approved for
publication by the Soil and Water Division of
ASAE in September 1974, Presented as ASAE
Paper No. 74-2038.

Contribution from the Agricultural Re-
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tion, Madison.

The author is: CHRISTIAAN DIRKSEN,
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of Soil Water Flux Meters
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pheric evapotranspirational measure-
ments. As a consequence, such fluxes as
decp percolation from irrigated fields
and upward flow from a shallow water
table have often been neglected.

Recent developments on soil water
flux meters were reviewed and evaluated
by Dirksen {1972). Since then Cary
(1973) has used the asymmetry of the
temperaturc around a heater wire
caused by convective heat transport to
measure the flow rate, Cary’s meters can
only be installed in the bottom of a pit
and, therefore, like most lysimeters, can
only measure the water flux through
disturbed soil. The vacuum extractors
proposed by Duke and Haise (1973} for
measuring deep percolation do not have
this drawback. However, it is doubtful
whether they can be used to measure
upward flow and they should not be
used close to the surface, since they do
not return the intercepted flow to the
soil.

For the last several years I have been
developing a soil water flux meter that
has the following important features:

1 It has a variable hydraulic resis-
tance that can be matched to the vary-
ing hydraulic resistance of the soil, thus
eliminating divergence or convergence
of flow. This eliminates the need for cal-
ibration for every new situation.

2 It can be installed perpendicular
to the direction of flow so that the flux
can be measured through undisturbed
soil.

3 It returns the intercepted flow to
the soil.

Design criteria and other considera-
tions of this instrument have been de-
scribed (Dirksen 1974). Laboratory
tests (Dirksen 1972} showed that soil
water fluxes ranging from 0.11 cm/day
to 1.43 cm/day were measured with less
than 10 percent error. This paper de-
scribes the procedures and results of a
field test and gives the equations de-
scribing the operation of the flux
meters.

THEORY

When a {lux meter is placed in un-
saturated soil to measure the volumetric

- Wil e ML
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soil water flux, g, {cm3/cm?, day) the
flux, q, actually intercepted by the
meter is described by

where k (¢m/day) is the equivalent
hydraulic conductivity of the meter,
AH_, is the total hydraulic head loss
(cm water) across the meter, and L is
the height of the meter. The total head
H is the sum of the pressure head, h,

and the gravitational head, 2,

H=h+z.

The flux of water in unsaturated soil
is governed by Darcy’s Law, which for
the present purpose can be written as

q, = k[h} AH,/L,

where AH, is the total head loss across a
length of soil equal to the height of the
meter, and the brackets indicate the de-
pendence of the soil hydraulic conduc-
tivity k on the pressure head h.

The dependence of k on h consti-
tutes a major problem for successful soil
water flux measurements. If K can be
adjusted with changes in K[h] such that
AH_, remains equal to AH,, then ideally
the flow system is never disturbed. This
situation is represented by

x=k{h],AH_, =AH,, q_, =4q,.

.........................

However, if k[h] increases with respect
to k, flow will diverge from the meter
and AH_ will increase until the dis-
turbed flow through and around the
meter is again adjusted to the undis-
turbed flow in the soil nearby. Then

K <k[hl,AHm >AHS, qm <q’.

(s

Conversely, convergence of flow is char-
acterized by

This article is reprinted from the TRANSACTIONS of the ASAE (Vol. 17, No. 6, pp. 1038, 1039, 1040, 1041, 1042, 1974)
Published by the American Society of Agricultural Engineers, St. Joseph, Michigan



k >k(h], AH, <AH_ q_ >q,.
......................... (6]

Analytical or numerical solutions are
not available to determine the exact
amount of convergence or
divergence of flow. This must be deter-
mined experimentally for every new
situation. It is much easier to vary
with k[h] such that q,, equals q,. This
can be done by leading the flow through
the meter through a variable hydraulic
resistance, such as a fine-metering valve,
and adjusting this resistance until AH_,
= AH,. If this resistance is calibrated,
the flux through the meter, and thus the
soil water flux, can be determined at the
same time.

H the flow through the meter is led
through a fine-metering valve, then the
flow rate, Q,, (cm®/day), through the
meter is

Qu = Cal [8] &H,

where Cal [S] is a calibration factor
{cm?/cm, day) of the valve, which de-
pends on its setting, and AH,, is the total
head loss across the valve. Any differ-
ence between AH and AH, is due to
additional resistances in the flow path
through the meter such as filter plates
and contact resistances. This difference
should be minimized. As long as the
cross-sectional area, A, and the heighe,
L, of the meter remain the same, equa-
tion [7] can be written conveniently as

Qu/A = a5 = K[S] AH,/L (8]

where

K[S] = Cal [5] L/A.

Comparison of equations [3) and [8]
shows that whenever the fine-metering
valve is set such that AH_ = AH_, and
thus g =g, then

K[S] =k[h] AH/AH,. ....[10]

Thus, at any time, the perfect match be-
tween meter and soil will be at the valve
setting for which K[S] is equal to the
hydraulic conductivity of the soil, cor-
rected for the ratio AH /AH .

If, for the flux meters described in
this paper, AH, and AH_ are not
matched perfectly, the remaining con-
vergence or divergence of flow can be

calculated from

qm-ql:_1_7 ___.;AES

0 .. [11)
95 s

This relationship was found empirically
{Dirksen 1972, Fig. 3) for a 13-fold
range in fluxes, upward as well as down-
ward, in two different soils for values of
(AH,, - AH,)/AH, between -0.54 and
+0.31. Equation [11] should be valid
within a limited range of this ratio,
probably not extending much beyond
the indicated values. The numerical co-
efficient in equation {11] is a ratio be-
tween two dimensionless quantities and
will depend somewhat on the diameter-
to-height ratio of the flux meter. Equa-
tion [11] can be solved for q.:

q, = 9, /(2.7 - 1.7 8H_ /AH,).

This equation makes use of the flux
meter much more practical. Rather than
having to match the meter to the soil at
all times, it only needs to stay within
the limits of the total head ratio for
which equation [11] is valid.

The soil water flux, g,, can be de-
rived without measuring AH,, if values
of AH_ and q_, can be obtained for
two different values of K{S] for which
equation [11] is valid. The first set
AH_, and q,;; can be substituted into
equation [12] and used to eliminate
AH from equation [12] written for the
second set AH, , and g, 5. The result is

Gma OHp; - 9 AH
9 7 2.7 (AH,, - OH,, ,)

The corresponding value of AH, can be
calculated with equation [12].

Finally, once q, and OH, are ob-
tained by equations [4}), {12] or [13],
the hydraulic conductivity of the soil
can be calculated directly from equation

{3]:

k[h] = q,L/AH,.

Thus the soil water flux meter is at the
same time 2 “'soil hydraulic conductivity
metet”,

EXPERIMENTAL

Two flux meters were installed, side
by side, about 2 feet apart, in a mulched
plot at the University of Wisconsin Ar-
boretum, Madison, Wisconsin, in the

summer of 1972. They were placed
abour 60 ¢m deep in a layer of sandy
clay loam, consisting of 20 percent clay,
26 percent silt and 54 percent sand. The
soil profile is described by Van Rooyen
and Hole (1971, p. 38). The flux meters
were actually between soil layers con-
taining as much as 40.5 percent clay,
which caused total head gradients to be
generally less than unity. The latter part
of the summer and the fall of 1972 were
so wet that the soil pit used to install
and operate the flux meters was inun-
dated several times by ground water.

Fig. 1 is a schematic radial cross sec-
tion of a cylindrical flux meter. The
meter contains two thin filter plates for
intercepting or redistributing the soil
water. The compression spring forces
the filter plates apart, but is constrained
during installation and retrieval by 2
slanted pin. The pin and shaft are a con-
venient handle, By turning the wing nut,
the filter plates can be eased gradually
against parallel, undisturbed soil sur-
faces. This permits a strong spring to be
used without breaking the filter plates.
Also, the slanted-pin makes it possible
to compress the spring again and remove
the meter from the access hole. The fil-
ter plates are supported by ribs that
form concentric cavities., These cavities
and the short sections of tubing at the
top facilitate flushing out air bubbles.
The sections of tubing at the bottom
keep air bubbles away from hydraulic
measuring lines.

Fig. 2 is a schematic diagram of the
measuring apparatus and hydraulic
switching valves used with the flux
meter. The common ports (C,C) of the
two S-way switching valves are connec-
ted to opposite sides of a differential
pressure transducer. Opposite sides of
each concentric cavity are connected to
different switching valves (TV, TC, BV,
BC). One set of these connections (TV,
BV) is permanently shunted by a fine-
metering valve. One port of each valve is
connected to a tensiometer (TT, BT)
and the two remaining ports are connec-
ted together (Z,Z). The flow intercepted
by the filter plate is led through the
fine-metering valve. This valve has a mi-
crometer handle and is calibrated so
that the flow rate through it can be de-
termined according to equations [7] or
[8]. The valve is adjusted, so that the
total hydraulic head loss across the
meter remains approximately equal to
that measured with the tensiometers
over the same distance in undisturbed
soil nearby. The soil water flux can then
be derived with equetions (4], [12], er
[13}. The (Z,Z) ccnfiguration of the
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FIG. 1 Cross section of cylindrical s0il water flux meter.

switching valves is used to check and
adjust the zero of the pressure trans-
ducer. The hydraulic head loss across
the fine-metering valve can be measured
with both a positive deflection (TV-BV)
and a negative deflection (BC-TC) of the
pressure tranducer. Averaging these two
values increases the reliability and accu-
racy of the measurements. The hydraulic
lincs and cavities can be checked for the
presence of air by measuring through
the cavities, TV-TC and BC-BV. If they
do not read ZERO, the cavities need to
be flushed by temporarily disconnecting
the pressure transducer and connecting
a water source and sink to the common
ports C. Finally, the head differential
between the two tensiometers can be
measured with the same pressure trans-
ducer by switching to TT-BT. This al-
lows accurate matching of the meter
with the surrounding soil. Fig. 3 shows a
flux meter connected to the differential
pressure transducer, fine-metering valve,
and switching valves, just before it was
installed in the field.

Access holes for the meters were dug
with a specially designed apparatus,
shown in Fig. 4. First, a rectangular
guide is driven into the vertical wall of a
soil pit with two sliding weights or a
hydrautic jack, and the soil inside is re-
moved by hand. A plate is bolted to the
guide and stakes or braces are used to

FIG. 3 Soil water flux meter just before installation.
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FIG. 2 Diagram of hydraulic system for soil water flux meter.

stabilize the guide. A rotating cutter is
then gradually driven into the soil beyond
the guide by turning the hand wheel.
The cutter has six blades that protrude
beyond the end of a shaft. The shaft has
extended surfaces that slide snugly in-
side the guide. The cutter is driven by a
variable-speed clectric motor via a slip
coupling and a chain and sprockets lo-
cated inside the shaft. When the end of
the shaft underneath the cutter hits the
end of the excavated hole, the cutter is
removed from the hole, the hole is
cleaned out, and the cutter is used up-
side down until the shaft again hits the
end of the excavated hole, this time at
the top. The procedure is repeated cut-
ting about 2 inches per stroke alternate-
ly from the top and from the bottom.
The cutting blades are slightly higher
than half the excavated hole to ensure 2
clean cut. When the soil is not too wet,
the excavated loosc soil is easily re-
moved with a vacuum cleaner. When the
soil is wet enough to stick to the blades,
onc must take care to prevent the loose
soil from gouging the lower excavated
surface. This may require removing the
cutter from the guide an additional time
or two during a cycle to clean the

blades.

Fig. 5 shows a plaster of Paris cast of
an excavated hole. The top surface is
flat and smooth. The flux meters are the
same width as the excavated holes, but
the height of the completely com-
pressed meters is about 3 mm smaller.
The alternating operation of the cutter
is apparent from the demarcation in the
cast. The final two cuts can easily be
made to blend into each other by run-
ning an adjustable nut on the shaft of
the hand wheel against a stop.

Before the plate and guide are re-
moved from the soil, a steed frame
{pardially visible in Fig. 4) is boked to
the plate for drilling the access boles for
the tensiometers. This frame contains
two paralle] guides located exactly at
the depths of the top and bottom filter
plates of the flux meter, abour 25 em
away from the center of the meter. The
guides closely fit rather large diameter
rods {1.91 cm) to assure that the holes
remain parallel. First, 1.91 cmdiameter
holes are drilled up to the loaation of
the tensiometers, about 35 cm mto the
soil. Holes slightly smaller in diameter
than the tengiometers are thes drilled
beyond that point over the lengih of the
tensiometers. Both drills are wisible in

FIG, 4 Apparatus for digging access holes for soil water flix ineters.
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FI1G. 5 Plaster of Paris cast of access hole ob-
tained with digging apparatus.

Fig. 4. The tensiometers used here were
about 8 cm long and 0.5 em thick.

The access holes are sealed off with
insulation material, but are not refilled
with soil, since it is virtually impossible
to repack the soil consistendy. By
leaving the access holes open, one
should eventually gain enough informa-
tion to determine how much the flux
should be corrected, if any. A flux
meter can be installed and retrieved re-
peatedly at the same location or one
flux meter can be used at different loca-
tions. Finally, the access hole can con-
veniently be used as a relatively con-
stant temperature space for the fine-
metering valve, pressure transducer and
other small temperature-sensitive meas-
uring devices.

The two meters used had total cross-
sectional areas of 90.66 em? and 53.95
cm?, respectively. Both meters were
6.35 cm high when in place, expanded
against the undisturbed soil surfaces.
The ends of the meters were placed
about 45 cm in from the vertical wall of
the pit. The large meter was used with
an 1B8-turn Micromite fine-metering
valve (Hoke, Inc., Cresskill, N. }.)*; the
small meter was used with a 7.turn
S-series fine-metering valve (Nupro Co.,
Cleveland, Ohio). Hydraulic head differ-
entials were measured with PACE model
P7D % 0.1 psi differendial pressure trans-
ducers, driven by Model CD 10 carrier-
demodulators (Whittaker Corp., Instru-
ment Systems Division, Chatsworth,
CA.). The voltage output was measured
and recorded with portable single-
channel recorders (Mode! T 171 B,
Esterline Angus, Indianapolis, Indiana).
The recorders were operated directly
from a 12-volt car battery, while the
carrier-demodulators were operated
with a vibrator inverter {Terado Mode!
50-197, St. Paul, Minnesota), which in
turn operated from a 12-volt car bat-
tery. This system consumed very little

*Trade and company names are included
for the reader’s benefit and do not imply en-
dorsement or preferential treatment of the
products listed by the U.S. Department of
Agriculture,

power and ran several days from two
12-volt batteries. By working with three
batteries and by substituting a charged
battery every 1 to 2 days, the system
could be run indefinitely.

The flux meters described here can
measure soil water fluxes in the tensi-
ometer range of pressure heads. The
maximum flux that can be measured is
estimated at several cm/day and is lim-
ited by the permeability of the filter
plates and any head losses across re-
maining contact resistances. Minimum
fluxes are determined mainly by the cal-
ibration of the fine-metering valves. It is
impractical, because of the time and ef-
fort involved, to maintain reliable cali-
bration values for fluxes smaller than
0.05 cm/day. For this reason, attempts
are presently being made to determine
the flux without constricting the flow.

RESULTS

The large meter was instalied on July
20. The summer was very dry until July
17, and very wet thereafter. Undl July
28, this meter measured upward flows
smaller than the calibration range of the
valves. On July 28, the flow direction
reversed after a rain of about 1.8 cm
and a total rainfall, since July 17, of 8.6
cm. The small meter was installed on
July 27 and measured downward flows
only. A flow rate of about 0.1 em/day
was obtained soon after installation. No
further measurements were made until
August 15. During that time interval,
total additional rainfall was 8.7 c¢m, 2.3
of which was measured on the morning
of August 15. No further rain fell until
August 24, when a storm of about 8.4
cm flooded the pit.

Between August 15 and August 24
the soil profile drained. During this peri-
od the response of the flux meters to
various settings of the valves was rapid
and consistent with previous findings.
This is illustrated by the measurements
with the small meter on August 15,
summarized in Table 1. Reasonably
steady values of the total head loss
across the valve, AH, , were measured at
valve settings § = 3.0, 2.5, and 2.0, re-
spectively. The calibration factor K[S]
for these scttings, as defined by equa-
tion [9], i¢ given in the second column.
The flux, q,,,, through the meter follows
directly from cquation [8]. Based on
the measured hydraulic conductivity of
the filter plates, the head loss across
both filter plates was equal to 0.25 q,
{cm). For this day that amounts to only
about 0.1 em. Contact resistances must
be neglected at this point. The digging
apparatus was made especially to mini-

TABLE 1. SOIL WATER FLUX
MEASUREMENTS FOR AUGUST 15, 1972,

K[(s] &H,, Qy  AHy,. g

S em/day em cm/day em  cm/day
3.0 040 58 0.37 5.5 0.38
25 0.25 6.5 0.26 6.6 0.33
20 0.18 8.2 023 8.3 - -

mize contact resistances. The results in-
dicate that, compared with previous at-
tempts when access holes were dug by
hand, this problem was largely solved.
However, the present data do not allow
an evaluation of any remaining contact
resistances. In the future, contact resis-
tances will be taken into account auto-
matically by incorporating a small tensi-
ometer in the center of each of the filter
plates. Without contact resistances, the
total head loss across the meter, AH_ . is
the sum of that across the valve and that
across the filter plates and is listed in
Table 1. The totai head loss in the soil
nearby at that time was measured at
AH_ = 5.8 cm. The setting § = 3.0 shows
virtually the same value of AH  and,
therefore, the value q = 0.37 cm/day
is a good estimate of the soil water flux,
q,. if the value AH, = 5.8 cm is correct.
This will be discussed later. The setting
§ = 2.5 is too restrictive, showing a high
AH,, and a low q,. However, values of
q, can still be calculated with equation
[12] and are listed in the last column of
Table 1. This shows reasonably good
agreement between the measurements at
the first two valve settings. For 5 = 2.0,
AH_ deviates from AH, too much for
equation [12] to be used. The denomi-
nator becomes very small and q_ unreal-
istically large. This is consistent with the
value of (AH_ - AH)/AH, = +0.42,
which is well outside the range for
which equation [11] was tested.

Steady values of AH, close to AH,
were obtained in a mater of minutes
after changing the valve sertings. The
same value of AH, was measured with
the S5-way switching valves at BC-TC as
at TV-BV. However, the tensiometric
measurements of AH, made with the
same pressure transducers behaved alto-
gether differently. The value AH_ = 5.8
cm, measured on August 15, represents
a fairly steady value after the pit had
been open for awhile, but this was an
exception. On the following days, the
first measured values of AH, were usual-
ly low (5 to & cm), but soon after they
would rise as high as 12 cm. This is attri-
buted to temperature changes, accentu-
ated by air developing in the tensiom-
eter lines, and will be discussed again.
The measured values of AH, were the
largest source of error in the values of q
derived with equation [12]. Thus, it is



desirable to calculate g, with equation
[13], which does not require measured
values of AH,. The values of AH,, and
gy, for $=3.0and 2.5 in Table 1, when
substituted into equation [13], give 2
soil water flux of 0.48 cm/day. The cor-
responding total head loss in the soil is
AH, = 5.1 cm. This corresponds to the
value AH, = 5.0 ¢cm at which the meas-
urement  started immediately after
opening the pit on August 15. A set of
tensiometers with mercury manometers
close to the flux meter, used in the same
plot as part of another experiment, also
indicated that the total head loss in the
soil at the depth of the flux meters fluc-
tuated around 5 cm at 8:00 a.m. cach
morning. Thus the values q, = 0.48
cm/day and AH, = 5.1 cm, obtained
with equation [13], appear to fit the
available data best. With the distance be-
tween the two tensiometers being L =
6.35 cm, it follows then from equation
[14] that the best estimate for the
hydraulic conductivity of the soil at
that day is k = 0.60 cm/day. Equation
(13] did not always produce values of
q, and AH, that agreed well with other
data. Therefore equation [13] should
be used with caution and values of q,
are probably best based on accurately
measured values of AH_.

The tensiometer measurements were
unsatisfactory because of the large diur-
nal temperature fluctuations as com-
pared with the relatively steady soil
temperatures. Later, when the pit was
kept closed for a few days, its tempera-
ture ranged only between 19.5 C and 21
C. However, the pit had to be opened to
make readings, adjust valves, replace
batteries, etc. This exposed the fine-
metering valve, tensiometer lines, and
pressure tranducers to much higher
temperatures. Obviously, these instru-
ments need to be insulated. The temper-
ature of the fine-metering valve should be
monitored since the hydraulic head loss
across the valve is directly proportional
to the viscosity of water. For instance,
after the pit had been open for awhile
on August 15 in hot weather, a second
set of values AH, = 5.2 ¢cm and AH, =
5.9 ¢cm was measured for S = 3.0 and S
= 2.5, respectively. The valve was cali-
brated at 20 C, which must have been
close to the valve temperature immedi-
ately after opening the pit. The temper-
ature in the field rose to well over 32 C.
Since the fine-metering valves were not
insulated, the calibration values, and
thus the values of q,, should probably
be increased about 20 percent. This

would bring them close to the previous-
ly obtained values.

Independent data are not available to
check the accuracy of the measured
fluxes. In view of this, and the problems
just described, this ficld test provides
only a qualitative test of the flux me-
ters. A match between AH and AH,
was not obtained on August 15 with the
large meter. Howevet, a particular valve
setting gave a value of AH, too high to
use equation [12], which indicated chat
the flux was about the same as the 0.48
cm/day obtained with the small meter.
Both meters gave fluxes of about 0.20
cm/day on August 17 and about 0.10
cm/day on August 19. This is as ex-
pected in a draining soil profile without
additional rainfall. Thus the two meters
appeared to give reasonable results that
were mutually consistent, despite the
fact that they had different cross-sec-
tional areas and fine-metering valves.
After the pit flooded on August 24, the
meters were removed from the access
holes. They came out nearly clean.

In October, the large meter was
placed back in the same hole. The fine-
metering valve was replaced by four dif-
ferent ceramic hydraulic resistances,
which could be switched into the line in
any parallel configuration. This was
done because the calibrations of. the

- fine-metering valves vary with time and

it takes considerable time to check them
regularly. During a 24-hr period, the
measured total head lass across a ceram-
ic resistance varied only about 0.1 cm
out of 5.0 cm. Also, the tensiometer
measurements were now quite stable, in
contrast with their behavior during the
summer. This supports the view that
temperature fluctuations caused the
earlier problems, since the surface tem-
perature and pit temperature were now
about equal. A nearly perfect match was
obtained between AH_ and AH, during
this period, corresponding with a flux of
about 0.05 cm/day. This was about 8
days after the last significant rainfall.
The large flux meter was taken out
once more to line the pit and build an
instrument cabinet. When reinstalled, it
measured essentially the same flux as
before. This is as expected in view of
the low flux and no additional precipita-
tion. The significant point is that the
meter could be installed and retrieved
without any apparent influence on the
measurements. The flux meters were
drained and let in place throughout the
winter to be used the next spring. How-
ever, during the winter the pit caved in,

and the site was abandoned. The flux
meters were dug out and were still in
good condition.

SUMMARY AND CONCLUSIONS

This field test represents an attempt
to meastre soil water fluxes directly in
essentially undisturbed soil. This wasac-
complished by excavating access holes
perpendicularly to the direction of flow
with a specially designed apparatus. Fil-
ter plates were pressed against undis-
turbed soil by a spring. Fluxes were
measured by adjusting the overall hy-
draulic head loss across the meters, with
a variable hydraulic resistance, to that in
the soil nearby. Two flux meters gave
realistic results that were generally in
good agreement with each other. They
reacted rapidly to different hydraulic re-
sistance values consistent with easlier
laboratory tests. This is in sharp con-
trast with an earlier attempt in which
the access holes were dug by hand re-
sulting in a complete failure.

To obtain better guantitative results,
the influence of diurnal temperature
variations on the measuring apparatus
needs to be eliminated. Also, it appears
desirable to separate the two functions
of the variable hydraulic resistance. It
can still be used to regulate the head
loss across the meter and attempts are
being made at present to do this auto-
matically. The flux is better determined
without constricting the flow. This can
be done with a heater wire as described
by Cary (1973) or in a few other ways
that are now being explored. Finally,
the total hydraulic head loss across the
meters, including the effect of contact
resistances, should be measured directly.
This can easily be done by embedding a
small tensiometer in the center of the
filter plates.
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ABSTRACT

A device is presented which, based on new operation principles,
intercepts unsaturated soil water fluxes within an error of 10% and
can vield samples for subsequent chemical analysis and calculation
of convective solute fluxes. Operation is controlled by a micropro-
cessor which automatically adjusts the vacunm imposed on a porous
filter cloth such that identical matric potentials are maintained just
above the cloth and at the same depth in the neighboring soil. Con-
tact resistances and internal resistance of the device are implicitly
corrected by adjustment of suction. Laboratory and field tests in a
foamy sand under steady and transient flow conditions showed that
cumaulative water fluxes could be measured within 10% of those cal-
culated from storage changes, and from numerical and analytical
flow models.

NSATURATED s0il water flux densities must be es-
timated for any study which includes water bal-
ance or chemnical budgets in the unsaturated zone (In-
gestad, 1987; Jordan, 1982; Van Breemen et al., 1987).
Unsaturated convective chemical fluxes can be cal-
culated from unsaturated soil water flux densities and
concentrations in soil solution (Wagenet, 1986; Van
Grinsven et al., 1987). Unsaturated soil water flux
densities can be obtained indirectly either by simu-
lation or by integration of a time series of water con-
tent and matric potential measurements. Few meth-
ods are available for direct measurement of the
unsaturated soil water flux (Wagenet, 1986).

Two general principles are used for flux measure-
ment. The first principle involves measurement of the
displacement of a thermal field due to convective heat
transport by soil water (Byrne et al., 1967, 1968). This
method can only measure rather large flux densities
and has not been thoroughly tested in the fieid. The
second principle involves intercepting part or all of
the soil water flux and determining its magnitude by
measuring the hydraulic head loss across a known hy-
draulic resistance (Cary, 1968, 1970). Since the hy-
draulic resistance of the meter cannot be matched to
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that in the undisturbed neighboring soil, the soil water
flux streamlines will converge to or diverge from the
fluxmeter. Correct flux densities can only be derived
with extensive in situ calibrations for each combina-
tion of soil type and fluxmeter.

Dirksen (1972, 1974) improved this type of flux-
meter by using fine-metering valves with micrometer
dials as known variable hydraulic resistances and by
installing the meter perpendicular to the flow direc-
tion. By matching the head loss across the meter with
that measured with two tensiometers across an equal
length of soil nearby within =+ 10%, the measured flux
density through the meter could be corrected for con-
vergence and divergence of flow. Unfortunately, the
calibration of the fine-metering valve proved to be a
problem due 10 unpredictable effects of air dissolu-
tion, precipitation of solutes and bacterial growth on
the resistance of the very narrow opening. This prob-
lem was later eliminated by using the fine-metering
valve only to match the hydraulic resistances of meter
and soil. The flux through the meter was derived from
the convective heat transport in an unconstricted part
of the hydraulic path (Cary, 1973). Small head losses
across the meter and soil need to be measured within
+ 10 Pa (Dirksen, 1972; 1974). This accuracy was dif-
ficult to obtain due to the sensitivity of pressure trans-
ducer measurements to temperature variations, which
inevitably occurred when taking readings and chang-
ing valve settings.

The fluxmeter described in this paper eliminates
some of the previous problems by performing all con-
irol manipulations remotely and automatically with
the help of a microprocessor. The method combines
features of the methods by Dirksen (1974) and by Duke
and Haise (1973). Soil water flow is intercepted by a
porous plate, in which the suction is automatically
adjusted to maintain identical matric potentials above
the plate and in the surrounding undisturbed soil. A
major new feature is that the fluxmeter no longer is a
passive element through which soil water must find
its way solely driven by the prevailing soil hydraulic
gradient. Instead, soil water can be sucked into the
fluxmeter, irrespective of larger hydraulic resistances
in the path through the meter than through the soil.
This makes the device insensitive to air bubbles, which
unaveidably will occur in filter cloth and tubing (Peck,
1969), and which are disastrous in passive measuring
systems such as that used by Dirksen (1972, 1974).
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Table 1. Hydraulic conductivity and water content at 0.25, 2.5, 5
and 10 kPa suction, for soils in laboratory and field experiments.

Suction. kPa 0.25 25 5.0 10
Water content (em® em ™%
Lab soil 0.35 0.22 0.20 0.15
Field soil 0.36 0.26 0.23 0.21
Conductivity tcm d ™)
Lab soil 20.0 2.0 10 0.8

The water extracted by the fluxmeter can be used
for subsequent chemical analysis and calculation of
the local convective unsaturated chemical flux den-
sity.

MATERIAL AND METHODS

Description of the Fluxmeter

The fluxmeter is schematically presented in Fig. | as part
of a field setup. The flux plate consists of a round polyacrylic
filter cloth [Gelman, Versapor 200, (Gelman Sciences, Inc.)
a pore size of 0.2 um, area of 79 cm-’} supported by a po-
lyacrylate body. A thin tensiometer (P,, diameter 0.7 cm) is
installed, together with the plate, in disturbed soil 0.5 cm
above the plate. At the same level in the undisturbed soil,
two tensiometers (diameter 1.8 cm} are installed at both sides
of the plate, with a joined outlet (P.). P, and P. are con-
nected with tygon tubing to a differential pressure transducer
{Honeywell Bull Microswitch 160 PC, Micro Switch, Free-
port, IL). All tensiometer tubing was installed honizontally
to avoid hydraulic head differences along the length of the
tubing. The suction is applied by means of a pump con-
nected to a buffer container. Adjustment of the suction in-
side the plate starts by bringing the buffer container to a
suction of approximately 50 kPa. The differential transducer
is read at preset time intervals (6-3 min). When the suction
difference between P, and P. exceeds 100 Pa, either the valve
to atmospheric air or the buffer container is opened for a
short period. decreasing or increasing the suction in the col-
lecting botile and the flux plate.

Description of Laboratory Setup

Experiments were carried out under steady-state flow con-
ditions. The flux plate and the tensiometers P, and P, were
installed in a packed soil column (50-cm high, 45 ¢cm in
diameter) of loamy sand (Table 1). Tubing from the flux
plate to the collecting bottle was 3 cm in diameter, air filled
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Fig. 1. Schematic dingram of flux meter components in assembly of
field experiment.

and slanting; the intercepted water flowed by gravity in a
thin film to the collecting bottle. The suction in the colect-
ing bottle thus acted directly on the filter cloth. The soil was
homogeneously packed at field capacity in iayers of 5 cm.
The flux plate and tensiometers P, and P, were installed at
20 cm below the soil surface during filling, so contact resis-
tances were small. Additional tensiometers were installed at
10-cm depth intervals to verify steady-state flow. The matric
potential at the bottom of the soil column was controlled
by a hanging water column. At the bottom of the soil column
a filter cloth (Gelman, Versapor 1200, pore size 1.2 um)
prevented air entry. The surface flux was applied with a
dripping device consisting of 2 5-cm high closed vessel, with
the same diameter as the soil column, and perforated at the
bottom by 150 hypodermic needies. Puddling was prevented
by a layer of gravel on the soil surface. The surface flux
density was regulated by a pulse pump. Matric potentials
and suction in the collecting bottle were measured with a
pressure transducer. The volumetric outflow of the flux-
meter and of the column were recorded manually.

Field Test

The flux plate was installed in an undisturbed loamy sand
profile (Table 1) at the 20-cm depth through a horizontal
tunnel from an adjacent soil pit. In contrast to the laboratory
setup, tubing was thin (l-mm diameter). water filied and
horizontal, 1o avoid problems with installing a wide slanting
tube in undisturbed soil. The frequent adjustment of the
suction in the collecting bottle proved to be adequate for
compensating variable hydraulic resistance in the tubing due
to air bubbles. Hydraulic contact between soil and plate was
secured by using a spring-loaded support. The plate was cov-
ered with loose soil (containing P,) before instaliation. Ten-
siometers were installed in duplicate at 10-cm intervals down
to a depth of 50 cm. The matric potential at P,, the matric
potential difference between P, and P, and the total amount
of collected water were measured continuously by means of
a Hewlett Packard-75 computer/Hewlett Packard-3421A da-
talogger combination. Also the air temperature near the da-
talogger next to the sotl pit was recorded. Additional ten-
siometers were recorded manually at intervals of 30 to 60
min during daytime.

Two similar experiments were carried out with the field
setup described above, the first {I) during fall 1986 and the
other (I} in spring 1987. In both experiments soil was ini-
ually wetted to near saturation by applying 22 mm and 24
mm water, respectively. After irmgation, the plot was cov-
ered by plastic to prevent evaporation, Monitoring was car-
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Fig. 2. Air temperature, and matric potentisl 0.5 cm above the flux-
meter and at the same depth in undisturbed ;oil during field ex-
periment (I} in fall 1986 and (I1) in spring 1987.
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ried out during 4 (I) and 6 (11) d. Twice daily soil cores were
sampled for gravimetric water content. The collecting bottle
was a 80-cm long and 3.5-cm wide tube. In the first exper-
iment the increase of water volume in the tube was deter-
mined from the increase of hydraulic head which was mea-
sured by means of a pressure transducer at the bottorn of
the tube. In the second experiment the volume increase was
derived from the increase of electrical capacitance, mea-
sured by means of two opposite copper plates along the length
of the tube. Soil water fluxes obtained with the fluxmeter
were compared with fluxes calculated from storage changes
derived from tensiometer data, the water retention curves
and gravimetric water contents.

RESULTS AND DISCUSSION

in a steady-state laboratory experiment with a sur-
face flux density of 9.2 mm d" ' and a matric potential
of —3 kPa at the bottom of the column, linear regres-
sion of cumulative flux with time over 4.3 d gave a
flux density 9.0 mm d ' (¥ = 0.967, n = 33) for the
fluxmeter. as compared 10 8.9 (©* = 0.99, n = 33) mm
d ' for column outflow. The applied surface flux den-
sity was rather high compared to normal field values.
but lower fluxes could not be controlled accurately.
Suction differences between P, and P. seldom ex-
ceeded 0.2 kPa. The suction applied 1o the filter plate
was generally between P, and P-, which confirms that
contact resistance between plate and soil and the re-
sistance of the filter cloth in the packed column were
small.

Mairic potential at P, and P. and air temperature
during the two field experiments are shown in Fig. 2.
In Experiment | soil was wetted to —] kPa. in Ex-
periment [I to —2 kPa. In both experiments the av-
erage potential difference between P, and P- was small;
—51 = 199 Pa(n = 805) for Experiment I, and — 183
+ 722 Pa(n = 317) for Experiment I1. In Experiment
11 the recorded matric potential had a strong diurnal
fluctuation, which was clearly associated with tem-
perature. Although air temperature near the daia iog-
ger did not fluctuate more than 5 °C, the temperature
in the pit. where transducers and tubing were stored.
probably fluctuated more strongly due to absorption
of sunlight by the black plastic cover. In spite of this
marked variation of the recorded suction, the average
difference between P, and P. was small, although larger
and more variable than in Experiment 1. Cumulative
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Fig. 3. Comulative soil water flux density for field experiments as
measured by fluxmeter and calculated from soil water changes.

measured flux densities and flux densities obtained
from measured storage changes are shown in Fig, 3
for both experiments. At the end of monitoring. the
difference between alternative flux density measure-
ments did not exceed 5%. Apparently temperature
fluctuations did not affect the accuracy of the flux
measurement.

Cumulative flux density measured for field tests (11)
was compared with two analytical solutions for ver-
tical nonsteady drainage by Jackson and Whisler (1970)

(Q/Q.)(1 -~ Q@) =1 [
(0.03 Q/Q.)/(1 — Q/Q.)* — 0.9 In(1-Q/Q.) = 7 {2]

where @ is cumulative flux density (cm*cm 2), Q.
is Q at infinite time, g, is the initial flux density.
T = ¢, #/Q. and ! is time (d). Both solutions predict
the general shape of nonsteady drainage with time.
without requiring a conductivity and water retention
function, and are calibrated by using the initial mea-
sured flux density. Equation [1] assumes capillaries of
equal radii. Equation [2] capillaries of variable radii.
The comparison for Experiment II (Fig. 4) shows that
the measured cumulative flux density did fall in be-
tween the two analytical solutions.

Our fluxmeter measured cumuiative flux densities
in the field within 10% of the true value, which is
similar 1o the accuracy obtained by existing fluxmeters
or by numerical simulation. Installation and opera-
tion are easier than for existing fluxmeters (Dirksen.
1972, 1974, Duke and Haise, 1973), however, and no
time series of water content and water potential are
needed to calibrate and validate simulation models
{Van Gninsven et al., 1987). Tests were carried out
under high downward flow conditions in loamy sand.
By inversion of the flux plate. our fluxmeter is also
suitable to intercept upward flow. When using the
fluxmeter in coarser or finer soil material under low
flow conditions, the response of tensiometers will be
more sluggish and flux measurement will be less ac-
curate. Less accurate performance in dry soil is not a
serious limitation since water transport and convec-
tive solute transport during high downward flow con-
ditions (flux > | mm d ') often dominate annua!
fluxes. If matric potential varies strongly on a short
distance, e.g. in very heterogeneous soils or in case of
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Fig. 4. Cumulative soil water flux density for second field experiment
as measured by fluxmeter and calculated by two analyticel solu-
tions of Jackson and Whisler (1970).
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macropore flow, flux measurement by control of the
difference of matric potential between P, and P, is not
possible. If the scale of spatial variability s larger than
the dimensions of the fluxmeter setup (=300 cm? for
our prototype), the intercepted flux is not represen-
tative for the area. Theoretically, the principle of our
flux measurement can be used to intercept fluxes over
larger areas, similar to experiments by Montgomery
et al. (1987).
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