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Identification of layers in oil-tanks using a reflectometer
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This paper treats the possibilities of analysing layers in oil-tanks using a reflec-
tometer. First some basic principles and expressions are presented. After that
examples of commonly used windows are shown and a new generation of
windows developed. These are called Hammingfolded windows, and can have
side lobe levels below —85 dB.

The simulations treat different kinds of detections, particularly the pos-
sibilities of separating echoes of unequal strength. Important results are the use
of windows and sometimes post-signal processing. These methods can either be
used separately or in a combined version. The simulations also include studies of
the electrical properties of unrefined oil, water and waxed oil (mud).

The practical measurements demonstrate the use of windows and further
signal processing. This is done by simulating the conditions in an oil-tank by
means of an extended coaxial line. In this line different kinds of reflectors as well
as unrefined oil and water are used to obtain practical echoes.

1. Introduction

For measurements in media with losses and dispersion it can be very convenient
to use electromagnetic waves. Examples of appropriate applications are the charac-
terization of geological structures and liquids with different layers. This paper
focuses particularly on the possibilities for the evaluation of layers in oil-tanks using
the reflectometer principle.

The different layers are characterized by the registration of discontinuations in
the dielectric constant. One way of doing this is to use a system based on real time
domain pulses, and a lot of work has been done to develop equipment for geological
purposes based on this principle. Another way is to utilize synthetical pulses and the
reflectometer principle. No description of such equipment for analysing different
layers in oil-tanks has been found in the literature.

2. Basic principle

The basic principle of this radar system is to transmit a pulse from level Z,
(Fig. 1), and then measure the elapsed time between the transmitted and the differ-
ent reflected signals.

The pulse is constructed so as to be synthetical in the frequency domain (Fig. 2).
First a signal with the frequency f, is transmitted, and the equipment registers the
amplitude and phase of the reflection coefficient. Then a signal with frequency f; is
transmitted, and the same procedure is repeated.
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Figure 1. Model of the tank.

The synthetical pulse is complete when the amplitude and phase of all the N
frequencies are registered. To get the time domain the synthetical pulse had to be
subjected to a Fourier-transformation.

With a sensible choice of centre frequency, bandwidth and number of fre-
quencies, it is possible to measure the time of the arrival of the signals p,, p,, ...,
£+ In order to calculate the range of the different impedance transitions it is neces-
sary to know the dielectric constant of the media.

3. Basic expressions
The notation for some of the parameters used in this paper is:

o attenuation constant
Ji phase constant
P reflection coefficient
v 4
w
e
fify-mmm - - - - N f

Figure 2. Model of the pulse.
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f frequency

t time

z range

g =¢ — j&" dielectric constant

£ dielectric constant in vacuum
£, centre frequency

w bandwidth

T time for arrival

c velocity of the light

kA discrete frequency variable
iAt discrete time variable

mAt discrete time for arrival

3.1. One impedance transition
The model for one impedance transition is shown in Fig. 3. The reflection coeffi-
cient at range Z, is assumed to be independent of the frequency:

py =ry exp (joy)

In the analogue case this leads to the following expression for the reflection coeffi-
cient in the frequency domain:

polfs ©) =1y exp (=200 Z, + j,) exp (—j2nf7) rect (_Tf‘)
1
Lif1<3 (1)

‘““f’={o,m>%

The Fourier-transformation gives for the time domain:

Polt, 7) = ry exp (—20 Z,) exp (j(¢y + 2nf(t — 7)) sinc (w(t — 7))

. sin twr
sinc wt = 2
Wt
PQ P!
1 i
I ]
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Figure 3. Dielectric model.
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Figure 4. Reflection coefficient in the time domain.

This is a sinc-function centred around the time 7. The addition to the phase at the
range Z, does not affect the time for the arrival of the pulse (¢, independent of the
frequency), see Fig. 4.

The connection between the time domain and the range is very simple:

Zl _ TXC
2 /e/e0) )

The distance from Z, to the first zero:
[&

AZ = m @

In the discrete case, the analogous expressions are:

k —
polk, m) = ry exp (—200 Z, + jbs) exp (—j2n{kan/N) rect (KA":‘) ©)
fe =4Af x No, N,: integer
; N _ . . . sin 7(i — m)
poli, m) = N XP (=200 Z, + j1) exp (j(2n/N)i — m)No) sin [/ N)i — m)] (6)
Transformation to the time domain:
t =ifw
T=mfw
Equation (6) is periodic with the period:
c N
Zox =3 JieTea) w
The envelope of Egn (6) in the time domain:
_h B sin aw(t — 1)
Ipo(ts t)' N €xXp ( 2“021) sin {TI/N)“V(I _ T) (7)

The main difference between the analogue and the discrete case is that the discrete
reflection coefficient is periodic and has a slightly different envelope.
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3.2. Several impedance transitions

In a practical oil-tank there will probably be three or more impedance tran-
sitions. This will make the situation much more difficult to analyse mathematically,
see Fig. 5.

If Q impedance transitions and only the echoes between transition g and g — 1
are taken into account, then the simplified expression for | p(z)| is:

Ay 4 2 2 . Z—(Z z,—Z,
o1 =1t sine (Z20) + 5 5 1pprsine 2=t B2

p=0 q=2

As Eqn (8) shows the expression which describes the tank are quickly becoming
complicated, and the conditions in the tank have been simulated on a computer to
simplify the analysis.

4. Windows

In Fig 5 it is supposed that all of the main echoes are stronger than the level of
the side lobes. Since in a practical tank this is not the case, it is more convenient to
use window functions in order to lower the side lobes.

4.1. Common windows
Some common windows which are used in this work are listed below:

Rectangular:
wk)=1 O0<k<s<N-1
Barlett
2 T 0<k< %
wi={ "
2 i u <k<N-—1
N _ 1 L] 2 = ==
|po(®)]
Po
A\ e
1 [} P;
I 1
: EPz pZ
i i
' \ P3
X : P;
) 1]
- z z z

3
Figure 5. Multiple reflections, Q = 3.
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Hanning
2nk
w(k) = 0-5 — 0-5 cos (ﬁ) 0<k<N-—1
Hamming
2nk
w(k) = 0-54 — 0:46 cos =), O<k<N-1
Blackman

2nk 4mk
=042 -0 - <k<N-1 9
w(k) = 0-42 05COS(N_1)+008COS(N&1), O0<k<N 9)

The Fourier-transformation gives:

Rectangular:
sin 7
"0 = N sin (n/N)i
Barlett
_ sin (n/2)i |*
wi) =2 x [N sin {n/N]i]
Hanning
= 0-5 sin 7i 4 0-25 sin n(i — 1) 0-25 sin (i + 1)
"0 = N sin /N T Nsin NG — 1) T N sin G/NYi 5 1)
Hamming
wii) = 0-54 sin mi + 023 sin (i — 1) 0-23 sin n(i + 1)
Y= Nsin @/N)i T N sin (i/N)Yi — 1) | N sin (@/N)Yi + 1)
Blackman
o) = 042sinmi  025sinai—1) 025 sin ni + 1)

N sin (n/N)i = N sin (n/N}i — 1) N sin (n/N)i + 1)
_ O004sinn(i—2) 004 sin nfi + 2)
N sin (n/N)i —2) N sin (n/NXi + 2)

(10)

These transformations are shown in Figures 6 and 7.

4.2, Generalized Hammingfolded window

A practical reflectometer system may be capable of distinguishing echoes with a
difference of approximately 80 dB. To take advantage of the whole capacity it is
necessary to have windows with side lobes which have a level of less than —80 dB.
For this purpose a new generation of windows called generalized Hammingfolded
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Figure 6. Discrete Fourier Transforms (DFT) of windows. (a) Rectangular, (b) Barlett, (c)
Hanning,

windows has been developed. They are constructed by folding a Hamming window
by itself:

0<f<

w(f}=r(h—(l —h)oos%“ h—(1 -h)cos%‘(f-z))dz

Mu I-E

wfl

g<f..<,_w: w(f)=j. (h—(l—h)cos4—f)(h—(1—h)cos%(f—r))df

I —=(wi2)
h: constant (11)
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Figure 7. Discrete Fourier Transforms (DFT) of windows. (@) Hamming, (b) Blackman.

In the analogue case the generalized Hammingfolded window becomes:
Frequency domain:

L—h)1 —Sh) . 4x 4
o e e
0<f<—: =
f<z: W) W3 —2h+ 1)

w<f-<.. w: »{f)=(4h2w+ 2w(l — h)* cos %f—4hzf—Wﬁnﬂ

2 _w_ w

—gf‘(l~h)zcosﬂ !

w ) w(3h? —2h + 1) (12)

Time domain:

2

w(t) ;[hsincgt+l_hsinc%(wt—2j+

1 2
T3 _2h+ 1 2t s‘“"i("‘"”’]

h = 0-54 gives Hammingfolded window
h = 0-5 gives Hanningfolded window {13)
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In the discrete case the expressions for the Hammingfolded window are:

Frequency domain:

25

N-1
<k<——:
0<k 5

1 k 0391 . 4nk k 4nk

u:(k)—o’?948[11664(N_1)— . sm(N_l)+04232(N_l)cos(N_l):|
N=1 pen—t
2
w(k) = 1-1664 + 0-4232 cos b —1-1664 k

"~ 0-7948 (N-1) (N—1)

0391 . 4nk k 4nk

— 04232

z N Z1)

Time domain:

N-1 cos W= l)] (14)

i) = 2 [0—54 sin (n/2)i  0-23 sin (/2)i —2)  0-23 sin (n/2)i + 2)

T 07948 | Nsin (n/N)i © Nsin (@/NYi—2) N sin (/N)i + 2)
The Hamming and the Hanningfolded windows are shown in Fig. 8.
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Figure 8. Discrete Fourier Transforms (DFT) of windows. (a) Hammingfolded window, (b)

Hanningfolded window.
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5. Electrical data for actual media

In order to be able to simulate the conditions in the tank it is necessary to know
the electrical data for the actual media. In this section, data for unrefined oil, water
and waxed oil (mud) are presented. These are based on measurements carried out
with a new method for measuring the dielectric constant of liquids using an auto-
matic network analyser (described in a forthcoming paper by the present author).
The calculations of the dielectric constant of water are also based on measurements
described by Saxton and Lane (1952).

5.1. Unrefined oil

Figure 9 shows the relative real part of the dielectric constant. It drops weakly
from approximately 2-170 to 2:145 in the frequency range from 300 MHz to
12 GHz. Such behaviour is typical for liquids (von Hippel, 1952). In the same range
the relative imaginary part falls from approximately 40 x 1072 to 9 x 103, see
Fig. 10. The value for the shaken sample is the highest. The reason for this is that
different kinds of pollution are spread out in the oil by the shaking.

Figure 11 shows the attenuation as a function of the frequency. In a practical
radar system there will be losses caused by reflections from the antenna, perhaps
from foam, from the surface and attenuation owing to the antenna lobe. If we are
not concerned with “looking through” water and mud (wax) we can permit losses of
50 dB, for instance. In a tank of 20-25 m we then can use frequencies up to about
2 GHz. A reasonable frequency bandwidth will then give total losses of approx-
imately 50 dB. If in this example we wanted to use 30 dB for the detection of water
and mud, the tank cannot be deeper than about 10 m. In the simulations the fre-
quency bandwidth is very often 1-1-1-9 GHz. This covers many eventualities.

5.2. Water

5.2.1. Pure water In § 5.2 and 5.3 the temperature T is in °C, the salt content
(NaCl) S in g/l and the frequency F in GHz. In §§ 5, 6 and 7 the curves are always
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Figure 9. Unrefined oil, mean value of £'/g,, .
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Figure 12 shows the dielectric constant and the attenuation in pure water (S = 0). At
small frequencies the real part has a flat area and the value sinks from about 88 to
72. The imaginary part has relaxation absorption (von Hippel, 1952) which varies
from approximately 9 to 30 GHz

This leads to an attenuation which is shown in Fig. 12(c). If we assume that we
can use 30 dB to ‘look through’ the water, then we can detect the bottom under
15 cm of water by 1-5 GHz (T = 20). In a small separation tank we can probably
use 50-60 dB. This will allow depths of about 25 cm to be detected. However, at
this stage it should be pointed out that we do not need to detect the bottom under

b)

GHz

Figure 12. Pure water. (a) €/eo. T =0, 10, 20, 30, 40; (b) "
(¢) ‘ Two-way’ attenuation by 1-5GHz. T =0, 1

e,. T =0, 10, 20, 30, 40;
20, 30, 40.

=
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the water in order to know the depths of the oil and water. If we can determine the
impedance transition between the oil and the water, then we are able to calculate
the depth of the water if the depth of the tank is known.

5.2.2. Sea water Figure 13 shows the dielectric constant and the attenuation in sea
water (S = 35). The shape of the relative real part of the dielectric constant of sea
water is much the same as the shape in Fig. 12(a). The only difference is the lowering
of the values at small frequencies.

Figure 13. Sea water. (@) £'/eg. T = 0, 10, 20, 30, 40; (b) £"fe,. T = 0, 10, 20, 30, 40; (c) * Two-
way’ attenuation by 1-5 GHz. T = 0, 10, 20, 30, 40.
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However, for the imaginary part the change is dramatic. The reason for this is
the influence of the ion content caused by the NaCl. The effect of the relaxation
absorption and the ions is that & in the range from 3-5 to 20 GHz is relatively
independent of the temperature.

Figure 13(c) shows the ‘two-way’ attenuation. The principal influence of the
temperature is not the same as for pure water. In addition, the level of the attenu-
ation has now been changed dramatically. In a small separation tank (att. 50-60 dB,
20°C) we are only capable of “seeing through’ layers of about 3 cm. However, as
mentioned earlier, we do not need to detect the bottom in order to calculate the
depths of the oil and water.
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Figure 14, Wanxed oil (mud), mean value of €'/,

5.3. Waxed oil (mud)

Figures 14 and 15 show the dielectric constant of the waxed oil (mud). The
relative real part drops smoothly from about 50 to 5, while the imaginary part falls
from approximately 6 to 1. The weekly rise at higher frequencies is probably caused
by the water content in the waxed oil.

Figure 16 illustrates the attenuation. At a frequency of 1-5 GHz we are capable
of *looking through’ a layer of waxed oil of about 25 cm in small separation tanks
(no water).

6. Simulations
As pointed out in § 3, the expressions which describe the tank quickly became
rather complicated, and in this section different situations of interest are simulated

on a computer in order to simplify the analyses. The calculations are based on the
dielectrical data which are presented in § 5. So far the losses and possible ranges in
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Figure 15. Waxed oil (mud), mean value of &"/g, .
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Figure 16. Waxed oil (mud), *two-way’ attenuation. F = 0-5, 1-0, 1-5, 2-0, 2-5, 3-0.

the different layers have been analysed. In § 6 methods of detection and the use of
the windows which were presented in § 4 are discussed.

6.1. Detection of water

First a oil-tank with a height of 52 m is simulated. At the bottom there is a
layer of pure water which is 20 cm deep. The frequency band is from 1-1-1-9 GHz
and the number of frequencies is 64. The simulations are carried out at a tem-
perature of 15°C in the water, see Fig. 17(a). Here Rectangular, Hamming and
Blackman windows are used. The impedance transition between the oil and water is
at 5 m. The relative dielectric constant in the oil is approximately 2-15.

The electrical distance from the surface to the water becomes:

Z,~J215x 5m=~733m (16)

Here, the relative dielectric constant in the water is about 82. The echo from the
bottom then should appear at the following range:

Zyy ~Z,, + /82 x 20 cm ~ 914 m (17)

With the use of the Rectangular window we can detect the surface of the water, but

the bottom is masked by the side lobes. However, knowing the surface of the oil, the

height of the tank and the dielectric constant in the oil we can easily calculate the
depth of the water:

Zyw
Zd. ~52m— m (18)

With the use of the Hamming window we can still not see the bottom, but a dip at
about 915 m is observed. This indicates that an echo of approximately equal
strength to the side lobes and in opposite phase is situated at this range. The Black-
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Figure 17. Detection of water. (@) Depth 20 cm. Rectangular, Hamming, Blackman;
(b) Depth 10 cm. Rectangular, Hamming, Blackman.

man window has such small side lobes that the bottom can be detected directly. Eqn
(18) can now be checked:

zbl — zw

Z,.n "‘_"782— (19)

Figure 17(b) shows the situation with a height of 5-1 m. The layer of water is now
10 cm. The Rectangular window still only gives the surface of the water. However,
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the attenuation in the water is now so low that the Hamming window can be used.
The bottom is situated at:

Zuy = Z, + /82 x 10 cm =~ 8-24 (20)

The distances in Eqns (16), (17) and (20) agree very well with the simulations in Fig.
17. Using the Blackman window in Fig. 17(b) we can even detect the first multiple
echo from the bottom.

6.2. Detection of waxed oil (mud)

The complexity is now expanded by simulating a layer of waxed oil (mud) at the
bottom in addition to the water. The frequency band is still 1-1-1-9 GHz with 64
frequencies. The temperature is 15°C and the layer of 0il 4 m.

Figure 18(a) shows the response with a layer of water of 15 cm and waxed oil of
7-5 cm. The weighting functions used are the Hanning and the Hammingfolded
windows. With the Hanning window we see that the sidc lobes arc overlapping the
bottom and waxed oil echo, but such problems are not present with the Ham-
mingfolded window. Here the echoes are clearly visible from the water surface, the
wazxed oil and the bottom. It is obvious that the bottom echo is not a multiple of the
waxed oil echo. The distances between the three echoes are not the same and the
level of the last echo is higher than the waxed oil echo.

In Fig. 18(b) the layer of water is 7 cm and the layer of waxed oil 4 cm. With the
Hanning and the Hammingfolded windows we can see the water echo and the
bottom echo. In addition, one multiple bottom echo is visible. The echo from the
waxed oil is masked by either the main echoes or the side lobes.

Figure 18(c) shows the result of a new advanced method of processing signals
(described in a forthcoming paper by the present author). We see the processed

0 ; ! 1 i i ! i
dB l | 1 i i i
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=20 e _?:..._.._..._.!___ —g= i'_ ___,i. . . : —
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Figure 18. Detection of waxed oil (mud). (@) Qil 4 m, water 15 cm, waxed oil 7-5 ¢cm, Han-
ning, Hammingfolded; (b) Oil 4 m, water 7 cm, waxed oil 4 cm, Hamming, Hanning,
Hammingfolded; (c) Processed data, Processed bottom echo, synthetical echo, pro-
cessed waxed oil echo.
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bottom echo, a synthetical process echo and the processed waxed oil echo. The
waxed oil echo should appear at the following range:

Zyy~~/215x4m+ /82 x7~65m (21)
As Figure 18(c) shows this is approximately correct.

6.3. Detection of emulsion
6.3.1. Description of the model The layer of emulsion is a volume between the

water and the pure oil where waterdrops are fleeting in the oil, see Fig. 19. The
drops are touching the surface of the water, and can here fill approximately 70% of
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ZV water

Figure 19. Emulsion.

the volume. They are extended far up in the oil, but in the simulations it is supposed
that they become electrically significant at a distance H from the surface of the
water. The profile is described by the following equation (Fig. 20):

H+21+ZV—Z)0

(22

FX=W( I

The reflection coefficient is calculated supposing one thousand impedance tran-
sitions through the layer of emulsion.

6.3.2. Results from the simulations First the necessary degrec of weighting is
explored. The simulations are carried out with only a layer of water under the oil.
The frequency band is from 1-1-1-9 GHz and the number of frequencies 32. The oil
is 1 m and the water 15 cm. The temperature is 15°C and only pure water is used.
Figure 21 shows the response with Rectangular, Hanning and Hammingfolded
windows. The side lobes create preblems even with the Hanning window, and in the
further simulations of emulsion only the Hammingfolded window is used. The figure
first shows the surface of the water and after that the bottom. In addition, a weekly

1 [Waxmud_water

Figure 20. Calculation model.
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Figure 21. Use of windows. H=20cm, W =07 Q=1 Rectangular, Hanning,
Hammingfolded.

rise of the levels around 1-1 m and 2-5 m is observed. The signal at 11 m is an echo
from the first impedance transitions where the waterdrops become electrically sig-
nificant, and the signal at 2:5 m is the first multiple echo from these transitions. We
can get further information about the start of the emulsion by either using a wider
frequency band or applying the new advanced methods of processing signals
(mentioned earlier).

In Fig. 22(a) the parameter W is varied from 0-4 to 1-0. The frequencies are the
same as in Fig. 21. Four effects can be noticed in particular. Firstly, the echo from
the emulsion rises with rising W. This can be explained by the increased impedance
{ransitions at the start of the emulsion. Secondly, the echo from the water is slightly
reduced with rising W. This effect is caused by the increased reflection from the
emulsion. More detailed studies, which are not referred to here, show that the
attenuation in the drops is of secondary importance. Thirdly, the distance to the
water echo is increasing with rising W. The reason for this is that the bigger volume
of waterdrops increases the effective dielectric constant. The degree of movement is
a function of the number of waterdrops, and can be used to estimate the volume of the
waterdrops. And finally, the echo from the bottom has disappeared. This is caused
by the salt content which is 15 g/1.

Figure 22(b) shows the effect of varying the extent of the emulsion layer. The
frequencies are the same as in Fig. 21. The principal effects are equal to those in Fig.
22(a). The only difference is that the rise in the emulsion echo is caused by the
reduced distance to the emulsion layer. The losses in the oil are then smaller.

To analyse the effect of increasing Q it is convenient to choose a bandwidth
which makes it possible to distinguish the water and the emulsion echo directly. In
Fig. 22(c) the frequency band is from 1-5 GHz with 128 frequencies. The echo from
the emulsion is now clearly visible. The usual movement in the water echo with the
rising number of waterdrops is also observed. One very interesting effect is that the
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Metres

Figure 22. Variation of emulsion profile. (@) Oil 1 m, water 15cm, H=20cm, Q= 1,
T=15 S=15 W =04, 07, 1.0, (b) Oil + H=1-05m, water 15cm, W = 0-7,
Q=1,T=158=15H=5cm, 20 cm, 40 cm; (c) Oil 1 m, water 15 cm, H = 15 ¢m,
W=07,T=158=150=1,25.

emulsion echo seems to be almost independent of Q (Q > 2). As soon as some water-
drops are present we obtain a distinct echo which marks the start of the emulsion
layer.

Detection of the start of the emulsion can be carried out in several ways. If the
frequency bandwidth and the dynamic range are large enough, we can detect the
start directly as shown in Fig. 22(c). Alternatively we can use the new metbod of
processing signals. And finally, if we know the surface of the water and the dielectric
constant in the oil we can calculate the start of the emulsion indirectly.
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If we suppose that W = 0-7 and kriow the start of the emulsion, then the effective
volume of the waterdrops and the profile of the emulsion be calculated.

6.4. Detection of foam

Up to now the situation at the bottom of the tank has been simulated and
analysed. In this section, possible responses from foam and the surface of the oil are
discussed.

The nature of the foam is illustrated in Fig. 23. The smallest bubbles are situated
at the surface. The diameter of the bubbles increase with increased distance from the
surface. This effect will create softly dielectrical changes between the surface of the
foam and the oil. However, the surface of the foam will represent a sharp dielectrical
transition and cause a distinct echo. The same will also happen at the surface of the
oil, but here small bubbles of gas may be situated in the oil close to the surface. The
density of bubbles in the oil will probably increase with an increasing layer of foam.
This effect may create a diffuse impedance transition and reduce the echo from the
surface of the oil.

Figure 24 illustrates possible responses from the surface. No foam results in a
clear surface echo. A small layer of foam will raise the level to the left of the top.

foam

gas bubbles

oil

Figure 23. Model of foam.
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Figure 24. Response from the surface; No foam, little foam, medium foam, much foam.

With the new method of processing signals information about the start of the foam
layer can be extracted from the data. A medium layer of foam may give a distinct
foam echo, and if the layer is increased further the echo from the foam may be the
strongest. As the foam layer increases, the echo from the oil surface will move away
from the reference plan. This can be explained by the dielectric constant of the foam.
Advanced signal processing methods can be used if the echo from the oil surface is
strongly reduced. The surface of the foam or the oil can also be calculated indirectly
as in the case with emulsion and water.

The problems with the reduced echo from the oil surface is especially important
at higher frequencies (freq. > 7-8 GHz). This effect will probably not create prob-
lems at the frequencies which are used in these simulations,

7. Practical measurements

7.1. Description of the practical tank simulation

In order to verify parts of the theoretical simulations the tank is simulated by a
coaxial line, see Fig. 25. It simply consists of a circular pipe with a centre conductor.
Theoretically, a coaxial line can conduct frequencies from zero up to infinity.
However, problems will arise when we are approaching the cut-off for the pipe
(about 5 GHz). The practical measurements are carried out with an automatic
network analyser and the same frequency band as in the simulations (1-1-1-9 GHz)
is used. The number of frequencies is 401. The reflection coefficient is measured at
the top of the feed, and both the practical connection and the end of the epoxy layer
will create echoes. However, these echoes can simulate the reflections from the
antenna. At the bottom of the pipe different kinds of reflectors can simulate water
and waxed oil or foam and the surface of the oil.

7.2. Measurements with refiectors

Figure 26 shows some measurements using reflectors. First the response of
empty pipe is measured. We see the echo from the epoxy at about 0-25 m and the
echo from the bottom at approximately 1-45 m. The echo from the reference plan is
masked by the echo from the epoxy, but can be extracted by further signal
processing,
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Figure 25. Practical tank simulation. (a) Coaxial line, (b) Feed.

In Fig. 26(b) the reflector is 50-5 cm. This range is outside the main lobe if the

41

Hanning window is used (37-5 cm), but inside the main lobe if the Hammingfolded
window is used instead (75 cm). The figure shows that the reflector echo is situated
at about 1 m with a multiple echo at about 2 m. The bottom is at 1-45 m with a

multiple bottom echo at approximately 2-7 m.

In Fig. 26(c) the reflector is reduced to 23 cm. It is situated inside the main lobe,
but further signal processing extracts the required information from the measured
data. The reflector echo is visible at about 1-2 m with multiple echoes after the
bottom echo. The practical measurements in this section clearly demonstrate that it
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is possible to identify both large and small impedance transitions by means of the
reflectometer principle.

7.3. Measurements with oil and water

In this section the practical experiments are expanded to consider real measure-
ments with oil and water. Figure 27(a) shows the response with only oil in the pipe.
If we compare this with Fig. 26(a) we will notice three main differences. Firstly, the
bottom has moved from 1-45 m to approximately 2-05 m. This effect is caused by

0.0 5 1.0 15 20 25 3.0
Metres
Figure 26. Measurements with reflectors. (@) Empty pipe. Rectangular, Hamming, Ham-

mingfolded; (b) Reflector 50-5 cm. Rectangular, Hanning, Hammingfolded; (c) Reflec-
tor 23 cm. Measured echo, synthetical echo, processed reflector echo.
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the dielectric constant in the oil. Secondly, the level of the bottom echo is reduced
by about 3 dB. This reduction can be explained by the attenuation in the oil. The
changed impedance transition between the epoxy and the oil is only of secondary
importance. But the third effect, which is the reduced epoxy echo, is caused by this
change of impedance transition. The echo in the reference plan is now visible
without further signal processing.

In Fig. 27(b) part of the pipe is filled with 14 cm of fresh water. It is now very
important to remember that the part of the pipe which is filled with water is oper-

a) _40

Metres

Figure 27. Measurements with oil and water. (a) No water. Rectangular, Hamming, Ham-
mingfolded; (b) Water 14 cm. Hamming, Hanning, Hammingfolded; (¢) Water 5 cm.
Hamming, Hanning, Hammingfolded.
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ating over the cut-off. The reason for this is the high dielectric constant of the water,
which means that the bottom ought to be detected under the end of the centre
conductor. With the Hammingfolded window the figure shows the surface of the
water at about 1-85 m, the end of the centre conductor at 2-80 m and the bottom at
3-30 m. This figure demonstrates that we are capable of identifying the reference
plan, the end of the epoxy layer, the water surface, the end of the centre conductor
and the bottom in practical measurements.

Figure 27(c) shows the response with a layer of water of 5 cm. We see the water,
the bottom and two multiple bottom echoes. The end of the centre conductor is
now masked by the water and bottom echo, but can be extracted by further signal
processing.
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8. Conclusion

The simulations clearly demonstrate that it is possible to identify practical layers
in oil-tanks by means of the reflectometer principle. In small separation tanks it may
be possible to ‘look through’ 7-8 cm of water or about 25 cm of waxed oil (mud). If
we are not capable of ‘looking through’ the different layers directly, it may be
possible to calculate the impedance transitions indirectly. Both foam and the surface
of the oil should be able to be detected directly or indirectly.

The practical measurements verify that the reflectometer principle is applicable.
They demonstrate the use of windows and further signal processing in order to
identify different layers.
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