THE PHYSICS OF PNEUMATIC TIDE GAUGES

by D.T. PuaH
Institute of Coastal Oceanography and Tides (UK)

INTRODUCTION

As a part of its programme fo monitor sea level around the British Isles,
the Institute of Coastal Oceanography and Tides has a requirement for a
recording system which may be quickly and easily installed, and which gives
results accurate to 0.01 metre. The traditional stilling-well installation, apart
from being costly and difficult to install on a temporary basis, has a number
of fundamental disadvantages which limit its ability to record true water
levels accurately (LENNON, 1971). Furthermore, stilling-wells. may only be
installed where a harbour wall, pier or other vertical structure exists, and
such structures are seldom located in positions which are representative
of open sea conditions. Pneumatic pressure tide gauges have a number of
advantages : not only may they be easily installed on vertical structures, but
they may also be used on open coast lines, along beaches, or wherever a
light connecting tube can be run from an underwater gas outlet to a recorder
ashore. By comparison with gauges which rely on submerged electrical
transducers connected to a shore-based recorder by conducting cable, the

vulnerable underwater parts of pneumatic gauges are both cheap and easily
repaired.

Before adopting the pneumatic tide gauge principle for routine meas-
urements it was necessary to investigate the physics of such systems, so that
sources of error could be eliminated or subject to correction. This report
contains details of these investigations; their application to coastal sea level
measurements is described in more detail elsewhere (PucH, 1971). Details
of the bubbler-type gauge which uses a continuous flow of air through a
connecting tube to an underwater outlet are given in the first section. How-
ever, an extension of the bubbler-gauge theory shows that a flow of air is not
strictly necessary, and details of a non-bubbling system are given in the
second section. This latter type of gauge is similar to gauges which use a
partially inflated bag, but it has the advantage that gauge datum is defined
to the same accuracy as a bubbler-gauge datum. The third section of this
paper shows how these results may be applied to the design of actual
pneumatic tide gauge systems.
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THE BUBBLER GAUGE SYSTEM

The bubbler system is attractively simple. It consists of a supply of
compressed gas, one or two pressure reducing valves, a length of tubing
which leads underwater to the gas outlet, and a pressure measuring device
(for example, an aneroid capsule or a mercury manometer) which records
the pressure necessary to force gas out through the underwater end of the
tubing. At the underwater outlet, for low rates of gas escape, the gas pres-
sure is equal to the water pressure. This pressure may be used to calculate
the head of water above the outlet using the elementary hvdrostatic rela-
tionship : o 4P PN
m Fodi ' A N
where P,, is the measured pressure, P, is the atmospheric pressure at the
water surface, ¢ is the gravitational acceleration, and %; and p are the water
level and water density above the gas outlet. The steady flow of gas along
the pressure tube connecting the gas supply and the pressure measuring
device to the pressure outlet will be driven by a pressure gradient along the
pipe. Thus the measured pressure is higher than the true water pressure
by an amount which depends upon the tube dimensions and the rate of gas
flow. Because of this, and to conserve the supply of compressed gas, the
bubbling rate should be kept low. However, if the rate of supply of gas is
too low, the pressure in the system may be unable to increase as rapidly as
pressure changes at the outlet due to increasing water depth. Consequently
water will be forced into the system until the pressures balance, and the
recorded pressure will not be a measure of the water head above the gas
outlet.

There are two main frequency bands within which changes of sea level
occur, namely, tidal water level changes with typical maximum values of two
metres in an hour, and surface waves with typical maximum values of two
metres in ten seconds. In practice the procedure adopted in the design of
bubbler gauges is to set the bubbling rate sufficiently high to follow tidal
changes of water level, and to make corrections for the wave effects. For
waves, the system effectively contains a constant mass of gas. Gas escapes
at the trough of a wave, but for the remainder of the wave cycle water is
forced into the system. It will be shown that the correction necessary for this
is reduced if the main volume of the gas system is at the underwater end of
the tubing, where it acts as a buffer for fluctuating water pressures.

The main parameters of a pneumatic tide gauge system are summarised
in figure 1.

1. The minimum rate of gas flow for good data

For the measured pressure to be directly related to the water head above
the gauge datum level, gas must escape continuously through the underwater
outlet. This may be expressed as :

oV

—)>0 (2)
at
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where V is the total volume of gas in the system, and ¢ is the time variable.
But from the basic equation for an ideal gas :

RTM
P

(3)

m

where R is the universal gas constant, and M and T are the mass of the gas
in the system and its absolute temperature, respectively.

1 /oM M /aP
- [5G0, G

where the suffixes P and M denote partial differentiation at constant pres-
sure and at constant mass respectively. To satisfy condition (2) :

1 /oM 1 ;0P
w5 (G

AM AP,

M P

Usually the rate of flow of gas into the system is measured by counting

the bubbling rate through a fixed orifice submerged in liquid in a sight glass

at the outlet from the pressurised gas supply (figure 1). In unit time the
mass of gas entering the system is, from equation (3) :

Hence :

or, in unit time :

(4)

m

P
AM =-—2nvy
RT
where v is the volume of each bubble and n is the number passing through
the sight chamber. Substituting in (4) we have, after some rearrangement :

ny _ AP,

v P

m

or, if the pressures are expressed in terms of water head * :

v, AL (5)

v § +8a

where AL, is the change in water level and {, is the water head equivalent
of atmospheric pressure. For these discussions it is always adequate to
take g, as 10 metres.

In most systems the compressed gas from the cylinder passes through
a reduction valve where the pressure is reduced typically to between 3 and
5 bars (Pg). The rate of flow of gas into the system is then controlled by a
needle valve (figure 1), but the bubbling rate, n, normally depends on the
pressure drop across this valve (P, —P,). As P,, increases the bubbling

{*) Pneumatic gauges measure pressure and so their theory must be developed in
terms of pressure. However, as the measured water heights are in units of length, the
results are often better expressed in units of water head equivalent.

1 metre of sea water head is almost exactly 10* N/M?
10°* N/M? = 1 bar
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rate falls. If the water head equivalent of Py is 3, and if the bubbling rate is
directly proportional to the pressure difference across the valve, then :

L_gg—(§A+§i)

ng  (Sx— %)

where n, is the bubbling rate when the system is at atmospheric pressure,

020 =

\QA = 10:0 metres

fS1%r)

m !

1 1 -
[ s 10 15
. in metres
Fic. 2. — Plot of f (¢, , ¢g) for calculations of minimum gas flow rales.

In practice set i so that f (§,, {x) does not exceed 0.1 m for the range to be measured.
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for exampvle, with the connecting tube disconnected from the gas supply and
pressure recorder. With some rearranging condition (5) becomes :

A% ({R _g—A)
> Af, )
o 7 "[(§i+ T (Sn —(;,+rA))]

Figure 2 shows plots of the bracketed function for three typical values
of ¢,,. Note that there is a minimum value when :
r

&= '2_—§A)

In practice the value of n, should be set sufficiently high to satisfy
condition (6) for all expected values of AZ; with the bracketed function at
0.1 metre—!. The value of ¢; is then chosen sufficiently high so that the
function never exceeds this value within the range to be measured. For
ranges up to 10 metres {; may be set at 30 metres (3 bars), but for ranges
up to 20 metres, 40 metres (4 bars) is necessary. The final expression may
then be rewritten :

V() %)

"o~ 70y Vor

max

2. Pressure gradients along the connecting tube

The pressure at the recorder, P, will not be exactly equal to the water
head pressure at the underwater outlet because of pressure gradients in the
connecting tube. Firstly there are the static pressure gradients due to gas
pressure heads in the tube and in the atmosphere. Secondly, there are the
dynamic effects due both to the steady flow of gas to the underwater outlet,
and to the adjustment of gas within the system in response to changes in
the pressure being measured.

a) Static pressure heads.
Developing equation (1) we have :
P, =pgf; +P, —p, gH

where p, is the density of the gas in the tube and H is the elevation of the
measuring instrument above the underwater outlet. If the effects of temper-
ature variations are negligible, then the gas density is proportional to the
pressure :

4
P, =pgli+ Py — P4 (f_—,r gA) gH (8)
A

where p,, is the gas density at atmospheric pressure. As the system is
designed to measure the part of P,, due to water head, the measuring instru-
ment normally senses the pressure difference between the tube gas and the
atmosphere at the recorder level. In practice this is easily arranged by
having one side of the sensor open to the atmosphere. The atmospheric pres-
sure alt the sensor will be :

Py — pon £ (H—§) 9)



THE PHYSICS OF PNEUMATIC TIDE GAUGES 77

where p,, is the air density at atmospheric pressure. The recorded differ-
ential pressure is therefore the difference between (8) and (9); if compressed
air is used as the source gas a considerable simplification is possible. The
measured pressure becomes :

PEL.— Pant (§+ 1),

=(p fp,,A(%wL l))gi’i (10)

Thus the effect of static pressure heads may be accommodated by using
a slightly reduced water density. For a gauge mounted 10 metres above
the outlet and using air, the water density should be reduced by 2.6 kilo-
grammes per cubic metre. Without this correction water levels of 10 metres
would be measured low by 0.025 metre. The correction becomes particularly
important where a gauge is mounted high on a cliff or an off-shore rig.
Where a computer is used for correcting raw gauge data, then corrected
pressures are probably better calculated directly from expressions (8)
and (9).

b) Dynamic pressure gradients

Consider the volume of gas flowing through an element Ax of the
connecting tube. In unit time this is the volume of gas entering the system
from the compressed supply, less the amount of gas required to increment
the pressure by AP, in the system on the recorder side of the element :

AP,
volume flow = ny — (V,, + max)
Pm
where V,, is the volume of gas in the measuring system, a is the radius
of the tube, and x is the distance of the element Ax from the recorder end
of the tube. The pressure drop along this element is :

8nAx AP
—_——— 2
ral (nv P V,, + ma x))

(See, for example, NEwMANN and SEARLE, 1957, p. 221), provided that the
velocity of flow is sufficiently low for it to be non-turbulent. For non-tur-
bulent flow in narrow tubes the Reynolds number must be less than the
critical value (approximately 1000) and for air at atmospheric pressure and
a tube radius of 2.0 mm, the critical velocity is around 3.5 metres per
second; gas flows due to tidal changes of water level will not exceed this
for tube lengths less than 50 kilometres. n is the dynamic gas viscosity at
the temperature of measurement. The total pressure drop along the tube
is obtained by integrating along its lenglh :

8nl AP, ma?l
= T m + 11
AP o (nv (Vm 5 ) (n
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This expression has two features : the first term in the brackets is due
to steady flow of gas along the tube while the second term is due to pres-
sure adjustment within the tube and measuring system. Figure 3 shows the

9-0~ Water
elevation
(m) Harmonic tidal variation of
4.0 m amplitude. M2 périod
804
i = 200m
a = 2-0mm
Vp = 0-001 m?
70 \ Vi = 0-0 m?
AIR AT 10°¢
Ca= 30m
60 Positive pressure drop means
B measured pressure is higher
than water head pressure
50
wol F?ising Falling
tide tide
30
20
10
0 . L L
100\ 200 300
Pressure drop (N m~2)
f I T 1
0-00 0-01 0-02 0-03

Equivalent water head (m) : p = 1028 kg m—3

Fic. 3. — Pressure drop along a typical connecting tube as a function of water level.
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theoretical pressure differences across a 200 metre length of 2.0 mm radius
tubing. For a harmonic water level change of amplitude 4.0 metres and
period 12.43 hours (M;), the pressure drop is always less than 0.013 metre.
However, the pressure drop will be shown later to increase as the square
of the tube length, so that for longer tubes the drop becomes very large. The
centre line through the curve represents the pressure drop due to the first
term in (11) and is lower at high pressures because of lower rates of gas
flow through the needle valve. The excursions to either side of this line are
due to the second term, and are positive on the falling tide (AP,, negative)
and negative on the rising tide (AP, positive).

wp Water
elevation
m
I = 1500 m
s a = 1:9 mm
o X\Q
(d Vp = 0-:001 m*
"x . Vm = 0-00038 m3
x ° AIR AT 10%¢
ol % %o = 24 metres
L ] . .
x \ Tidal period : 12 hours 35 minutes
i1
o
Rising tide
sk
o
3
® Finish
Start
2
[
s
1 1 ] —1 I 1 1 1 1
0 10 20 30 40 50 60 T0 8Qa %0
Pressure drop {(Nm=2) x 103
000 020 0-»0 060 080
Equivalent water head (m) : p = 1028 kg m~3

Fic. 4. — Experimental and theoretical pressure drops along a 1500 metre length of

conecting tubing. Alfred Basin stilling well, 22 Dec. 1971.
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Figure 4 shows the results of an actual test on a 1500 metre length
of 1.9 mm radius tubing compared with the theoretical curve of (11). The
greatest divergence occurs where the rate of increase in water level is
greatest because the theory does not take account of the time constant of the
tube (measured as 170 seconds in this case). A more elaborate theory would
be necessary for greater accuracy or when using even longer tubes, but
for lengths up to 1500 metres (11) may be used for design (see section 3),
and for corrections accurate to better than 0.05 metre.

3. The effects of waves

One advantage of a pneumatic system is that it may be used on open
coasts and over drying areas where stilling wells are not easily installed.
Although the bubbling rate may be set sufficiently high to follow tidal
changes in water level (see part 1) it cannot be set sufficiently high to
follow waves. Gas will escape through the underwater outlet in the trough
of a wave, and the correct pressure is recorded, but for the remainder of the
wave cycle water will be forced into the system until the pressures balance.
The parameter to be measured is the average water level above the pressure
point. While variations in pressure which reach the recorder are partly
damped by the connecting tube, and while special gas filters (for example, a
sintered metal membrane) may be fitted to ensure that only a mean pres-
sure is recorded, it remains to relate this recorded mean system pressure to
the average pressure at the outlet due to water head.

Suppose that water has entered the system to a height y above the gas
outlet. Then we have the relationships :

V,=V—Ay (12)
P,=P, —pgy (13)

where V; is the instantaneous volume of the gas within the system, and
P, is the instantaneous water head pressure at the outlet. A is the horizontal
cross-sectional area of the outlet volume. For this argument the time con-
stant of the tubing is assumed to be zero. Because wave periods are very
short compared with the tidal periods for which the gas flow rate is set,
over the period of a single wave the system effectively contains a constant
mass of gas. For a constant mass gas system :

P, V) =P, V" (14)

where P, is the system pressure at volume V, that is, at the trough of a
wave. The relationship applies for adiabatic volume changes (those which
are sufficiently rapid for no heat to enter the system); v is the ratio between
the specifie heats of the gas at constant pressure and at constant volume.
Eliminating y from equations (12) and (13) :

bg
Pi - Pm :T (V - Vi)
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and substituting from (14) :

P, ;ng =%(1 _ (_%)1/7) (15)

If the volume changes are isothermal then equation (14) is simply
Boyle’s Law, and the y—! term in (15) is unity. For air, or any diatomic
gases, the value for y—1 to be used in practice will lie between 1.0 and 0.7,
and will depend on the value of A, and the wave period. Equation (15) is a
convenient representation as it shows the error involved in computing a
true water head from a measured pressure P, , instead of from the true
outlet pressure, P;. The error involved in averaging P,, over a complete wave
cycle may be calculated supposing :

P, =P, + s (1 + sin wt) (16)

represents the wave with a pressure amplitude of s and a period (2 T / w).
The value of P;is P, in the trough of a wave, and the mean value is (P, 4 s).
If we suppose that the volume changes are isothermal, then the average
error over a complete wave cycle is obtained by integrating (15) :
=2y =2n
E:i w_[)idtz_‘i)_ ""X<1_P_°)dt
2w Yi=0 g 2n Y=o A P,,

Adopting an iterative procedure to evaluate the integral, we set P,, = P, as
a first approximation :

V w =0 P
E=— — 1— 9 dt
A21r‘[=o ( P, + s(l+sinwt))
which reduces, for s/Py « 1, to:

v
E=——— (17)
A [ ]

For a typical installation (V/A) is 0.50 metre so that for a wave of
amplitude 1 metre on water of 6 metres depth, the recorded pressure will
be lower by (0.50) (1/15) = 0.033 metre, compared with the true mean water
level. Expressed as a fraction of the wave amplitude the error is :

v 1
et

where g, is the water head above the outlet in the wave trough. This factor
is almost always less than 0.05 so that a second iteration is not necessary
for an accuracy of 0.01 metre.

For waves of large amplitude :
V 2r prd 1
E=—— “ (1 - dt
A w‘[=o ( (l+a+asinwt))

where

oFUl"ﬂ
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This becomes : 27
wt iy

(l+oz)tan(7+0t)] “

A( T (1 + 20&)1/2) (1+ 2a)t/2 Jt=o

'_( (a+ 2a)1/2)

The exact solution may be expanded to several terms in powers of « :

\4 3o 1S5a?
S I e (18)
which reduces to (17) for small values of a. As before, the average error
wili noi exceed 0.05 of the wave ampiitude in practice, so that a second
iteration is not necessary. Expression (18) shows that the correction cal-
culated from (17) should be reduced to 0.030 metre. In almost all practical
applications the correction term may be calculated to sufficient accuracy
using (17).

The theoretical development is only strictly true for waves with a
period sufficiently long for volume changes to be isothermal and for the time
constant of the tubing to be comparatively negligible. Where the time
constant of the tubing is much longer than the wave period, then the
effective volume in (17) is the outlet volume V,. Although, for chart record-
ing, the trace width generated by the waves is related to the amplitude of
their fluctuations above the outlet, the relationship depends on the period of
these fluctuations; for normal rates of chart progression (up to 0.02 metre
per hour) individual waves are not distingnishable and so their periods
cannot be determined. Theoretically the chart does not contain sufficient
information for making accurate corrections, nor is it practicable to install
special equipment at each gauge location for monitoring waves.

The wave correction procedure adopted at this Institute is to calculate
an average tube attenuation factor from direct observations of trace width
and corresponding wave heights, for typical wave periods at the installation
site. These observations are made during routine gauge inspections. Sub-
sequently the correct tidal water level is taken as the trace centre reading
plus the wave correction term [expression (17)] calculated from the trace
width and the average attenuation factor. P, is taken to be the measured
pressure minus the calculated wave amplitude. The correction is minimised
by designing for a small (V/A) system parameter, and the dependence of the
effective volume on the wave period is kept small by having a buffer volume
V, which is large compared with the tube and measuring system volumes.

The parameter (V/A), which has the dimensions of length, is a funda-
mental characteristic of any pneumatic tide measuring system, as will be
clear in subsquent sections. For minimum wave corrections it should be
small, which requires a large cross sectional area at the outlet but a small
total system volume. The use of the open end of a connecting tube as the
gas outlet gives a very small cross-sectional area and large errors in the
presence of waves. It has been assumed that there is no interaction between
the non-turbulent steady gas flow (11) and the more rapid and often turbu-
lent gas flows due to wave pressure fluctuation.
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THE NON-BUBBLER GAUGE SYSTEM

For very long period waves such as those of tidal frequency, the changes
of volume due to water entering the gas system under increasing pressure
will be isothermal, and (15) becomes :

P,— P, =X(1 _El.) (19)
(74 A P,
where P; is the pressure at which the system is fully inflated. Provided that
this correction is added when calculating the water head above the outlet
there is no need to keep the system fully inflated by continuously forcing air
down the connecting tube. Figure 5 shows the magnitude of the correction
for typical systems. Two immediate advantages of this are the saving on
compressed gas supplies and the elimination of much of the tube pressure
difference term so that longer lengths of tube may be used. This type of
operation is similar to that of gauges where pressure equalisation with the
surrounding water is effected through a sealed and partially inflated bag.
However, with the non-bubbler gauge, datum is much better defined : it

remains at the gas outlet level even though gas is not actually escaping to
the water.

1. Bubbler gauge corrections applicable to a non-bubbler

Much of the bubbler gauge theory is applicable to non-bubbler gauges,
often in a simplified form. The formula for calculating minimum rates of
supply of compressed gas are not required, and the dynamic pressure
gradient due to this flow disappears from (11), which now becomes :

8nl AP,

AP = — +"“2l)

(20)

Where the recorder volume V,, is much less than the tube volume the pres-
sure difference becomes :

I 2

a

A static pressure head correction is still required. Although allowance
should be made for the reduction in H due to water in the outlet volume this
is quite unnecessary in practice. Corrections for wave effects are also
unnecessary as the system adjusts to both high and low levels, although
theoretically a small wave correction due to the non-linearity of non-bubbler
output is indicated (see Appendix 2).

(21
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2. Corrections which are particular to the non-bubbler gauge

The development of the non-bubbler correction factor (19) was based on
the assumption that the system contains an ideal gas at constant temper-
ature. However over tidal periods temperatures will vary and the gas will
have sufficient time to adjust for equilibrium water vapour pressures
throughout the cycle.

a) Temperature variations

For an ideal gas, from (3), we have :
P,V, _PV
(T + AT) T
for volume changes at slowly changing temperatures. T is the temperature

at which the gauge was inflated and AT is the subsequent change. Using this
in place of (14), the non-bubbler correction term becomes :

Py T+AT
A0 TT)

In the exireme case of a gauge mflated at 10 °C and atmospheric pressure
measuring a 10 metre water head at a new system temperature of 20 °C, for
a (V/A) factor of 0.50 metre the true correction term is 0.241 metre whereas
the term calculated without temperature correction would be 0.250 metre.
With an underwater tube and outlet volume containing most of the gas in
the system temperature changes are likely to be much less than this so that
corrections are seldom necessary.

b) Equilibrium water vapour pressures

In the presence of water vapour (14) becomes :
P, —w)V, =P, —w)V

where w is the water vapour pressure. This remains constant for slow
pressure changes at constant temperature. The non-bubbler correction

becomes : v p
—w
;(1 - le - w )

and because w is much less than either P; or P,, this simplifies to :

Lo-8) ()

For the example discussed above the calculated non-bubbler correction of
0.250 metre should be increased to 0.252 metre at 10 °C, ‘where the water
vapour pressure is equivalent to 0.125 metre of water head. At 20 °C the
correction becomes 0.253 metre, but no correction is necessary until
temperatures exceed 30 °C when the water vapour pressures increase rapidly.
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¢) Absorption of gas from the system into seawater

If records from a non-bubbler gauge are compared against records
from a standard gauge at the same site over a period of several weeks, a
gradual upward movement of the non-bubbler gauge datum is observed.
This is because of the gradual absorption of gas from the system into the
sea water. Over a period of ten weeks at Hilbre Island in the Dee Estuary,
a non-bubbler gauge with a (V/A) factor of 0.42 metre suffered a datum drift
of approximately 0.15 metre (figure 6). As this drift must be minimised if
useful long period measurements are to be obtained, a theory for predicting
drift rates is necessary; gauges may then be designed for greater stability.

L Daily mean
differences
Non bubbter level-
standard level
(metres)

o @

° o 0/

o o
o

K

o
) )
o o o °°6%
o © o
o © o0 ° °
o oo / o o [} Theoretical datum

drift curve for

O’
[ =
oo / N P

« Records missing —.

o—->» 1 1 1 1 i 1 1 H
"o t20 130 140 150 180 170 180 190 200

Day number

Fi1e. 6. — Non-bubbler datum drift at Hilbre Island, April to July, 1971.

During the course of a tidal cycle water enters the outlet volume from
the sea. Even though this water may be saturated with dissolved nitrogen
and oxygen at the existing temperature and at atmospheric pressure, at the
higher pressures which exist within the container further absorption of gas
can occur. Suppose that the volume of gas removed from the system is
proportional both to the volume of water exchanged per tidal cycle, and to
the degree of undersaturation which exists at the mean system pressure.
Suppose also that we have an average tidal wave of pressure amplitude S
and a low water pressure of P, (as previously, P, includes the atmospheric
pressure, P,). At high water the volume of water in the system is :

G0 - 5as)n

while at low water the volume is :

() (-
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The volume of water exchanged per tidal cycle is therefore :

()@ G5 @)

Assuming that the saturation volume of dissolved gas per cubic metre of
sea water is proportional to the gas pressure (Henry’s Law), and that the
sea water is initially saturated with both nitrogen and oxygen at atmospheric
pressure, the excess gas dissolved is :

—p)

P
B = (saturation capacity at atmospheric pressure) ("‘T« (23)
A

Although in practice the nitrogen and oxygen will be absorbed from a system
containing air at slightly different rates, for simplification consider a single
gas whose saturation volume when dissolved in sea water is the sum of the
separate saturation volumes of nitrogen (14.6 X 10—3 m3 per m?® of sea water
at 10 °C and a chlorinity of 20 %,; see Horne, 1969) and oxygen (7.1 X 10—3
m? per m? at 10 °C and 20 %, chlorinity). The coefficient B represents the
fraction of the undersaturation which is utilised for gas removal, and will
vary between unity for complete absorption when the discharging sea water
is completely saturated at the mean pressure, and zero when no extra gas
is absorbed and the discharging water contains no more dissolved gas than
during entry. We assume, also, that the average degree of undersaturation
is related to the mean pressure, P, + S. Therefore the volume of gas
removed in a tidal cycle is, from (22) and (23).

av = ( )P T 2s A B(21.7 x 10—3)(P°_+PS;Q)
A

at 10 °C and atmospheric pressure. At the inflation pressure this volume is
reduced by a factor (P,/P;), so that the datum shift in one tidal cycle is :

AV
A

2S(P, +S—P,)
P, (P, + 29)

= (5)s @17 x 1070)

Writing the pressure heads in metres of water head :
datum drift per tidal cycle equals :

(tidal range x mean water level)
(Low water level + 10) (High water level + 10)

({—)5 (21.7 x 10-3)

which is defined as :

C)a-w

The drift factor, §, is a function of the tidal regime to be measured, of the
ambient temperature, and of the efficiency of the gas absorption process.
For the next tidal cycle the system volume has been slightly reduced and
so the shift of datum will be slightly smaller. The new (V/A) parameter is :

(-Z—)—(%) (1= )= (V/A) ¥
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of amplitude S/pg on a mean water level of (S/pg + 2) metres. Absorption factor
B = 1.0 for air at 10 °C.
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Over N tidal cycles the (V/A) term is progressively reduced to :

l\‘pN
N
so that : v
datum shift over N cycles = (X) a-—-yM (24)

The Hilbre Island data (figure 6) was used to compute an appropriate
value for the absorption factor §. This value was 1.02, which shows that
water mixing during the exchange process was sufficiently vigorous for all
of the available undersaturation to be used for gas removal. The continuous
line through the data has been drawn for a coefficient of unity. This agree-
ment means that a coefficient of unity may be assumed for design pur-
poses : on this basis a family of curves may be plotted (figure 7) showing
datum drift for different values of (V/A) and for different tidal ranges. For
minimum datum drift the (V/A) factor must be kept low. Even for (V/A) as
low as 0.05 metre the loss of gas by molecular diffusion is too small to
influence these calculated drift rates.

Because the solubility of gases in liquids generally decreases with
rising temperature, the curves of figure 7 should be adjusted for tempera-
tures differing from 10 °C. From HorNE, 1969, the lumped coefficients for
nitrogen and oxygen are :

5°C 10°C 15°C 20°C
air solubility in

metres3 per metre3 24.2 21.7 19.2 18.6
(x 10-3)

for sea water of chlorinity 20 %., at atmospheric pressure.

For temperatures below 10 °C drift rates should be increased by
approximately 10 % for each 5 °C fall of temperature, while above 10 °C
drift rates should be reduced by this amount. For more exact calculations
the original solubility tables should be consulted.

The curves of figure 7 are intended for use in the design of non-bubbler
gauges. Once a gauge is installed it is probably better in practice to reinflate
the system periodically and to observe the extent of the datum drift, as
changes due to other causes, such as small air leaks, are then detected.

3. Automatic correction of non bubbler gauge records

Although the correction term which must be added to all non-bubbler
gauge data (figure 5) is easily included during computsr processing of data,
in some cases there is a requirement for the recorder to display correct
water levels at all stages of the tidal cycle. An example of this is where the
information is required to control shipping movements. The pressure mea-
suring device normally records on a chart which is calibrated in metres; if
this scale were made slightly non-linear, then the non-bubbler correction
term (and also any regular water density changes during the tidal cycle)
could be allowed for. The chart would then read the correct level at all



90 INTERNATIONAL HYDROGRAPHIC REVIEW

times. However, as the production of specially graduated charts is expensive,
a better solution is to design an underwater buffer volume with a cross-sec-
tional area which decreases as water enters further into the system. This
gives a (V/A) factor which increases with increasing water head pressure
and thus, by choosing suitable values for A, a linear correction term in P,
is obtained. The correction term itself is then balanced out by operating the
gauge at a greater sensitivity than would be required for normal bubbler
operalion.

An example of this is shown by the straight line correction in figure 5;
this has been computed for a gange operating on a fresh water sensitivity
scale when actually measuring elevations of sea water of density 1028
kilogrammes per cubic metre. For a bubbler gauge readings would be high
by this amount. Howcver for a non-bubbler gauge the error is the difference
between this line and the appropriate non-bubbler correction cnrve as the
corrections are of opposite sign. If the (V/A) factor is 0.50 metre, then the
corrections balance to within 0.03 metre for water elevations up to 10 metres,
and this would be sufficiently accurate for many installations. For the gauge
to read accurately to within 0.01 metre over the whole scale a bell-shaped
outlet volume is required. The inset in figure 5 shows the cross section of a
suitable buffer volume where a long length (volume 11.4 X 10—%) of connect-
ing tube is required.

THE DESIGN OF A PNEUMATIC TIDE GAUGE SYSTEM

Confronted with all of the above theoretical considerations the pros-
pective user of a pneumatic tide gauge system may well feel that the simplest
solution would be to measure water levels on a flight of tide poles. This
would be an unfortunate reaction as pneumatic systems are fundamentally
simple and effective provided they are properly designed : the purpose of
this final section is to show how the theory should be applied to the design
of an actual installation. Wherever there is a requirement to measure tidal
changes of water level, certain characteristics of the situation are fixed while
others must be selected by the designer to give the required accuracy of
measurement with the minimum of system complications. Figure 8 sum-
marises the design parameters and their relationships starting from the basic
requirements and ending with calculations of minimum connecting tube
radius and bubbling rates.

Overall system design accuracy at this Institute is generally 0.01 metre
but for non-scientific measurements lower tolerances may well be accept-
able. Ideally a system should be designed to give correct water head
pressures directly at the measuring device, but this is only possible for short
lengths of connecting tube and low rates of increasing water level. The two
parameters over which the designer has no control are this maximum rate of
increase of water level, and the amplitude of the tidal variations to be
measured.

Once these Lthree basic parameters have been established, the next stage
is to find a suitable site for gauge installation, and to select a suitable gauge.
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DESIGN SYSTEM CONTROLLED

DESIGN FACTORS VARIABLES CHARACTERISTICS BY

Basic parameters :

Accuracy Tube radius a
Tidal amplitude S Buffer volume V,

(y) Minimum gas flow . V

Maximum rate of water cross section A A/ | rate ngv 3t/ max
a Tube pressure drop :
level change (—BT ? Statie
Dynamic,
BUBBLER flow nyv, /, &

puised () _ Vi s

Wave correction (XA) s

Site selection :
connecting tube length / or
maximum wave
amplitude S
gauge elevation H
Tube radius 8 v bubbler term Yy
Buffer volume  V, (;) Non ( A)
NON cross section A Tube pressure drop :
BUBBLER Static : H
Dynamic :
of
? 2)  via
pulsed ( at )mu m
Gauge ) \_/_
Volume : v, Datum drift (A) .8

Fi1c. 8. Summary chart of relations between pneumatic tide gauge installation
characteristics.

Details of the selection of suitable sites are given elsewhere (PugH, 1971); for
these considerations it is sufficient to emphasise the primary requirement :
to have as short a length of connecting tube as possible, as this length is
involved in almost all subsequent calculations. The maximum wave ampli-
tude expected may be reduced by picking a sheltered site, but care should
be taken to ensure that the site chosen is well connected hydraulically to the
location for which the tidal measurements are to be representative. The
elevation of the recorder above the outlet point should be kept as small as
possible although this is only of secondary importance.

A recorder which measures the pressure differential between the system
and the atmosphere is preferable to a system which measures absolute
pressure, as absolute pressure measurements must be corrected for changes
in barometric pressure. With a differential system only water head press-
ures are measured; variations in atmospheric pressure are automatically
balanced out. The type of measuring system chosen, apart from having
sufficient range and sensitivity to match the basic requirements, should
have as small a volume as possible and this volume should not change
appreciably with the pressure being measured.

Where only a short length of connecting tubing is required the practice
at this Institute is to use a bubbler configuration as this gives directly the
correct water head pressures at the recorder. A constant flow of dry gas
along the tube also helps to avoid condensation forming within it. Where
it is not possible to install a tube which falls continuously from the recorder
to the outlet, any condensation would collect in the depressions and could
give errors due to the formation of local water heads and their attendant
changes in pressure. Over longer distances the non-bubbler may be used
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to advantage because of the smaller pressure gradients and, although the
response is generally slightly non-linear, the correction term is simple to
apply. The non-bubbler also has the advantage of not needing a wave
correction, but it does require periodic checking of the datum stability. The
next stage is therefore to calculate the minimum tube radius compatible
with the required accuracy for both bubbler and non-bubbler systems, to
see whether both, only the non-bubbler, or neither is practicable,

For bubbler systems the rate of gas supply will be set so that (7) is
satisfied. Suppose that gy is sufficiently high for the bubbling rate to be
independent of the system pressure, P,,. Substituting into (11) and rewriting
the pressure ratio in terms of water elevations :

2
or- 1[50~ (o -]

AP will be greatest if (9¢,/9t) has its largest negative value when ¢, = 0.
Although this is improbable for tidal measurements it gives an extreme case
for design purposes. Suppose, also, that the maximum rates of rise and fall
are equal and that the recorder volume is very small compared with the
tube volume. Then the maximum pressure difference across the tube is :
_8nl ( 3
= V, + - ma?l
101ra max \Te 2 e )
The buffer volume V, must be sufficiently large to absorb volume changes
due to waves so that no water enters the connecting tubing. For a wave as
previously defined (16) it is easily shown that the minimum volume is :

V, = ma?l (25) (25)

The maximum pressure difference is therefore :

ar= @ (&) (1 (2+2)

max

This expression is most revealing : it shows that the maximum pressure
drop for a bubbler gauge is proportional to the square of the length of
connecting tube, and inversely proportional to the square of the tube radius.

For the non-bubbler gauge we may rewrite expression (21) at zero
water head, in terms of length :

sr- (@)

max

where, as before, the minimum and maximum rates of change of water level
are assumed equal. In general the maximum pressure drop along the

connecting tube is :
=G e (8)

where ¢ = 0.5 for a non-bubbler gauge and normally lies between 1.5 and
2.5 for a bubbler gauge. Thus there is at least a threefold advantage here
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Fig. 9. — Lines showing the minimum tube radius necessary for various accuracies

and tube lengths, without corrections, over the whole tidal range, when the maximum
rate of water level change is 1 metre per hour.
® = 0.5 is the non-bubbler mode. ® = 1.8 is a typical bubbler mode (with up to 3 m ampli-
tude waves on 10 metres of water head). For other rates of water level change the mini-
mum radius must be multiplied by (rate of change in m/hr)2

in using a non-bubbler gauge. The design procedure is to use expressions
(26) and (27) to calculate the minimum tube radius compatible with the
required accuracy (expressed as AP) and then to choose whether the system
shall be a bubbler or non-bubbler mode. Table 1 summarises the maximum
pressure gradients for various wave design parameters, tube lengths and
radii. Figure 9 may be used to calculate the minimum tube radius necessary
for accuracies of 0.10 and 0.01 metre.

If a bubbler mode is selected, the outlet volume is calculated from (25),
and the minimum bubbling rate from (7). The measurements should then
be corrected using (10), (11) and (17). Expression (25) is also used to calcu-
late the outlet volume for a non-bubbler mode; in this case corrections
should be made using (10) and (19), and for datum drift (24) where neces-
sary. The final design parameter, the cross-sectional area of the buffer
volume, A, should be as large as practicable for both the bubbler and
non-bubbler gauges as in the former this helps to minimise wave corrections,
and in the latter to reduce the non-bubbler correction term and the rates of
datum drift.

An ingenious method whereby some of the advantages of both the
bubbler and non-bubbler gauges may be used simultaneously was suggested
as early as 1905 by M. RoLLET de L’ISLE (see RoumEcoux, 1964). The
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system uses one tube for supplying gas to the underwater outlet and a second
tube for pressure transmission to the measuring device, so that there is no
datum drift and tube pressure gradients are minimised. In this case the
minimum bubbling rate (7) should be calculated using the volume of both
tubes but the pressure drop is calculated as for a non-bubbler (20) through
the single tube. Static pressure head corrections should be applied as usual.
Wave corrections must also be made (17) but the appropriate system
volume need not include the volume of the tubes if these are connected to
the outlet volume through suitable filters. If high rates of gas flow are
needed then the gas cylinder may be replaced by an air compressor motor.

The gas in pneumatic systems is normally dry air; however, it would
be better to use a gas of lower viscosity provided it were not too soluble in
sea water. Theoretically some of the lower paraffin hydrocarbons (for

example, methane — 1 = 10 X 10—-¢ N/M2 sec at 10 °C) would be a suitable
replacement.

This work was part of the research programme of the Institute of
Coastal Oceanography and Tides and is published with the permission of the
Director, Dr. J. R. ROSSITER.
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APPENDIX 1

Summary list of principal symbols used

: horizontal cross-sectional area of buffer volume;
: radius of connecting tube;
: gravitational acceleration;
: gauge elevation above outlet level;
length of connecting tube;
mass of gas in system;
AM : incremental change in mass of gas in system;

zZ ~Te R
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total number of tides over which datum drift is calculated;
number of bubbles entering system through counter in unit time:
as above, with the system at atmospheric pressure;
atmospheric pressure;

pressure drop along connecting tube;

instantaneous pressure at measuring device;

incremental change in P,, in unit time;

instantaneous water head pressure at outlet level;

water head pressure at outlet below the trough of a wave;
non-bubbler gauge inflation pressure;

low pressure from which gas enters the system;

universal gas constant;

pressure amplitude of a tidal wave;

WY,y

: pressure amplitude of short period wave; s/Po € 1;

time variable;

absolute system temperature;

incremental change of system temperature;

total system volume to outlet level; V = V,, + V, 4+ V,;

: volume of gas removed from a non-bubbler gauge during a tidal cycle,

at pressure P;.
volume of outlet buffer container;

: volume of measuring device. Ideally V,, is small and independent of

Ppu;

volume of connecting tube;

instantaneous value of system volume;

volume of bubbles entering system through counter from compressed
gas supply;

water vapour pressure;

: s/Py;

gas absorption factor for non-bubbler gauge datum drift;

ratio between specific heats of the gas at constant pressure and at
constant volume;

: water level equivalent of P,-(P, = pg¢,). To sufficient accuracy.

€4 = 10 metres;
instantaneous water level above gauge outlet;
incremental change in water level above gauge outlet;

: water level equivalent of Pr-(Pyp = pg &g);
: water level at system pressure P,-(P, = P, -+ pg &y);

gas viScosity at system temperature. n = 17.5 X 10-¢ N/M2? seconds,
for air at 10 °C;

sea water density;

system gas density at atmospheric pressure and system temperature;
air density at atmospheric pressure and system temperature;

tube pressure drop factor for system design;

non-bubbler datum drift factor;

angular speed of harmonic water level changes.
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APPENDIX 2

Wave corrections on the non-bubbler gauge

Only second order wave corrections are applicable for non-bubbler
gauges. Because this is not immediately obvious the detailed argument is
given here.

Suppose that in the presence of waves the true water head pressure
above the outlet is given, as previously, by :
P,.=P0 + s (1 + sin wi)
so that the true mean water head pressure is (P, + s).

On a chart recorder, because of the waves, the trace will have a finite
width; during record reduction the centre of this trace is taken as the
measured pressure and then corrected for the non-bubbler effect. At the
trough of the wave, from (19), and neglecting, as previously, any attenuation
due to the connecting tube, the measured pressure is :

e~ pe((' — 1)

0

whiie at the wave peak the measured pressure ic :

Py +2s—pg( )( P, +2s)

At the centre of the trace the measured pressure is thercfore :

B =Py s p (o oLt %(P :23 A

This mean pressure is converted o mean water head pressure by adding the
non-bubbler corrections :
\Y% )( P,
— )1 - =
()0 - 2)
Evaluating this correction term using thc same ilerative procedure as for

the bubbler gauge wave correction, i.e. setting P, = P, + s, the calculated
mean water head pressure from (A,) and (A,) is approximately :

V P, s?
(A)

Fo TS P8R D By + 9 (B F29) 2

Comparing this with the {rue mean waler head pressure, the error is the
final term.
To take an extreme example : for s = 3 metres on 5 metres of water depth

with P; = 10 metres, the computed water head pressure will be too high
by (0.016) pg (V/A); for (V/A = 0.50 metre this is 0.018 metre.



