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ABSTRACT

Towner, G.D., 1982. A method for improving cheaply the time response of pressure-
transducer tensiomeler systems. Agric. Waler Manage., 5: 285—293.

If several tensiomeler cups are successively scanned by a single pressure transducer,
then if the time constant of one lensiometer is too large, the time for a total scan may be-
come unacceplably long. The effective in silu Lime constant of each tensiometer can be
decreased by connecting o the cup a deformable celi, of which a mercury manometer or
a Bourdon pressure gauge are readily available direct-reading examples. Theory is pre-
sented Lo show that provided this cell is disconnected immediately after the transducer
has-been exposed Lo it, a useful shortening of the time constant can be oblained by using
a Bourdon gauge, but nol a mercury manometer.

INTRODUCTION

Some of the advantages gained in using electrical pressure transducers in-
stead of mercury manometers in tensiometer systems may be lost if one
transducer is used to sense sequentially several tensiometer cups, as in the
systems described, for example, by Rice (1969), Burt (1978), Lee-Williams
(1978), and Blackwell and Elsworlh (1980). Tensiometers require a finite
time to equilibrate with the soil-water pressure, and the transducei must be
connccted to a tensiometer cup throughout this time if it is to record the
pressure correctly. It should be remembered too that although the time
response constant of such a transducer tensiometer may be less than a
second when measured in free water, it may be considerably longer in soil
(see for example, Towner, 1981). Thus if each of say twenty tensiometers
requires 2 min for equilibration, it will not be possible to make measure-
ments at any given tensiometer position more often than every 40 min, and
this might be too infrequent. One solution for fully exploiting the rapid
response characteristics of pressure transducers is to use one pressure trans-
ducer per tensiometer, but this is very expensive. Another solution,.proposed
by M. Goss (private communication, 198 oreq__tpeqawﬂyﬁn this
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paper, is to have a cheaper less sensitive pressure measuring device per-
manently connected to the tensiometer cup, which thus has time to equili-
brate before the transducer is switched to it; the transducer thus effectively
samples and records the water pressure in this less sensitive gauge.

THEORY

Consider a tensiometer cup, C, connected to two pressure measuring
devices (hereafter referred to as “gauges”) T, and T, as shown in Fig. 1; X,

Fig. 1 Diagram of the tensiometer system. C, cup; X, and X,, stopcocks; T, and T, pres-
sure gauges (e.g. pressure transducer, mercury manometer, Bourdon gauge).

and X, are stopcocks. Gauges T, and T, have sensitivities S, and S,, respec-
tively, where the sensitivity is defined as the change in fluid pressure in the
gauge for unit change in volume of fluid in the gauge (Richards and Neal,
1937). Initially, let X, be closed and X, open, and let gauge T, come into
equilibrium with the soil-water pressure, p... Then on opening X, there will
be an instantaneous sharing of pressures between T, and T, (assuming that
the resistance of the connecting tubes is negligible), and the instantaneous
pressure p; will be given by:

. S\P_*+ Sy
Pi 8, +5,

= _gf_’._-:-.._.'_},’ﬂ._
at+l

(1)

where p, is the initial pressure in gauge T,, and a = §,/S;. Thereafter the
gauge pressure p will take time to change from p; to p_, effectively respond-
ing as a tensiometer with an in situ time response constant T =7, + 7,
(where 7, and 7, are the in situ time constants of T, and T, respectively).
Hence the gauge pressure p at time ¢ is given by

P ~P.
pi~Pp.

(see Klute and Gardner, 1962). Substituting for p; from eq. (1), and noting
that 7,/7,=8,/S;, and hence T =~ (1 + a)r,, we get:

= exp (-t/T)

2P - 3 exp (-t/(Lta)ry) (2)
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The corresponding expression for a single gauge with time constant Ty i8:

P -p. _ .
Ll = exp (-t/r 3
il b D(t/ry) (3)
Hence eqs. (2) and (3) show thal, at, carly times the combined sysiem is
closer Lo equilibrium than the single gauge, but at later times the reverse is
true (sce also Fig. 2, where egs. (2) and (3) have been plotted for o = 10 and
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Fig. 2. 'Pensiometer pressure p plotted as n function of Lime {, both expressed in dimen-
sionless form, ——— eq. (3)i——— eq.(2);...., eq. (1). Nole that (p=p M(pep_)=
0.001 corresponds Lo 99.9% completion of equilihration,

100). Thus the initial benefit obtained when the pressure changed instan-
tancously from p, to p; has been lost subsequently because the time constant
of the combined tensiometers is greater than that of the single one. This
method is not therefore very useful.

However, il X, is closed immediately after X, is opened, the system
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response constant is that of T,, viz. 7, and the correspondmg time response
~—function is

P ~ P
Po~ P
Thus eq. (4) shows that the benefit of the initial change is now retained for
the whole time (see also Fig. 2, where eq. (4) has been plotted for « = 10 and
100).

= 1_1+a‘exp (-t/ry) (4)

PRACTICABILITY

Equations (1) and (4) provide the theoretical basis for two methods, and
the practability of each of these is now examined; eq. (2) does not lead to a
useful method. In order to be able to make any useful assessments regarding
the practical exploitation of egs. (1) and (4), it is necessary to take a par-

icular example, but one that is considered representative. We therefore
assume that we wish to scan twelve pressures in 30 min, of which two are
datum pressures; i.e. there are 150 s available for samplmg and recording
each tensiometer cup. We will use a pressure transducer for T, with the
characteristics given in Table I, joined to a cup embedded in a clay soil of

TABLE I

Characteristics of typical pressure gauges

Gauge type S a Instrument® In situ®
(MPa m™) r r
(s) (s)
Pressure transducer 100 x 10* - 1.0 50
_Bourdon guage 10 x 10* 10 10 500
- mm mercury manometer 1.9 x 104 52 652 2600

3 mm water manomeler 0.14 x 10* 714 714 36000

2For a tensiometer cup with a cup conductance C = 10°*m s" MPa?
" Fstimated values for soils of hydraulic conductivity of about 10° ms™'.

hydraulic conductivity of about 10™ m s™, so that the instrument time con-
stant of 1 s is increased to about 50 s in the soil. We will examine the feasi-
bility of using either a mercury manometer or a Bourdon gauge for T, with
characteristics as listed in Table 1.

© Method 1 —eq. (1)
From eq. (1), p; > p. 8s a -+, but practically p; may be regarded as

equal to p.. for a sufficiently large value of «. However, pressures will be
propagated from tensiometer to tensiometer via the scanning switch during
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the scanning sequence, so that the magnilude of the allowable error is less
than might at first have been considered reasonable. (Sce Appendix 1 for the
theory of the propagation of pressures and for some numerical examples).
Fig. 3 shows the relation between a, po/p.. and Pilp~ for values of p;/p..
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Fig. 3. Nomogram relaling «, p,/pe and Pi/lPw. The numbers on the curves are values of
Pilpe.

close to unity (i.c. to equilibrium). In a seanning system, p, will be equal Lo
the previous tensiometer pressure (provided the hydraulic switch does not
introduce pressure pulses during its rotation).

Before T, is connected to Ty, T, must have equilibrated with the soil-
water pressure p... in 30 min or less (i.¢. within the total sean time Tfor twelve
pressures), implying an in situ time constant <2 360 s, Only the Bourdon
gauge, for which a = 10, satisfies this condition (sce Table I). From Fig. 3,
we sec thal for o = 10 and provided 1.1 > p,/p.. > 0.9, then p;/p.. =~ 0.99, in
others words, provided that p,, is ¢lose Lo P, the transducer records instan-
tancously a value which is within 1 per cent equal to the soil-water pressure.
If the soil-water pressure changes appreciably during the 30 min period,
more scvere conditions must be applied, and it is unlikely that this method
could prove practical, since ‘I'; would never be in cquilbrium with the soil-
water pressure,



‘290
wMethod 2 —eq. (4)
‘}-"'\

When it is not possible to assume that p; = p.., then the sensitivity of T,
must be such that the time required for 'T'; to equilibrate is equal to (or less
than) the sampling time; for our example, t < 150 s. Thus taking 7, as 50 s
and (p-Pe Y/ (Po-P=) < 0.01 (corresponding to = 99% completion of equili-
bration), then eq. (4) requires « > 4. The Bourdon gauge satisfies this re-
quirement (see Table I), and does equilibrate with the soil-water pressure
within the total scan time of 30 min (see under Method 1). This would not
be true if the soil-water pressure was changing rapidly, but nevertheless T,
would be closer to the true value in Method 2 than it would acting alone.

CONCLUSIONS

It is not possible to conclude categorically that Method 1 or Method 2
will necessarily achieve the desired result of decreasing the effective time
response constant of a pressurce transducer tensiometer system; cach must
be examined on its own merits. The paper has however shown that for a
particular system Method 1 is of dubious value, but that Method 2 can pro-
vide the desired improvement. The paper has not discussed the mechanical
aspects. The extra switching required in Method 2 would not be difficult to
achieve in practice, but it would add extra expense. Morcover, the additional
pressure gauges do not in fact have to be standard dial-reading Bourdon
gauges, since they only have to act as reservoirs, but the latter would require
further development.

Finally, it is recommended that if it is neccesary to design a system to
operate as Method 2, then the original sampling strategy should be recon-
sidered. It might for instance be better to increase the sampling time to en-
sure equilibration, thus obtaining better data although less frequently; or
to make measurements at fewer positions and use a separate pressure trans-
ducer with each cup.
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APPENDIX |
Propagation of pressures during scanning

Let o seanning pressure Leansducer sample 12 consbant pressures py, Py, Py oo Prevy
Py in Lurn, allowing the same sampling time Af per pressure reading, The time congbant, is
assumed Lhe same for each tensiometer, 1 Lhe initial pressure in the transducer al. the
time of sampling is assumed Lo be that established by the previous cup, and has a value p,
before sampling commences, then Lthe pressure py recorded by the transducer at the end
of the sampling Lime Af is given by eq. (3) as:

pr=p.+(pry P exp(-all7)
Henee:

p, = p, (P, p)exp(-alln)
P, = p,+(py p)exp(allr)

= p,+(p,+(p, p)exp(-a'fr) -pYexp( Allr)
p,+(p, pyexp( alfr) +{(p, p)exp( 2AllT)

n
p;. = ppt Z;(p” r= Pn 1‘0])‘”‘[’ (--r allr)
=1

Thus the expression for p;, includes contributions from p,_1, Pn-2, Pn-3, - - » Pas but with
decreasing influence.

In a scanning system, the sampling eycle returns to p, after p,, with p, = pn,and the
whole cycle thus repeats with a new set of pressure readings, but these hecome constant
after a few cycles; in cffect, the initial pressure p, is dissipated.

Some numerical examples have been collected in ‘Tables 1, 1L IV and V to illustrate
the magnitudes of the errors than can oceur when insufficient. time is allowed for equili-
bration. It is not possible to cover all the permutations that may occur in practice, There-
fore, the examples have heen selected Lo draw attention Lo some points that should be
born in mind, rather than to simulate actual systems.

Thus the tables show that the ordering of sampling should he designed, if possihle, so
that each pressure is followed by a pressure of aboul the same magnitude, For example,
Table 11, which could represent measurements made in order along a horizontal flow
system, shows Lthat all values are within 1% of the equilibrium value at a sampling time of
Ar = Br excepl for p' fp, = 1.0 where the error is 6%. However, if the sequence of sampling
is simply altered Lo that given in ‘Fable 111, the largest error is reduced Lo 1%,

Tabhles 1V and V demonstrate the effect of assuming thal one pressure always comes
into instantaneous cquilibrium with the sampled value as would occur for example when
the corresponding tensiometer is replaced by an open-water reservoir maintained at a
constant level, Typical field measuring systems would generally include two such datam
levels for monitoring the calibration. Table IV shows that the effect of holding the first
pressure value of the sequence used in Table I as the reference value, whilst Table V
shows that for holding the last value. The influence of the reference level is complicated,
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TABLE II

Tensiometer readings, from the sequential sampling of ten cups exposed to constant pres-
sures given respectively by p,/p, =1,2,3,4,5,6,7,8,9, 10 (relalive units), for different
sampling times At (expressed relative to the response time constant)

at o P

T P,

o 100 200 3.00 400 5.00 6.00 7.00 8.00 9.00 10.00
b 1.06 199 299 399 499 599 6.99 7.99 899 9.99
4 116 198 298 398 498 598 698 798 898 998
3 145 197 295 395 495 595 6.95 7.95 895 9.95
2 220 2.03 287 385 484 584 6.84 7.84 884 9384
1 410 277 292 360 448 5.44 6.43 7.42 8.42 942
TABLE III

As Table II, but with the pressures sampled in the order 2,4, 6,8,10,9,7,5, 3, 1

At
T Pio

o0 2.00 4.00 6.00 8.00 10.00 9.00 7.00 5.00 3.00 1.00

b 199 399 599 799 999 9.01 7.01 5.01 301 1.01

4 198 396 6596 796 996 9.02 7.04 5.04 304 1.04

3 196 390 590 790 990 9.06 710 510 3.11 1.10

2 191 372 569 769 969 909 7.28 531 3.31 1.31

1 2056 328 5.00 690 886 895 7.72 6.00 4.10 2.14
TABLE 1V

. As Table II, but with the tensiometer gauge equilibrating each time with (relative) pres-
, sure 1, as would occur with a direct connection to a datum pressure

at P,

. P,
o 1.00 2.00 3.00 400 500 6.00 7.00 8.00 9.00 10.00
5 100 199 299 399 499 599 6.99 7.99 899 999
4 . 1,00 198 298 398 498 598 698 798 898 998
3 100 196 295 395 495 595 695 7.95 895 995
2 1.00 187 285 384 484 584 6.84 7.84 8.84 984
1 1.00 163 250 345 443 542 642 742 8.42 942
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TABLE V

As Table IV, hut with tlie tensiometer gauge atlaining equilibrium cach time with the
(refative) pressure 10

at pp
T P,

oo 1.00 200 300 400 5.00 600 7.00 800 9.00 10.00

5 1.06 199 299 399 499 5699 690 7.99 899 10.00

4 1.16 TOR 208 394 498 HOK G998 T7.98 H.O8 10.00

3 145 197 295 395 496 595 695 795 895 10.00

2 2.22 203 287 385 484 584 681 7.814 8.84 10.00

1 4.31 2856 295 3.61 1149 5HA4

414 643 742 842 10.00

heing beneficial for some values and detrimental for others in the sequence, although
these clfects are only apparent in the Tables at the shortest, sampling times. Table V am-
plifies the danger of following a high value (p;/p, = 10) by alow value (p,/p, = 1.0).

The tables generally show thal the effect, of altering the order of sampling is to redistri-
bute the potential errors, Thus when the sampling time is less than ideal, it may bhe pos-
sible Lo exercise some control over the distribution of errors by a judicious arrangement
of the sample sequence.




