Feasibility of borehole radar measurements to monitor
water/steam fronts in enhanced oil recovery

applications

Mattia Miorali 1, Evert Slob! & Rob Arts 1?2

1Department of Geotechnology, Delft University of Technolo
2TNO, PO Box 80015, 3508 TA Utrecht, The Netherlands

ABSTRACT

gy, 2600 GA Delft, The Netherlands

INTRODUCTION

A technique capable of capturing the dynamics of reservoir uids in the proxim-

ity of production wells would provide enormous bene ts to the reservoir man-
agement. In fact, monitoring can be used to develop a feedb&doop between
measurements and control technologies to optimize produdbn. This paper ex-
amines the feasibility of a borehole radar tool for near-wdbore imaging. Mod-

eling results show that the maximum imaging range depends mialy on the

conductivity of the formation in which the radar borehole system lies. Another
constraint is given by the operating frequency of the systemToo low frequen-
cies compromise the electromagnetic wave propagation in f@r of di usion phe-

nomena and too high frequencies drastically attenuate the ignal. In case of a
relatively low conductive reservoir and a limited band of frequencies higher than
100 MHz, we have de ned the optimal imaging capacity of the ralar system
to be in the order of ten of meter. We suggest borehole radar mesurements
as a promising approach to monitor steam chamber growth in Séam Assisted
Gravity Drainage (SAGD) processes and to prevent water enapachment in thin

oil rims. The penetration capacity of a radar system ts the required imaging
depth for these environments.
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obtained from down-hole sensors. Addiego-Guevara et
al: (2008) have demonstrated that control strategies al-

In this last decade an important innovation in the oil in-
dustry has been the development of a new generation of
wells called smart wells. These wells are equipped with
down-hole sensors to monitor well and reservoir con-
ditions and with valves to control the in ow of uids
from the reservoir into individual well segments (Robi-
son, 1997). Figure 1 shows a schematic representation
of a smart horizontal well (Jansen et al: (2008)). The
combination of monitoring and control has the potential
to signi cantly improve oil and gas recovery (Glandt,
2005). In fact, the adjustable settings of the in ow con-
trol valves (ICVs) can be varied to optimize the in ow
pro le along the well in response to monitoring data

ways enhance production and mitigate reservoir uncer-
tainty; a typical application is the management of un-
desired uid to prevent early breakthrough within the
production wells. Currently the most used permanent
down-hole sensors measure pressure and temperature,
but give a poor description of the uid reservoir con-
ditions outside the well. There is an intense research
e ort to discover new monitoring techniques that could
capture the uid dynamics at larger distances from the
well. For example, Saunderset al: (2008) have suggested
that electrokinetic potential measurements should be
sensitive to the movement of an approaching water front
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Figure 1. Schematic representation of a smart well. The
perforations connect the reservoir to the annulus, the area
between the casing and the tubing. The annulus is divided
in compartments by rubber elements called packers and the
in ow control valves (ICVs) allow to adjust the ow from the
compartments to the tubing.

at several tens to hundreds meters from the well. The
potential eld data acquired by this technique would
provide enormous economical benet in water ooding
process where the distances between injection and pro-
duction wells are in the order of hundreds of meters.
However, in certain circumstances, a smaller penetra-
tion depth is required. For example, in thermal heavy
oil methods such as Steam Assisted Gravity Drainage
(SAGD), where the distance between injection and pro-
duction wells can be only 5 meters, or in thin oil rims,
an imaging capability of several meters would be enough
to monitor the steam chamber growth or the water en-
croachment. According to the type of reservoir and/or
the type of depletion technique used, di erent imaging
distances are therefore required. Electromagnetic (EM)
measurements in the radar frequency range have already
been applied successfully in various applications. Chen
et al: (2002) have considered borehole radar measure-
ments as an imaging technique for oil eld application
and they have concluded that a penetration depth of
several meters can be realized for relatively low con-
ductive reservoirs (e.g., < 0:03 S/m) and with oper-
ating frequencies in the range of 100 to 500 MHz. We
think that an array of down-hole EM sensors located
in production wells would Il the imaging necessity in
SAGD processes or in thin oil rim environments. In g-
ure 2 a potential implementation of a radar system in
a SAGD process is depicted. In this paper we extend
the approach de ned by Noon et al: (1998) to evaluate
the maximum penetration depth of a radar tool and we
propose modeling results that highlight the determining
factors for the feasibility of such a system.

2 ELECTROMAGNETIC WAVE
PROPAGATION

The ability of a borehole radar tool to image the near-
well region mainly depends on the applied frequency

Figure 2. Schematic representation of a potential implemen-
tation of a radar system as a down-hole permanent sensor in
a SAGD process. The steam injection is necessary to reduce
the high viscosity of the heavy oail, which is then driven to-
ward the production well by gravity. A technique capable to
monitor the steam front is required to optimize the produc-
tion.

I and on the EM properties of the medium in which
the EM waves propagate: electrical conductivity , di-
electric permittivity = | o and magnetic permeabil-
ity = . o,where ; and | are the relative dielec-
tric permittivity and the relative magnetic permeabil-
ity respectively, and o and o are the dielectric per-
mittivity and the magnetic permeability in free space
(0=8:8542 10 2 and ,=1:2566 10 ). For the
geological media we are interested in , = 1, so the sig-
ni cant EM properties are  and . In a homogeneous
medium the complex wavenumber = ,+i ; hasareal
component , which represents the attenuation part,
and an imaginary component i, which represents the
propagating part; these are respectively given by:

r riz #1-5

r_ v #i-p
= —= 1+ — +1 : 2)

Values of the attenuation ( ATT ), in decibels, and
of the phase distortion (PHer ) are given by the fol-
lowing form:

ATT =20log,,(e"); 3)
PHerr = I—p|: (4)

An analysis of these values constrain the operating
frequency and the EM properties that a medium should
have to make wave propagation (radar tools) prevail
over di usion phenomena (induction tools). Therefore,
we need to consider realistic values of EM properties
and evaluate, through equations (3) and (4), attenu-
ation and phase distortion for a broad band of radar
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frequencies.

We have used a volumetric model to get e ective val-
ues of relative permittivity ¢t , therefore the dielectric
properties of a rock are based on the relative volumes of
the di erent components and their individual dielectric
characteristics. The Complex Refractive Index Model
(CRIM), proposed by Birchak et al: (1974), is the most
used mixing model in the radar range of frequency, since
it is the one that better ts laboratory measurements
(Roth et al: (1990) and Seleznevet al: (2004)); in case
of three components it is given by the following formula:

ar = (@1 TP =2, )

where s, w and . are respectively the relative permit-
tivity of the solid, the water and the oil, is the porosity
and is the volumetric water content. To get e ective
values of conductivity we have used the classic Archie's
law (Archie, 1942). These e ective EM properties of a
rock are mainly controlled by the amount of pore wa-
ter. In fact, the relative permittivity of water is much
higher than the one of the other reservoir components
(w=80, =2 3and s =4 10) and just the
electrical conductivity of water can reach values that
would have strong impact on the EM wave propagation
( > 0:1S/m), o is lower than 10 ® and s is scat-
tered over several orders of magnitude but for reservoir
material it does not exceed 10 *. The EM properties of
water, instead, can be strongly a ected by temperature
and salinity. As temperature increases, thermal agita-
tion reduces the interaction between the dipoles and
the electric eld, while it facilitates the movement of
the ions, so the overall e ect is a reduction of  and an
increase of . The addition of salt to water decreases
w, Since the amount of the molecules able to polarize
is reduced. The electrical conductivity, instead, is di-
rectly proportional to the total dissolved salt ions, since
the conduction of current in an electrolyte depends on
the concentration of ionic species. Consequently, both
temperature and saline concentration have a relevant
in uence on the e ective EM properties of a rock.

As an example, we present in gure 3 attenuation
and phase distortion for three frequencies (10, 100 and
300 MHz). Analysis shows, that for the given range of
medium parameters, wave propagation starts to dom-
inate around 100 MHz; at lower frequencies the phase
distortion is not tolerable (g. 3d), and, on the other
side, higher frequencies make the attenuation increase
(9. 3c). The e ect of phase distortion can be clearly
seen in the time domain. Figure 4 shows that for a xed
propagation distance there is an additional time delay
for higher values of PHer . This compromises a local-
ization of a water/steam front, since the interface would
appear at higher distance than what it actually is. Time
delay of 3 ns corresponds to approximately 30 cm for a
typical EM velocity of high resistive medium (9 10’
m/s), which re ects the formation around the produc-
tion well where the borehole radar system would be lo-
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Figure 4. Electric eld in the time domain for waves that

travel the same distance but with di erent value of phase
distortion: PHerr =1, PHerr =1:5, PHerr =2Y PHerr =
2:5.

cated. For PHer = 2, it can be seen that the time delay
is already bigger that 3 ns, so a shift of approximately
50 cm would occur. This is already too much in an en-
vironment where the investigation depth can be only 5
m. Moreover, higher PHer values reduce the resolution
of the wave and consequently the ability to distinguish
multiple re ections. Another observation that can be de-
duced from gure 3 is the strong e ect of conductivity
on both attenuation and phase distortion: increase of
makesATT and PHe.r raise, hampering the wave prop-
agation domain. Therefore, we conclude that a borehole
radar system should operate above 100 MHz and that
the natural regime for EM propagation would be favor-
able in reservoirs with < 0:03 S/m.

3 REFLECTIVITY OF WATER/STEAM
FRONT

Another important parameter to be considered for a
feasibility study of borehole radar is the re ectivity of
medium discontinuities: if the re ectivity of an interface
is weak, a radar system may not be able to detect the
re ection from the interface. The re ectivity expresses
the amount of re ected energy and it depends on the re-
ection coe cient, which can be split into a transverse
electric (TE) mode and into a transverse magnetic mode
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Figure 3. Attenuation ATT and phase distortion PHer as a function of relative permittivity r and conductivity for

frequency of 10 MHz (g. 3a and 3d), 100 MHz (g. 3b and 3e) and 3 00 MHz (g. 3c and 3f)

(TM). For a single planar interface, the re ection coef-
cients are given by:

cod i1 i 1 csin? P2
re = P (6)
p P — =
co i1+ 1 csin i 2
co¥ i1 7 1 csin® i
rtm = P, ©)
p = P — =
co¥ i1+ 1 csin i2

where the subscripti = 1; 2 denotes two di erent media,
denotes the angle of incidence, ;| = i, C= C2=C
is the ratio between the EM wave velocity of the medium
2 and medium 1 and = ( 1+ i ()= 2+ il ;2).
Figure 5a shows the TE re ected energy jrre j> when
a plane wave traveling in a relatively resistive medium
(r1=10and 1 =0:01 S/m) strikes an interface which
delimits a second medium with di erent EM properties
at normal incidences. The permittivity contrast domi-
nates the re ected energy when ; is lower or in the
same range of 1; when , >> 1 the conductivity con-
trast plays the most important role and it causes a large
increase of the re ected energy. Production wells are
located in high resistive medium and water or steam
front delimits regions with a much higher permittivity
and conductivity, therefore, this is the ideal condition to
have stronger re ections. The magnitude of the re ected
energy depends on the polarization of the incident wave
and the angle of incidence. In case of normal incidence,
jrre j? is equal to jrrwm j2, since both TE and TM waves

are polarized parallel to the interface. As soon as the
angle of incidence is non zero, TE waves present a
higher re ectivity, TM waves, instead, are less re ected,
since they are polarized in the plane perpendicular to
the interface and tend to be transmitted. Anyway, the
di erence between jrre j? and jrrwm j2 is limited to the re-
gion where the permittivity contrast dominates ( g. 5b
and 5c¢). These considerations make TE wave measure-
ments more powerful than TM measurements. We can
also deduct that an array of sources and receivers would
allow to exploit the higher re ected energy of oblique re-
ections. However, this bene t has to be balanced with
the stronger attenuation that would be generated by the
longer travel path.

4 SYSTEM PERFORMANCE OF A
BOREHOLE RADAR SYSTEM

The operating performance of a radar tool can be ex-
pressed in terms of the Radar Range Equation (RRE).
Following the approach for evaluating the penetration

depth of a radar system described by Noonet al: (1998),
we can derive the RRE for smooth planar interfaces:

i jze 4R max 1

SP =
64 2RZ.

(8)

The left hand side of equation (8) expresses the
System Performance (SP) of the radar tool, that is the



Feasibility of borehole radar measurements in EOR appliGahs 77

2
Ir.I? [dB]

——eps2=15

25 - ===-eps2=20||
== eps2=25
eps2 =30

30 i i :

10° 107 10™ 10° 10
s of the second medium [S/m]
@

o
KX
N_
w
L)—

-20
——eps2=15

25 - ===-eps2=20||
== eps2=25
eps2 =30

30 i i :

10° 107 10™ 10° 10
s of the second medium [S/m]
(b)
0
-5
-10
o
k=)
o _ -15
= .
- L
-20 = 1
""""" —eps2=15

25 - ==-eps2=20||
== eps2=25
eps2 =30

30 i i :

10° 107 10™ 10° 10
s of the second medium [S/m]

©

Figure 5. Re ectivity of a single planar interface with vary-
ing properties of medium 2 at 100 MHz. Medium 1 has xed
properties: =10 and =0:01 S/m. Fig. 5a and 5b shows
jrre j2 when the angle of incidence s respectively 0 and 45
degrees; g. 5¢ shows jrry j2 when is 45 degrees.

minimum detectable signal and depends on technical
features of the system: transmitting and receiving an-
tenna directional gains, transmitting and receiving an-
tenna coupling e ciencies an transmitted power. On the
right hand side are the medium and target-dependent
parameters: attenuation , wavelength , re ectivity
and maximum penetration depth Rmax . Using equation
(8), it is possible to estimate the SP that a radar sys-
tem must satisfy to detect interfaces between two media
with di erent EM properties and for di erent penetra-
tion depths. A broad range of EM contrasts at oil-water
and oil-steam interfaces in oil eld conditions have been
considered, and the calculated SP values are shown in
gure 6. Medium 1 has been modeled with proper
and of high oil saturation rock, while we have allowed
the EM properties of medium 2 to assume a broad range
of values characteristic of rock saturated by undesired
uids like water or steam. It seems that permittivity
variations of the remote medium do not a ect the SP
(g. 6a); instead, conductivity variations of the remote
medium a ect the SP and a conductivity increase causes
a reduction of the SP needed to detect the same inter-
face (g. 6b). Therefore, in case of favorable EM prop-
erties of the rst medium, larger penetration depths can
be reached if the discontinuity has a strong conductivity
contrast. Moreover, it seems that investigation depths in
the order of ten meters can be achieved with typical SP
of current radar systems being around 160 dB and an
operating frequency of 100 MHz.

5 MODELING RESULTS

In order to evaluate the most signi cant parameters for
the feasibility of a borehole radar tool, we have mod-
eled the electric eld re ected by transitions between

oil-rich zones to water/steam-rich zones. We have used
the re ection operator approach given in Nguyen et
al: (1998). This technique requires a layered con gu-
ration embedded in two half spaces. Every layer has
relative permittivity i , conductivity ; , relative mag-
netic perrBeabiIity i = 1 and propagation constant
i=il=c 4 (i= o!)with i =1;::;N . Based on
the wave equation and the boundary conditions at each
of the N layers, the re ection operator can be expressed
by the following recursion formula:

IQ - ' + Rn+1 eXp( 2 n+1 hn+1) X
1+ rmRn+ exp( 2 ns1hpar)’

n=0;:;N (9)

wherehn+1 = zn+1  zn is the thickness of each layer and
 =( n n+1)=( n+ n+1) is the re ection coe -
cient of each interface. Source and receiver are located
in the upper half space, so once the re ector operator
at the rst interface Ry is known, it is possible to cal-
culate the scattered electric eld E*® at the position of
the receiver z:

E%(z;')= RoEinc exp(  02); (10)
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Figure 6. System Performance SP of a borehole radar tool
operating at 100 MHz. EM properties of medium 1 are xed
( =0:01 S/mand  =10); medium 2, instead, has a xed
conductivity =1 S/m and variable relative permittivity r

in (g. 6a) and xed [ and variable in (g. 6b)

where Einc is the incident eld for the source and ¢ is
the propagation constant of the upper half space. Equa-
tion (10) can be initialized by observing that for N lay-
ers Ry+1 = 0 and, after the recursion is applied from
the bottom to the top, it can be closed by considering
ro=( 1 0)=( 1+ o)

To adapt this numerical procedure to a SAGD process,
we model the portion of reservoir embedded between
the production and the injection wells as a layered sys-
tem. Source and receiver are located in the production
well, which can be considered as the upper half space de-
ned by Nguyen et al: (1998). The injection well, there-
fore, has to be considered as the lower half space. Using
CRIM law for permittivity and Archie's law for conduc-
tivity we have de ned the EM properties for an oil-rich
zone, adjacent to the production well, and for a steam
rich zone, surrounding the injection well. Both zones are
modeled as two single layers; the transition zone, how-

ever, is modeled as a multi-layer system where the EM
properties of the layers gradually change from the oil
rich zone to the steam rich zone. The input values for
the volumetric mixing law are realistic EM properties
» and for sand, formation water, oil and steam, their
respective fractional volume and a xed porosity. As can
be seen in gure 7, the formation water conductivity in
the oil rich zone a ects the re ected electric eld. High
conductivity causes a reduction of the re ected ampli-
tude because the attenuation increases. Therefore the
detection of a steam front depends strongly on its po-
sition (g. 79, 7h and 7i). When conductivity is lower,
the re ection is almost constant for all the considered
stages of the SAGD process (g. 7d, 7e and 7f).

6 CONCLUSIONS

This study suggests that a borehole radar system could
be used as an imaging tool to probe the near-well re-
gion of several meters. This makes it especially suit-
able for application in thin oil rims or SAGD processes.
Re ections generated by water/steam fronts are strong
enough to be detected. The main constraint so far seems
to be the conductivity of the formation; if at the loca-
tion of the radar system the conductivity is too high,
the re ection at an oil/water or and at oil/steam inter-
face could not be detected. Furthermore an operating
frequency higher than 100 MHz is needed to work in
the natural regime of radar measurements where the
elds propagate as waves. A careful analysis of the wa-
ter EM properties and on the factors that a ect these
properties, notably temperature and salt concentration,
has to be carried out, since they are the most signi -
cant parameters that control EM wave propagation and
re ectivity of an interface, so water or steam fronts.
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