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ABSTRACT 

The continuous growth in demand for propylene, which is 
a major feedstock in the petrochemical industry, requires an 
equivalent magnitude of growth in technology development to 
overcome the expected shortage in supplies. The need for new 
technology is especially relevant with shale gas ethane crack-
ers. Saudi Aramco, working jointly with JX Nippon Oil & En-
ergy (JX) and King Fahd University of Petroleum and Minerals 
(KFUPM), has developed the new high severity fluid catalytic 
cracking (HSFCCTM) technology. Startup of the world’s first 
commercial HSFCC unit is planned in 2018 at S-Oil in South 
Korea. While this technology was validated using vacuum gas 
oil (VGO) and atmospheric residue feeds, our Research and 
Development Center (R&DC) has pursued the technical chal-
lenge of leveraging this proven technology for use with uncon-
ventional feedstocks such as crude oil and condensate. As a 
result, extensive and dedicated efforts in catalyst development 
and commercial catalyst benchmarking are being undertaken. 
Steam deactivation is a protocol used in fluid catalytic cracking 
(FCC) laboratories to simulate a real plant’s FCC equilibrium 
catalyst (E-cat) prior to performance testing in bench-scale re-
actors and pilot plants. 

In the current study, comprehensive catalyst characteriza-
tion has been added as a tool to understand changes in cata-
lyst properties as a result of steam deactivation. This in turn 
enhances the current catalyst evaluation practice and helps 
to predict catalytic performance. The effect of steaming on 
two FCC catalysts was investigated. Namely, a commercial 
base catalyst (based on the Y zeolite) and an olefin additive 
(based on the ZSM-5 zeolite) were steamed at two different 
conditions: (1) 750 °C for 3 hours, and (2) 810 °C for 6 hours. 
Analytical methods, including nitrogen (N2) adsorption, X-ray 
powder diffraction (XRD), and temperature-programmed de-
sorption of ammonia (NH3-TPD) were employed to monitor 
changes in the physical, structural, and chemical properties of 
the catalysts due to steaming. A noticeable decrease in Brunau-
er-Emmett-Teller (BET) surface area as a result of steaming 
was observed for the base catalyst but not for the olefin addi-
tive sample. The total pore volume (PV) remained unchanged 
by steaming for both catalyst samples; however, the micropore 
volume decreased for the base catalyst, while no change was 

displayed for the additive. XRD results confirmed that the zeo-
lite structure for both samples was not destroyed by steaming. 
The NH3-TPD analysis showed higher initial acidity for a fresh 
base catalyst over the olefin additive. On the other hand, all 
steamed samples exhibited lower acidity than their fresh par-
ent samples. The VGO cracking experiments were performed 
in the Micro Activity Test (MAT) unit at 550 °C using a blend 
of base and additive catalysts. Results showed a decrease 
in conversion using steamed samples compared to the fresh 
catalyst. In contrast, olefin yields (ethylene, propylene, and 
butenes) were enhanced by steaming the catalyst, and lower 
coke formation occurred with steamed samples. 

INTRODUCTION

With over 300 such units around the world, fluid catalytic 
cracking (FCC) is a major conversion process in petroleum 
refining. FCC produces mainly gasoline in addition to a small 
amount of propylene1; however, FCC technology has emerged 
as a viable option for the petrochemical industry. This addi-
tional use of FCC is needed to cope with the ever growing 
demand for propylene and to provide an alternative to the en-
ergy intensive steam cracking that today dominates the indus-
try2, 3. This new direction in using FCC technology has been 
accompanied by significant catalyst and process developments. 
High severity FCC (HSFCCTM), a technology developed by an 
alliance of Saudi Aramco, JX Nippon Oil & Energy (JX), and 
King Fahd University of Petroleum and Minerals (KFUPM), is 
an example of such developments4.

FCC is a circulating process with “reaction-regeneration” 
cycles where the catalyst undergoes continuous deactivation, 
eventually resulting in the so-called E-cat, or the FCC equilib-
rium catalyst. The E-cat has a lower activity level than a fresh 
FCC catalyst and is considered to be more truly representative 
of FCC catalyst performance. Therefore, using a deactivation 
procedure on fresh FCC catalysts in the laboratory is a must 
to simulate an industrial E-cat and ensure accurate FCC cata-
lyst evaluation. Steam deactivation has been accepted widely 
for this purpose. Different combinations of time, temperature, 
and steam can be employed in FCC catalyst deactivation. For 
example, in the American Society for Testing and Materials 
(ASTM) method D-4463, which was developed for steam 
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deactivation of fresh FCC catalysts, the main variable is tem-
perature, while the time is kept constant at 5 hours and the 
procedure uses 100% steam5, 6.

An ultra-stable Y zeolite was introduced as a FCC base 
catalyst in 1970 by steaming or hydrothermally treating a Y 
zeolite. It was believed that steaming dealuminates the Y zeo-
lite framework to form mesopores in addition to the original 
micropores. Since then, extensive research has been conducted 
to investigate different steaming procedures as a function of 
temperature and time. Lutz et al. (2004)7 investigated the 
steaming effect on ammonium Y zeolite (NH4Y) by varying 
the time between 0.5 and 20 hours and steaming at tempera-
tures of 500 °C, 600 °C, and 700 °C. It was observed that the 
zeolite’s Brunauer-Emmett-Teller (BET) and micropore surface 
areas decreased with increasing steaming temperature and 
time. In contrast, the mesopore surface area increased with 
time at 500 °C and 600 °C, but decreased with time at 700 
°C. Meanwhile, the total pore volume (PV) was less affected 
by varying the steaming time and temperature. Tonetto et al. 
(2006)8 studied the effect of steaming on the structure and  
reactivity of a FCC catalyst. 

Two FCC catalysts based on the Y zeolite, one having large 
crystals and the other small crystal sizes, were steamed at 760 
°C for 5 hours under 100% steam. Physical properties for 
both samples were assessed using nitrogen (N2) adsorption 
before and after steaming. Results showed a decrease in BET 
surface area, total PV, and micropore volume for the small 
crystal sample as a result of steaming, while those values 
were unchanged for the large crystal sample. In addition, the 
temperature-programmed desorption of ammonia (NH3-TPD) 
analysis confirmed a decrease in total acidity for steamed sam-
ples compared to fresh ones. These results were later used by 
the authors to explain the Y zeolite effectiveness in cracking 
1,2,4-trimethylbenzene in the Riser Simulator reactor. In the 
same way, Bazyari et al. (2009)9 reported a study on the effect 
of steaming on the physicochemical properties of the Y zeolite 
used for cracking 1,3,5-triisopropylbenzene. 

Two samples were steamed at 600 °C and 700 °C for 1 
hour under 90% steam in air. A decrease in BET surface area, 
PV, and total acidity as well as a reduction in sample crystal-
linity were observed with increases in the steaming tempera-
ture. Greater reaction stability and less coke deposition were 
noticed with steamed zeolite, but not fresh zeolite. A com-
prehensive review of Y zeolite synthesis and modifications, 
including steaming, can be found in Lutz (2014)10. 

Zhang et al. (2006)11 investigated the effect of hydrother-
mal treatment (steaming) on a metal loaded zeolite (PtSn on 
ZSM-5) catalyst for propylene production. The steaming was 
conducted at 400 °C, 550 °C, and 650 °C at two different 
times — for 4 hours and for 8 hours. The physical, chemical, 
and structural catalyst properties were studied. Results of the 
X-ray powder diffraction (XRD) analysis showed that catalyst 
crystallinity decreased as the steaming temperature and time 
increased. The same trend was observed for BET surface area 

and catalyst acidity; however, the PV of the catalyst sample 
increased at mild steaming (400 °C for 4 hours), but decreased 
at all other conditions. Selectivity to propylene following cat-
alytic activity runs for propane dehydrogenation increased at 
mild steaming conditions of 400 °C for 4 hours, remained un-
changed at 550 °C for 4 hours, and decreased at severe steam-
ing conditions of 550 °C for 8 hours and 650 °C for 8 hours.  

Ravichander et al. (2009)5 evaluated the activity of a steam 
deactivated FCC base catalyst to be used for gasoline sulfur 
reduction additives screening. The steaming was conducted 
at 816 °C for different times. It was reported that activity 
similar to that of a plant E-cat was achieved after 18 hours 
of steaming the base catalyst. BET results showed a decrease 
in catalyst surface area as steaming time increased. The same 
pattern of activity was observed with a base catalyst used for 
vacuum gas oil (VGO) cracking. Another interesting study of 
the steaming effect on ZSM-5 zeolite was reported by Kubo 
et al. (2014)12. Three samples of lab prepared ZSM-5 were 
steamed at 600 °C for 0.5 hours, 3 hours, and 10 hours, re-
spectively. The physicochemical properties of these samples 
were investigated and compared with those of a fresh sample. 
Then catalytic activity for heptane cracking to olefins was 
assessed in a fixed bed reactor. It was demonstrated that no 
significant changes in the zeolite surface area and micropore 
volume occurred as a result of steaming. XRD results con-
firmed that the ZSM-5 zeolite structure was maintained after 
steaming. The catalyst acidity decreased when the steaming 
time increased. The runs revealed that the catalytic activity 
and selectivity toward olefins was enhanced by steaming for a 
short time (0.5 hours). 

Ivanov et al. (2014)13 studied the steaming effect on the 
catalytic performance of the ZSM-5 zeolite used for selective 
oxidation of phenol by nitrous oxide. The zeolite steaming 
was performed for 2 hours at different temperatures, ranging 
from 550 °C to 750 °C at intervals of 50 °C, for different 
samples using 50% steam in helium (He). Catalyst characteri-
zation showed that the BET surface area remained unchanged 
at a 550 °C steaming temperature, while it decreased at other 
conditions, with more of a decrease at the highest steaming 
temperature. This was also true for crystallinity results; how-
ever, the zeolite structure was maintained intact. The microp-
ore volume and mesopore volume did not change significantly 
with steaming temperature. A higher catalyst stability ap-
peared for samples exposed to higher steaming temperatures 
during catalyst activity runs. 

The effect of steaming on ZSM-5 FCC olefin additives was 
also investigated14. Two samples were steamed at 815 °C and 
840 °C, respectively, for 24 hours under 100% steam. The 
surface and acidity analyses showed a decrease in BET surface 
area and total acidity with an increase in steaming tempera-
ture. The VGO cracking in the advanced cracking evalua-
tion reactor showed more propylene and butene yields with 
steamed samples, compared to blank runs with only the E-cat 
base catalyst, while the opposite was the case for gasoline 
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yield. The olefins’ yield was higher with the catalyst sample 
steamed at a lower temperature.

The objective of the present research is to study the effect 
of steaming on two commercial FCC catalysts: a base catalyst 
based on the Y zeolite and an additive for olefins production 
based on the ZSM-5 zeolite. Two steaming conditions were 
investigated: (1) 750 °C for 3 hours, and (2) 810 °C for 6 
hours. Catalyst characterization was implemented to monitor 
changes in the physical, structural, and chemical properties. 
The cracking experiments were carried out using VGO feed 
in a Micro Activity Test (MAT) unit with a blend of base 
catalysts and olefin additives. The Research and Development 
Center (R&DC) is pursuing multiple research projects with 
the goal of leveraging the concept of the proven HSFCC tech-
nology to directly crack unconventional feedstocks such as 
crude oil and condensate. Extensive and dedicated efforts in 
catalyst development and commercial catalyst benchmarking 
are being undertaken. This study serves as one example of the 
comprehensive work being performed toward that goal, and it 
helps to provide a better understanding about the deactivation 
of the base catalyst and additive being considered for use in 
performance evaluations.

EXPERIMENT

Catalyst and Materials

Two commercial FCC catalyst samples (sample A and B) were 
acquired. Sample A is a base FCC catalyst with a Y zeolite 
active component, while sample B is an olefin additive with 
a ZSM-5 zeolite active component. Each catalyst sample was 
steamed at two different steaming conditions: (1) 750 °C for 3 
hours, and (2) 810 °C for 6 hours. The steaming was carried 
out under 100% steam in a fixed bed steaming unit. Steamed 
samples were labeled as A1 and B1 for condition (1), and A2 
and B2 for condition (2).

Catalyst Characterization

Catalyst characterization was used to determine the catalyst 
sample’s physical properties such as surface area and PV, its 
chemical properties such as acidity, and its structural proper-
ties such as crystallinity. 

The two parent catalyst samples along with two more 
samples from each parent, each of those steamed at one of 
the two different conditions — a total of six samples — were 
characterized using different techniques. N2 adsorption was 
used to determine the BET surface area, PV, and micropore 
volume. NH3-TPD and XRD techniques were used to assess 
the catalyst sample’s acidity and crystallinity, respectively. 

N2 Adsorption: The analyses employing the physisorption 
of N2 were conducted using an Autosorb iQ analyzer from 
Quantachrome Instruments. A catalyst sample, typically 

0.03 g to 0.05 g, was placed in the quartz sample tube and 
weighed. Then the sample was degassed for 3 hours at 300 
°C. After that, N2 adsorption was carried out at 77 K. The 
relative pressure, P/Po, ranging from 10-6 to 1, of the adsorp-
tion isotherms was calculated using a reference saturation 
vapor pressure. 

XRD: High-resolution XRD data for the samples were ac-
quired using the Rigaku ULTIMA-IV XRD with a copper 
X-ray tube from 6° to 126° 2 Bragg angles, with a step size 
of 0.04°, and with a counting time of 1° per minute. The 
authors of this article used the software package PANalytical 
High Score Plus (X’Pert HighScore Plus Version 2.2c PANa-
lytical Inc.), combined with the International Center for Dif-
fraction Data’s PDF-4+ database of standard reference mate-
rials, to determine the phase identification from the XRD data 
of the crystalline materials.

NH3-TPD: NH3-TPD experiments were performed using a 
Mettler Toledo Star equipped with a thermal conductivity 
detector (TCD). After sample degassing, saturation of NH3 
was started for 1 hour at 100 °C using a gas mixture of NH3 
and He gas. The sample was then purged with He at the same 
temperature to remove physically adsorbed NH3. After that, 
the temperature was linearly increased until 550 °C, where the 
NH3 desorbed, at which point the signal was recorded. The 
generated spectra usually displays two peaks for zeolite sam-
ples: (1) a low temperature peak (100 °C to 300 °C), and (2) 
a high temperature peak (300 °C to 550 °C). The total acidity 
is simply the integration of these two peaks.

Catalytic Cracking Experiments

All catalytic run experiments were conducted in the MAT 
unit. The MAT is a fixed bed unit used to assess the conver-
sion and selectivity of FCC catalysts following the ASTM 
method D-3907. More details about the MAT testing protocol 
can be found in a review by Corma and Sauvanaud (2013)15. 

A blend of 75 wt% base catalyst and 25 wt% olefins addi-
tive was maintained in all experiments. A significant decrease 
in conversion had been observed by others when using more 
than 25 wt% olefin additive due to a dilution effect16. All cat-
alytic runs were performed at a 550 °C cracking temperature 
and 30 seconds time-on-stream, using a hydrotreated VGO as 
a feed. The catalyst weight was varied while maintaining the 
injected VGO feed amount at 1 g to achieve the required cat-
alyst weight to oil weight (C/O) ratio. Three C/O ratios were 
investigated: 3, 5, and 7.

In a typical experiment, the reactor was loaded with a 
known amount of steamed catalyst. Then a feed injector was 
clamped to the reactor, and the assembly was placed in the 
heating zone. After that, the system was purged with N2 flow 
at 30 ml/min for about 15 minutes before introducing the 
VGO feed. The liquid product receiver was then connected to 
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the bottom of the reactor, while the other end of the receiver 
was connected to the burette for gas product collection. A 
leak test was performed prior to each experiment, and the 
liquid receiver was immersed in a low temperature bath. The 
system was continuously purged with N2 gas for 15 minutes 
more. 

Approximately 1 g of feed was then introduced into the re-
actor over a period of 30 seconds. The weight of the feed sy-
ringe was taken before and after the experiments to obtain the 
exact weight of the VGO feed. After the reaction, the strip-
ping of the catalyst was carried out for 5 minutes using 30 ml/
min of N2 flow. The low temperature bath was removed, and 
the stripping of liquid was continued for an extra 3 minutes 
to remove any gas product dissolved in the liquid. During the 
reaction and stripping modes, gaseous products were collected 
in a gas burette using water displacement. The mass balance 
was considered acceptable if it fell within the limits of 96% 
to 101% of the injected feed; otherwise, the experiment was 
repeated.

Product gas was analyzed using two Varian Inc. gas chro-
matographs (GCs) equipped with a flame ionization detector 
(FID) and a TCD. This allowed the quantitative determination 
of all light hydrocarbons up to C4, C5 paraffins, hydrogen, 
and permanent gases. For the liquid product, simulated distil-
lation (SimDis) was carried out using a Varian GC equipped 
with a FID detector according to ASTM method D-2887. 
Three different liquid cuts were considered: (1) gasoline or C5 
(221 °C), (2) light cycle oil (221 °C to 343 °C), and (3) heavy 
cycle oil (+343 °C). Coke formation on the spent catalyst was 
determined using a Horiba carbon analyzer (EMIA series). 
The weight percentages of all liquid products, gas products, 
and the coke on the catalyst were used to calculate the conver-
sion and yields. The total conversion was defined as the sum 
of the total gas and gasoline yields in addition to the wt% of 
the coke on the catalyst.

RESULTS AND DISCUSSION

Catalyst Characterization

N2 Adsorption: The physical properties obtained by N2 ad-
sorption, including surface area, PV, and micropore volume, 
are reported in Table 1. The BET results for the sample A 
series with the Y zeolite show a reduction in surface area as a 
result of steaming. Increasing the steaming severity (tempera-
ture and time) appears to be of less significance to the BET 
surface area. These two observations are applicable to both 
the single point surface area and the micropore surface area; 
however, the external surface area, which mainly represents 
the catalyst matrix — binder and filler — shows a sharp 
decrease with severe steaming only. The total PV remains 
unchanged by steaming, while the micropore volume of the 
steamed samples decreases to the same extent when compared 
to a fresh (unsteamed) catalyst. Similar experimental findings 
had previously been found in other studies5, 8, 9, 11.

On the other hand, the table shows no significant change in 
the surface area for the sample B series with the ZSM-5 zeo-
lite, including the external surface area. Similarly, the total PV 
as well as the micropore volume are unaltered at both steam-
ing conditions. This is in agreement with results obtained by 
Kubo et al. (2014)12 for the ZSM-5 zeolite steamed at 600 °C 
for 0.5 and 3 hours. 

These results indicate that the effect of steaming on the 
physical properties, namely surface area and PV, of the stud-
ied FCC catalysts is minimal, with a noticeable reduction in 
surface area only for the base catalyst. As a consequence, it is 
expected that conversion for steamed samples will be lower 
than that for fresh catalysts because less surface will be avail-
able for cracking reactions, however, it is difficult to assess 
selectivity based on these results.  

X-Ray Diffraction: XRD analysis was carried out to assess the 
crystallinity of the catalyst samples used in the current study18. 

Properties
Base Catalyst Samples 

(Y Zeolite)
Olefins Additive Samples 

(ZSM-5 Zeolite)

A A1 A2 B B1 B2

BET Surface AreaA 301 191 169 73 110 86

Single Point Surface AreaB 337 217 195 83 124 98

Micropore Surface Area (t-plot)C 206 121 136 59 89 72

External Surface Area (t-plot) 95 70 33 14 21 14

Micropore Volume (t-plot) 0.108 0.063 0.071 0.031 0.047 0.038

Total PVD 0.130 0.120 0.130 0.098 0.088 0.089

Notes:
A. Calculated using the BET equation in the range 0.05 < P/P

o
 < 0.33.

B. Calculated using the BET equation at P/P
o
 ≈ 0.032.

C. Calculated using the t-plot method: t – plot = [13.99/(0.034 – log(P/P
o
))]0.5. 

D. Measured at P/P
o
 ≈ 0.97.

Table 1. Physical properties of the catalyst samples with surface area in m2/gram and PV in cm3/gram
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Figures 1 and 2 show the XRD patterns of the FCC base cata-

lyst and olefin additive parent samples, respectively, including 

the samples from those parents steamed at the two different 

conditions. The base catalyst samples show a typical Y zeolite 

XRD pattern of crystalline materials (peaks at 5° to 7° and 

10° to 16°) before and after steaming at both investigated 

conditions. Likewise, the olefin additive samples show a typi-

cal ZSM-5 zeolite XRD pattern of crystalline materials (peaks 

at 8° to 9° and 22° to 24°) before and after steaming at both 

examined conditions. In both cases, an amorphous material 

was detected that can be attributed to the matrix component 

of the catalyst. These results indicate that neither zeolite struc-

ture was destroyed by steaming, and therefore, the crystallo-

graphic structure of both was maintained. The same findings 

were found by Kubo et al. (2014)12 for ZSM-5 and by Bazyari 

et al. (2009)9 for the Y zeolite.

NH3-TPD: Steaming usually results in zeolite dealumination, 

and as a result, loss of acid sites16. The measures of total acid-

ity, low temperature acidity, and high temperature acidity for 

the six catalyst samples are reported in Table 2. Generally, the 

low temperature and high temperature peaks correspond to 
weak and strong acid sites17, respectively. The base catalyst, 
sample A, initially shows a higher acidity than the olefin ad-
ditive, sample B. Steamed samples of both base and additive 
catalysts exhibit lower acidity than their fresh parent samples. 
This is more apparent when comparing the low temperature 
and high temperature acidity for steamed and fresh samples. 
In addition, it is clear that catalyst acidity is inversely propor-
tional with steaming severity (temperature and time); samples 
steamed at 810 °C for 6 hours display the lowest acidity for 
both base and additive catalysts, although this low acidity is 
less pronounced for the olefin’s additive samples. This can 
be attributed to the ZSM-5, which is resistant to dealumina-
tion12. So, it is expected that fresh samples will have a higher 
conversion, compared to steamed samples, under the same re-
action conditions, as acidity is the source for cracking activity. 
Similarly, it can be predicted that the conversion will decrease 
with steaming severity because the acidity is reduced. It can 
be concluded that the steaming effect on the zeolite samples’ 
acidity is not a function of zeolite type, but rather of the de-
gree of steaming. These findings are in agreement with other 
study results8, 9, 12, 14.

Catalytic Cracking Experiments

Table 3 shows the properties of the hydrotreated VGO feed 
used in the current research. MAT cracking experiments were 
used to assess conversion and selectivity. Figure 3 shows the 
VGO conversion as a function of the C/O ratio. In all cases, 
conversion is shown increasing with C/O. Also, fresh (un-
steamed) catalysts display the highest conversion, compared to 
steamed samples, at all C/O ratios. This result is in agreement 
with predictions from surface area and acidity analyses. 

Figure 4 shows the major product yields that were obtained 
at the same level of conversion — about 77 wt% — for the 
three samples tested. It is clear that the fresh sample was not 
selective to olefins — ethylene, propylene, and butenes — and 
mainly produced gasoline and coke on the catalyst. On the 
other hand, steamed samples enhanced the selectivity for ole-
fin production, with the highest olefin yields obtained with 

Fig. 1. XRD pattern for FCC base catalyst samples.

Fig. 2. XRD pattern for FCC olefins additive catalyst samples.

Acidity (mmol NH3/g)

Sample Total
Low  

Temperature 
(100 °C to 300 °C)

High 
Temperature 

(300 °C to 550 °C)

A 1.27 0.74 0.53

A1 0.39 0.29 0.10

A2 0.13 0.07 0.06

B 0.85 0.45 0.40

B1 0.31 0.20 0.11

B2 0.23 0.15 0.08

Table 2. Acid properties of catalyst samples
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samples steamed at 810 °C for 6 hours. This result for olefin 
selectivity can be validated when looking at the hydrogen 
transfer activity, defined as the ratio of isobutene to isobutane 
(iC4=/iC4) in the gas products. 

The fresh sample displayed the lowest ratio (or the highest 
hydrogen transfer activity), while the opposite was true for the 
sample steamed at 810 °C for 6 hours. A negligible decrease 
was observed in gasoline yield for samples steamed at 750 
°C for 3 hours, while about a 3% decrease was noted with 
samples steamed at 810 °C for 6 hours. Subsequently, both 
steamed samples produced less coke on the catalyst compared 
to a fresh blend, with more magnitude for samples steamed at 

810 °C for 6 hours. It can be concluded that steaming reduces 
the selectivity of the base catalyst toward coke formation, and 
at the same time, enhances the selectivity of the additive cata-
lyst for olefin production. 

CONCLUSIONS

In the present study, the authors analyzed the effect of steam-
ing on two commercial FCC catalysts: (1) a base catalyst 
based on the Y zeolite, and (2) an additive for olefins produc-
tion based on the ZSM-5 zeolite. Two steaming conditions, at 
750 °C for 3 hours and 810 °C for 6 hours, were investigated, 
while catalyst characterization was implemented to monitor 
changes in the physical, structural, and chemical properties of 
the catalyst. The cracking experiments were conducted using 
VGO feed in a MAT unit with a blend of base and olefin ad-
ditive catalysts. Based on the results, it can be concluded that: 

• The BET surface area decreased with steaming for the 
base catalyst, while no significant change was observed 
with the additive catalyst sample. The total PV remained 
unchanged by steaming for both catalysts, while the 
micropore volume decreased only for the base catalyst 
sample.

• The XRD analysis confirmed that the zeolite structure of 
both samples was maintained after steaming.

• The steamed samples displayed a lower acidity compared 
to fresh samples, with lowest acidity at the severe steam-
ing condition. 

• While steaming reduced the conversion of VGO in the 
cracking experiments, it enhanced the selectivity toward 
olefin production and low coke formation.
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Density at 15.6 °C  
(g/ml ASTM D-4052)

0.8854

Sulfur (wt% ASTM D-4294) 0.027

N2 (ppm ASTM D-4629) < 5

Nickel (ppm) < 1

Vanadium (ppm) < 1

Simulated Distillation ASTM D6352

0-IBP (°F) 526

5% Recovery (°F) 633

10% Recovery (°F) 665

20% Recovery (°F) 709

30% Recovery (°F) 744

40% Recovery (°F) 778

50% Recovery (°F) 809

60% Recovery (°F) 842

70% Recovery (°F) 877

80% Recovery (°F) 918

90% Recovery (°F) 967

95% Recovery (°F) 1,005

FBP (°F) 1,072

Total Recovery (%) 100

Table 3. Properties of the hydrotreated VGO feed used

Fig. 3. VGO conversion vs. C/O ratio. Experiments were conducted at 550 °C 
while the C/O was varied between 3, 5 and 7.

 
 

 
 
Fig. 4. Comparison of major product yields with VGO cracking at 550 °C (at the same level of conversion, 
about 77 wt%) for fresh and steamed samples. 
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ABSTRACT 

This work presents an investigation of how new surface mod-
ified nanoparticles (SMNs) act as internal breakers for vis-
coelastic surfactant (VES) based fluids. The breaking profile 
was observed because that is a key performance feature of a 
fracturing fluid. In addition to providing greater application 
latitude at high temperatures, the proposed SMN solution is 
suited for gas wells or in situations where there is less likeli-
hood of encountering formation crude oil, which can also act 
as a breaker for VES fluids.

The SMNs were made by organically modifying nanopar-
ticles with specific surface capping agents having functional 
groups that can bind on to their surfaces through chemical or 
physical interactions. The base VES fluid was prepared from 
a mixture of seawater, ionic strength agents, and a VES for-
mulation. Varying amounts of SMNs were added to the base 
fluid, which was mixed vigorously to form a homogeneously 
dispersed fluid. The viscosities of the base fluid without SMNs 
and with varying amounts of SMNs were monitored over time 
at a fixed temperature to observe the breaking profile.

The base fluid, consisting of a VES dispersed in seawater 
with an ionic strength agent, exhibits stable viscosity for pro-
longed times. Compared to the base fluid, fluid where bare 
nanoparticles are added shows marginal improvement in vis-
cosity, although the fluid does not break down to very low 
viscosity within the desired time for convenient flow back 
operations. A slow viscosity drop is ideal from a fracturing 
fluid point of view, because that helps in efficiently placing 
the proppants inside of created fractures and eventually in 
fluid cleanup. But in fluids without the organically modified 
nanoparticles, the viscosity is too stable, causing the post-frac-
turing cleanup to be too slow. In fluid with the SMNs added, 
the viscosity drop can be controlled and achieved in a relative-
ly shorter time. Furthermore, with these SMN augmented flu-
ids, breaker control over breaking time is also achievable. 

The SMN internal breakers interact with the VES fluid’s 
worm-like micelles and disrupt the gel formed by these elon-
gated micellar structures. The SMNs have a functional cap-
ping agent that alters the way the nanoparticles interact with 

the micelles, changing it from an electrostatic interaction to 
a hydrophobic-hydrophobic interaction. This change pro-
vides an efficient mechanism for breaking the VES base fluids 
in the absence of any external breaker that can tolerate high 
temperatures.

INTRODUCTION

Cross-linked polymer-based products have dominated the 
fracturing fluid business in the oil and gas industry for the 
past several decades1. The rheological properties of these flu-
ids have significantly helped in achieving efficient proppant 
fracturing of tight reservoirs. Hydraulic fracturing creates a 
large contact area between the formation and the wellbore, 
leading to more effective access to the reservoir. Although, if 
the polymer is not broken fully after fracturing, it can end up 
damaging the newly exposed surface and negate the efforts to 
realize maximum production rates. The need to minimize for-
mation damage during fracturing has opened the way for the 
development of viscoelastic surfactant (VES) based fluids. 

VES fluids have been proven to be a cleaner alternative to 
polymer-based fluids2. This is due to the VES fluid’s ability to 
break down into a low viscosity fluid without any residue that 
could potentially damage formations. Generally, the VES flu-
id relies on the presence of reservoir oil or formation water 
to break the gel. Yet several case studies of wells using VES 
fracturing fluid have noted that often remedial action with a 
co-solvent becomes necessary to achieve an effective cleanup. 
Therefore, development of an internal breaker was imperative. 

A breaker for cross-linked polymers works by chemically 
breaking the backbone of the polymer chains. The composi-
tion of the fluid and the breaker is designed so that the break-
er becomes chemically active and breaks the fluid at a certain 
predetermined time, set by considering well conditions like 
temperature3. Analogously, a breaker for VES fluids works 
by disrupting the micellar gel structure to reduce the viscos-
ity, again after a certain time. But no chemical bond break-
ing is involved in VES fluids; instead the additive used as a 
breaker prevents the formation of the worm-like micelles in its 
presence. 

Surface Modified Nanoparticles as Internal 
Breakers for Viscoelastic Surfactant-based 
Fracturing Fluids for High Temperature 
Operations

Dr. Shiv Shankar Sangaru, Prahlad K. Yadav, Dr. Tianping “Tim” Huang, Dr. Gaurav Agrawal and Dr. Fakuen F. “Frank” Chang 
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Therefore, breakers for VES fluids have to be very careful-
ly chosen so that the required viscosity, which is achieved by 
the formation of entangled micellar structures, can still devel-
op initially, then after a certain time the breaker will degrade 
these structures. With this goal in mind, nanoparticle-based 
breakers have been developed that allow the viscosity of the 
original base VES fluid to remain and begins to break it only 
after a certain time. 

Presented here are the initial findings of an assessment of 
this novel breaker, which can be adopted as an alternative 
class of breakers for VES fluids, especially for the high tem-
perature applications that are usually encountered in gas wells 
in the Middle Eastern region.

STATEMENT OF THEORY AND DEFINITIONS

Conventional polymer-based fluids — the molecular weight 
is usually in the millions — form a thick gel due to hydration 
and the formation of extended chemical crosslinking via linker 
molecules. This essentially increases the effective molecular 
weight of the polymer by several tens to hundreds of times. It 
is well-known that this cross-linked molecular network plays 
an important role in suspending proppants. The downside is 
that if they later are not broken properly into very low molec-
ular weight fragments, these somewhat rigid cross-linked net-
works have a high tendency to seal pores, causing formation 
damage, reducing the fracture conductivity, and displacing 
proppant during flow back. 

In contrast, the gelling behavior of VES fluids is due to the 
entanglement of worm-like micellar structures composed of 
the surfactant molecules — the molecular weight of the sur-
factants is less than 1,000 — without the need for a compli-
cated cross-linked network. The worm-like micellar structures 
are formed by the self-assembly of surfactant molecules that 
are held together by weak intermolecular forces4. These 
micelles are dynamic structures existing in a thermal equilib-
rium state; they constantly break and reform with a certain 
frequency that depends on the intermolecular interactions and 
external shear stress1. Under low shear stress and static condi-
tions, these fluids show good viscoelastic properties with high 
elastic modulus, allowing them to efficiently suspend prop-
pants. Because they are dynamic structures, the micelles are 
also prevented from forming a filter cake, as observed with 
polymer fluids5. Under high pressure in high permeability for-
mations, due to high local shear stress at the interface between 
the fluid and the porous formation, relatively high fluid leak-
off is observed with VES fluids. Yet after fracturing is com-
plete, an effective breaker would still be required for efficient 
cleanup and flow back since breaking the fluid to low viscosi-
ty remains necessary. The self-assembled and dynamic nature 
of the micellar structures within VES fluids makes it conve-
nient to disrupt them after fracturing, forming a thin fluid 
without leaving any solid residue. 

For oil wells, VES fluids do not need an extra additive as 

an internal breaker because they can be conveniently broken 
with reservoir hydrocarbons2. This breaking mechanism, how-
ever, does not work as effectively in gas wells. In gas wells, a 
remedial treatment consisting of a mutual solvent or alcohol 
becomes necessary for cleanup. An alternative solution to a 
remedial treatment is the addition of an internal breaker that 
can achieve controlled fluid breaking. Specific breakers have 
been developed to enhance the cleanup efficiency of VES flu-
ids to make them a viable alternative to polymer-based frac-
turing fluids6. It is worth mentioning that although the term 
“breaker” is used because these additives are analogous to 
the breakers in conventional fluids, breakers for VES fluids do 
not involve any chemical bond breaking. The so-called break-
ers for VES fluids work by destabilizing the worm-like micel-
lar structure, which eventually leads to a loss in its viscosity. 
Some of the approaches that have been already used to break 
VES fluids include microemulsion systems7, metal ion sources8, 
chemically reactive molecules9, and biological systems such as 
specific bacteria10.

Nanoparticles have earlier been demonstrated11 to enhance 
the rheological performance of VES fluid. The surface mod-
ified nanoparticle (SMN) based breaker demonstrated here 
can be used with VES fluids for controlled breaking, which 
it achieves by altering the nanoparticle’s surface functional-
ity. Laboratory rheological data evaluating the performance 
of this breaker are presented, and a possible mechanism is 
suggested.

TEST CONDITIONS AND METHODS

Viscosity break profile tests were performed using Chandler 
Engineering’s 5550 high-pressure, high temperature viscome-
ter fitted with a B5 bob in a concentric cylinder configuration. 
The tests were conducted at a temperature of 300 °F and pres-
sure of 500 psi under nitrogen. The viscosity was measured 
over time, extending up to 24 hours, at a constant shear rate 
of 100 sec-1, and results were reported in centipoise (cP).

SMNs were prepared by modifying the nanoparticles’ 
hydrophobicity with certain surface capping agents having 
specific functional groups that can bind on to their surfac-
es through chemical or physical interactions. An amphoter-
ic surfactant formulation was used as the base VES fluid. It 
was selected for its ability to provide a stable gelling behav-
ior at 300 °F. The base VES fluid was prepared by mixing a 
base composition of 9% (v/v) amphoteric surfactant and 30% 
(wt/v) of an ionic strength agent in seawater with a total dis-
solved solids value of 52,700 mg/L and a total hardness value 
of 9,660 mg/L. After varying amounts of SMNs were added 
to the base fluid without any changes to its composition, it 
was mixed vigorously to form a homogeneously dispersed flu-
id. The viscosities of the base fluid without SMNs and with 
varying amounts of SMNs were monitored over time at a tem-
perature of 300 °F and a shear rate of 100 sec-1 to observe the 
break profile.
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RESULTS AND DISCUSSION

The base VES fluid without any breaker additive showed very 

stable viscosity for several hours at 300 °F. Figure 1 shows the 

viscosity profile of the VES fluid, which is around 310 cP, over 

more than 20 hours at 300 °F and a shear rate of 100 sec-1. 

The fluid in absence of any breaker shows hardly any signs 

of fluid breaking over time at this high temperature. SMN, 

a nanoparticle-based additive suitably modified to render its 

surface hydrophobic, was then tested. Figure 2 shows two 

photographs of a layer of bare nanoparticle film and a layer 

of SMN film. Both samples look identical, but the difference 

in surface properties can be visualized by making a change in 

wettability. In Fig. 2a, a drop of water placed on the unmodi-

fied nanoparticle film wets the surface and seeps into it; how-

ever, in Fig. 2b, when placed on a film of SMNs, the water 

 
 

 
 
Fig. 1. Viscosity of base VES fluid without any nanoparticles measured at 300 °F and a shear rate of 100 
sec-1. 
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Fig. 1. Viscosity of base VES fluid without any nanoparticles measured at 300 °F 
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droplet remains sessile over it with a high contact angle. 
Changes in the viscosity of the VES fluid blended with dif-

ferent amounts of SMNs were measured at 300 °F under a 
constant shear rate of 100 sec-1 for a maximum 22 hours. Fig-
ure 3 shows the variation in the viscosity profile with chang-
ing SMN concentration, measured in pounds per thousand 
gallons (pptg). The presence of SMNs clearly enables the VES 
fluid to lose viscosity gradually over time. Increasing the SMN 
concentration in the fluid tends to reduce the time required 
for lowering the viscosity of the fluid from above 300 cP to 
less than 20 cP. In Fig. 4, the time required for the viscosity of 
the VES fluid with different concentrations of SMNs to drop 
down to 100 cP and 20 cP, respectively, has been plotted. An 
almost linear decrease in time for fluid breaking was observed 
with an increase in the SMN concentration from 12 pptg to 
30 pptg. Increasing the concentration above 30 pptg does not 
seem to have any more influence on fluid breaking. At these 
high concentrations of SMNs, it requires nearly 6 hours for 
the fluid viscosity to reduce to 100 cP and around 9 hours for 
it to reduce to 20 cP.  

During the initial 2 hours at 300 °F, the VES fluid with 
SMNs showed an improved viscosity as compared to base 
VES fluid without any SMN. Apparently, when the SMNs are 
initially incorporated into the worm-like micellar structure of 
the VES fluid, they pseudo crosslink the elongated micelles 
in ways analogous to that observed in earlier reports with 
other unmodified nanoparticles11. The SMNs have a hydro-
phobic surface energetically favored to incorporate into the 
internal spaces of those micelles that are nonpolar in nature. 
In VES gels, the molecules in the midsection of the cylindrical 
micelles are energetically more stable, whereas the molecules 
at the tip of the worm-like micelles are less stable12. Therefore, 
more surfactant molecules get added at the tip, promoting 
growth and elongation of the worm-like micelles, which leads 
to higher viscosity of the fluid. The presence of SMNs could 
potentially offset this thermodynamic equilibrium by enhanc-
ing the stability of the molecules at the tip of the cylindrical 
micelles and preventing them from growing. Then, during 

the aforementioned dynamic process of micelle breaking and 
forming, the SMNs would gradually promote the breaking of 
the micelles, Fig. 5, faster than their rate of reformation. 

This eventually leads to a fluid with much shorter worm-
like micelles, and therefore, very low viscosity. As the amount 
of SMNs is increased, it increases the probability of the break-
ing and shortening of the worm-like micelles and decreases the 
time required to break the fluid. Beyond a certain concentra-
tion limit, the presence of additional SMNs does not seem to 
promote any further breakage of the worm-like micelles. No 
significant reduction in fluid break time was observed above 
30 pptg of SMN. Therefore, SMNs beyond this limit would 
be unsuitable for use in this VES fracturing fluid.

This SMN-assisted viscosity building and breaking mech-
anism allows the VES gelling ability to be utilized in the 
fracturing of high temperature gas wells in which no liquid 
hydrocarbon is available to break the fracturing fluid for 
effective flow back and fracture cleanup.  

CONCLUSIONS

SMNs with altered hydrophobicity are promising candidates 
for breaking viscoelastic gels. The break time can be varied by 
changing the SMN concentration. The breaking mechanism of 
the viscoelastic gel is likely occurring by the incorporation of 
the SMN inside the micelles, which promotes breakage of the 
elongated worm-like micelles into short micelles.

The performance of the combination of VES gel with SMN 
demonstrates that the fluid possesses a reliable rheology for 
carrying proppant during pumping and for facilitating cleanup 
during flow back. In addition, this type of chemistry is suit-
able for fracturing fluid using seawater as the base water. In 
future articles, the authors will illustrate how high tempera-
ture seawater-based fracturing fluids can be developed based 
on the VES and SMN chemistry.

 
 
Fig. 4. Plot of time required for the viscosity of the VES fluid to drop to 100 cP (squares) and 20 cP 
(triangles), respectively, with respect to the different amount of SMN added to it. The data points are 
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ABSTRACT 

A maximum reservoir contact (MRC) well, by definition, is 

a single or a multilateral horizontal well with more than 5 

km of total contact with the reservoir rock. Planning of these 

wells requires extensive modeling studies to optimize the 

well’s total length, well placement, and the configuration of its 

branches.

The main objective behind the MRC well concept was to 

improve individual well productivity, and thereby reduce the 

unit development costs and better develop a field’s hydrocar-

bon assets. In fact, oil fields developed using MRC wells show 

significant improvements in those wells’ performance in terms 

of increased productivity index, lower drawdown, and delay 

of water and gas conning.

A major challenge that faces production engineers in their 

daily operations is identifying and accessing lateral windows 

in those MRC multilateral wells; this is typically done to per-

form rigless downhole sensing and intervention jobs — log-

ging, stimulation, etc. This challenge varies in difficulty based 

on the technology advancement of multilateral (TAML) levels. 

For example, in TAML Level 2 wells — cased mainbore (M0) 

— metal logging tools such as the casing collar locator can 

be used to identify and confirm the access of laterals. This, of 

course, is not an option in TAML Level 1 multilateral wells — 

open hole M0 and lateral(s). Another reason selective reentry 

involving TAML Level 1 wells is considered very difficult is 

the shape and quality of the wellbore near the junction (win-

dow) post-drilling and after distortion of hydrocarbon flow. 

This article describes an intelligent electromechanical (EM) 

tool, jointly developed to address this issue. The tool consists 

of a sensing package that can identify and locate the depth 

and orientation of the lateral window using an ultrasonic 

scanner and EM sensor, and an EM arm that can be easily 

rotated and actuated, with a wide range of angles, to lead and 

steer the bottom-hole assembly into the required lateral. 

This article also discusses the discoveries, challenges, and 

results of testing this intelligent tool in two TAML Level 1 

multilateral oil producers: one a fishbone well with a M0 and 

six open hole laterals branching from it (accessed under shut-

in conditions)1, and the other an open hole well with a M0 

and a lateral branching from it (accessed under both shut-in 

and flowing conditions). In both trials, the tool was success-

fully used to guide a production logging tool (PLT) into differ-

ent well laterals. 

INTRODUCTION 

Maximum reservoir contact (MRC) wells are defined as wells 

having an aggregate reservoir contact of more than 5 km, 

either through a single wellbore or multilateral configurations. 

The concept of MRC wells was developed to significantly 

improve reservoir and well performance by minimizing or 

eliminating water and gas production, while also reducing 

development cost.

The first application of the MRC well concept in Saudi 

Arabia occurred during 2002 in the Shaybah field, where the 

first MRC well was drilled as a trilateral well with a MRC of 

8.5 km.

Since then, Saudi Aramco has gone a long way, drilling 

many more MRC wells. In the process, the company has 

managed to improve the well design and placement, plus the 

costs of the drilling programs, as well as later managing and 

maximizing production from the MRC wells. 

Pushing the envelope of the concept for MRC wells didn’t 

stop at the conventional trilateral configuration, but went 

further to drilling quad- and penta-lateral MRC wells, seeking 

to improve well performance by increasing the productivity 

index and lowering the drawdown pressures. The results were 

long-term significant improvements in increasing well poten-

tial, recovery, and sweep. The MRC concept was not only 

limited to newly drilled wells, it has also revolutionized work-

over practices to maximize the value of existing conventional 

wells2, 3.

Selective Multilateral Well Reentry 

The inability to selectively enter the lateral extensions of Level 
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Hole Multilateral Wells Using Intelligent 
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1 and Level 2 wells, Figs. 1 and 24, respectively — as per the 
technology advancement of multilaterals (TAML) classifica-
tions by Level — has traditionally limited rig-based and rigless 
coiled tubing (CT) operations in these wells. In response, the 
industry had to develop a selective intelligent multilateral well 
reentry tool that could enable logging and stimulation of Level 
1 and Level 2 wells without 
adding complexity and unnec-
essary costs to wellbore con-
struction such as that required 
by Level 3 to 6 completions. 
The goal was to keep the cost 
per pay zone to a minimum5.

Reentry of Level 1 multi-
lateral wells is a big challenge 
due to their simplicity and the 
lack of any casing support. It 
is relatively easier to reenter 
the laterals of Level 2 wells, 
since the junction is supported 
(cased) and the well-developed 
method of using magnetic met-
al detection sondes to confirm 
the tool departure from the 
lateral is available, but chal-
lenges remain6.  

The Selective Intelligent 
Multilateral Entry Tool 

The selective intelligent mul-
tilateral tool, also known as a 
well lateral intervention tool 

(WLIT), consists of several components: the sensing package, 
which includes the well ultrasonic scanner (WUS); the well 
hardware scanner (WHS); the electromechanical (EM) actua-
tor steering arm; and the control graphical user interface. The 
new generation of this tool is also equipped with a wireless 
sub to allow signal communication without the need to modi-
fy third-party tools with a feed-through cable. Figure 3 shows 
a general schematic of the tool and the different parts. A full 
explanation of the main components of the tool is provided 
next. 

The WUS. The WUS consists of an array of ultrasonic trans-
ducers arranged circumferentially around the outer diameter 
of the tool, facing outwards. The tool transmits individual 
signals in sequence while the remaining transducers receive the 
echoes. The time and amplitude response provides a unique 
signature that identifies the surroundings, including locating 
the lateral windows in TAML Level 1 open hole-to-open hole 
junctions. 

The WHS. The WHS is designed to detect the magnetic char-
acteristics of known reference points on the casing and tubing 
strings, i.e., casing collars and sliding sleeves. This package is 
important to identifying and locating cased hole lateral junc-
tions, i.e., TAML Level 2 junctions. The WHS will not be able 
to identify and locate open hole-to-open hole junctions and 
lateral windows in Level 1 wells. 

The EM Actuator Steering Arm. After the window angle is 
determined based on the sensory package data and after a 
review of the deviation survey, the EM actuator steering arm, 
Fig. 4, is actuated, moving at 15º increments, Fig. 5. The arm 
responds to achieve the desired angle, which is provided by 
the engineer in the control room. After the arm is set, the 
whole assembly is lowered further into the well, with the as-
surance that the tool will be selectively steered to the desired 
path7.

Fig. 1. Open/unsupported junction — 
open hole M0 and lateral4.

Fig. 2. Supported junction — cased 
and cemented M0 and open hole 
lateral4.

 
 
Fig. 3. A general schematic of the WLIT, showing the main components7. 
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The Wireless Sub. The wireless sub was designed to allow 
communication with the actuator arm without the need to 
modify the third-party tools with a feed-through cable. It is 
operated from the surface and uses downhole batteries to pro-
vide the power required to activate and steer the arm7. 

THE FIRST FIELD TRAIL

The Candidate Well

The candidate well produces more than 1,000 barrels per day 
(BPD) of oil with high gas-oil ratio (GOR) values of > 3,500 
standard cubic foot per stock tank barrel (SCF/STB). It is a 
fishbone type multilateral well, Fig. 6, in a gas cap driven car-
bonate reservoir.

Table 1 summarizes the details of the candidate well used 
for this part of the technology trial test. 

The well consists of a 6⅛” open hole mainbore (M0). 
Branching from it are six laterals (L-01, L-02, L-03, L-04, 
L-05, and L-06) with the same 6⅛” open hole diameter. 

Table 2 shows the kickoff point (KOP), measured in ft, and 
the total depth (TD) of each lateral. The simulated CT lockup 
depth and coverage are also shown.

Job Description and Objective

The goal of the operation is to run a horizontal production 
logging tool (PLT) into the mainbore and each lateral, both to 
identify the gas contribution of every lateral as well as to de-
termine the cross flow between laterals. This important data is 
crucial for enabling reservoir management engineers to better 
understand the reservoir and prevent gas and water conning 
from the MRC well. 

The WLIT will help in steering the logging tool inside the 
laterals, one by one, to determine the exact zones of gas con-
tribution that is causing the high GOR. A dummy run with 
only weight bars will be performed initially to identify the 
angle of arm actuation at each junction that will steer the tool 
to the desired lateral. Shut-in passes and flowing passes then 
will be performed for each lateral based on the angles and 
outcomes of the dummy run. 

Repeatability of Ultrasonic Signal and Baseline 
Establishment

The ultrasonic signal is the main way to identify the exact 
path that the tool is being steered into. Therefore, the first re-
quirement of this job is to check the repeatability and unique-
ness of the ultrasonic signal for different sections inside the 
open hole. This was confirmed by scanning the section from 
5,876 ft to 6,284 ft, Fig. 7.

A baseline run also has to be performed to determine the 
total natural path, steering between the laterals and the M0 
at each junction; this will help the analysis later on. Figure 
8 shows the baseline run results while passing near the first 
junction and what can possibly be the second junction, 

 
 
Fig. 6. Well schematic: Fishbone multilateral configuration1. 
 
 
 
 
Flow Rate > 1,000 BPD 
GOR     > 3,500 SCF/STB 
Number of Laterals  7, including the motherbore  
Well Structure   MRC – TAML Level 1 (open hole) 
Reservoir Type   Carbonate, gas cap drive 

 
Table 1. Details of the first candidate well in the trial test 
 
 
 
 
 
 
Wellbore KOP (ft) TD (ft) Simulated Lockup (ft) Coverage 
M0 5,807 15,700 9,000 32% 
L-01 10,829 12,345 9,000 0% 
L-02 9,950 11,525 9,057 0% 
L-03 9,135 10,710 9,057 0% 
L-04 8,329 9,904 8,981 41% 
L-05 7,368 8,935 8,935 100% 
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depending on if the tool remained in the M0 after the first 
junction. 

Accessing the First Junction

Signature 1 in Fig. 9 shows the same signature attained for the 
natural path during the baseline run. Several attempts were 
made to steer away from this path by actuating the arm to 
45°, 225°, and 90° orientations. After the arm was oriented 
to 315°, a different signature was attained, and the tool was 
further run in hole inside this path until the CT tagged a TD 
of 8,255 ft. This depth matches the TD of L-06, Table 2. 

So, the natural path and the first three attempts, all of 
which resulted in attaining Signature 1, Figs. 9 and 10, were 
attributed to the M0, and it was concluded that the 315° 
angle would result in steering the tool to L-06 — as confirmed 
by the new signature, Signature 2. 

In an attempt to access the second lateral, the arm was run 

unactuated into the first junction and further, then multiple 

scans were performed near the second junction depth. The 

signatures attained, however, were totally different than those 

attained for the baseline run, Fig. 9. Running in the hole fur-

ther, the CT tagged the same TD of L-06, confirming that the 

tool was not inside the M0, but inside L-06. 

The tools were pulled out of the hole to the surface for a 

battery change, then they were run in the hole again. Another 

attempt at accessing the first junction with the arm unactuated 

resulted in getting Signature 2, which meant that the natural 

path had changed. To steer the tool inside the M0, the steer-

ing arm was actuated to an angle of 45º inside the first junc-

tion, and its location inside the M0 was confirmed by getting 

Signature 1 on the ultrasonic signal. The tool was then run to 

the second junction depth.

Accessing the Second Junction

Figure 11 shows the attempts performed for the second junc-

tion. Signature 1 had been recorded in the initial baseline run 

inside the M0. Accessing the second junction with the angle 

of 45º resulted in acquiring a different signature (Signature 

2), which indicated that we had steered into a new path. 

Continued running inside this path resulted in reaching a TD 
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of 9,150 ft, which is greater than the TD of L-05 (8,935 ft). 
Therefore, the conclusion was drawn that Signature 1 is as-
sociated with L-05 and Signature 2 indicates that the tool has 
accessed the M0, Figs. 11 and 12. 

To force steer the tool into L-05 — to avoid depending 
on the natural path as it might change as observed earlier — 
another attempt at the angle at 315° was tried, but it gave 
the same signature, Signature 2. The angle at 135°, however, 
resulted in acquiring the signature of L-05, Signature 1. 

Accessing the third junction with the arm deactivated and 
at an angle of 315° resulted in attaining the same signature 
(Signature 2). The inclination angle recorded indicated that 
the tool was inside the M0. Due to battery limitations, it was 
decided to use the angle of 315° to steer the logging tool to 
the M0 to get cumulative production data for the rest of the 
laterals.

Summary of the First Field Trial 

Tables 3 and 4 summarize the attempts and results of the first 
field trial for both the first and second junction.

Pass # Arm Status Signature Depth Reached Assumed Path Actual Path

1 Deactivated 1 8,006 ft (LU) NA M0

2 45° 1 NA NA M0

3 225° 1 NA NA M0

4 315° 2 8,240 ft (TD) L-06 L-06

5 Deactivated NA 8,240 ft (TD) M0 L-06

6 Deactivated 2 NA L-06 L-06

7 45° 1 NA M0 M0

Table 3. Summary of runs completed on the first junction

Pass # Arm Status Signature Depth Reached Assumed Path Actual Path

1 Deactivated 1 8,006 ft (LU) NA L-05

2 Deactivated 1 NA NA L-05

3 45° 2 9,150 ft (LU) M0 M0

4 315° 2 NA M0 M0

5 135° 1 8,929 ft (TD) L0-5 L-05

Table 4. Summary of runs completed on the second junction

Flow Rate > 1,000 BPD

GOR > 3,000 SCF/STB

Number of Laterals 
2, including the 

motherbore 

Well Structure
MRC – TAML Level 1  

(open hole)

Reservoir Type Carbonate, gas cap drive

Table 5. Details of the second candidate well in the trial test
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Fig. 13. Well schematic for the MRC open hole well with one lateral. 
 
 

Pass # Arm Status Signature Depth Reached Assumed Path Actual Path 
1 Deactivated 1 8,006 ft (LU) NA L-05 
2 Deactivated 1 NA NA L-05 
3 45° 2 9,150 ft (LU) M0 M0 
4 315° 2 NA M0 M0 
5 135° 1 8,929 ft (TD) L0-5 L-05 
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Fig. 13. Well schematic for the MRC open hole well with one lateral.
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THE SECOND FIELD TRIAL 

The Candidate Well 

The candidate well for the second field trial produces more 

than 1,000 BPD of oil with high GOR values of > 3,000 SCF/

STB. It is an MRC well with the M0 and one lateral branch-

ing out, located in a gas cap driven carbonate reservoir.

Table 5 summarizes the details of the candidate well used 

for this part of the technology trial test.

The well consists of a 6⅛” open hole M0. Branching from 

it is one lateral, L-01, with the same 6⅛” open hole diameter, 

Fig. 13. 

Table 6 shows the TD of the M0 and the lateral, and the 

simulated lockup depth for the 2” CT used for the job. 

The goal of the job is the same as in the first trial, to run a 

horizontal PLT to identify the gas contribution of the lateral 

as well as determine the cross flow between the lateral and 

M0. The WLIT will help in steering the logging tool inside 

the M0 and the single lateral to determine the exact zones 

of contribution to the high GOR. A dummy run with only 

weight bars will be performed initially to identify the angle of 

arm actuation at each junction that will steer the tool to the 

desired lateral.

Repeatability of Ultrasonic Signal and Baseline 
Establishment

The ultrasonic signal is the main way to identify the exact 

path that the tool is being steered into. Therefore, the first re-
quirement of this job is to check the repeatability and unique-
ness of the ultrasonic signal for different sections inside the 
open hole. This was confirmed by scanning the section from 
6,400 ft to 6,700 ft with the arm deactivated, which identified 
the natural path as L-01 in this field trial, Fig. 14.

Accessing the Junction

The signature in Fig. 14 represents the signature attained for 
the natural path during the baseline run. We reviewed the 
deviation survey and attempted to access the M0 by actuating 
the arm to 45°, which resulted in obtaining a different unique 
signature, Fig. 15, which we determined represented the M0 
signature.

Several attempts had to be conducted to determine both the 
M0 and L-01 access angles, and as we have seen from other 
field trials and tests, the natural path may change. By deacti-
vating the arm only, it may not guarantee being able to access 

Wellbore KOP (ft) TD (ft)
Simulated 
Lockup (ft)

Coverage

M0 6,408 12,833 8,586 34%

L-01 6,558 15,085 8,520 24%

Table 6. KOP, TD, and simulated CT lockup depths of the M0 and the one lateral
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Fig. 14. Confirmation of the repeatability of the ultrasonic signal in the open hole in the L-01 natural path. 
 
 

 
 
Fig. 15. Confirmation of the repeatability of the ultrasonic signal in the open hole in the M0. 
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L-01 6,558 15,085 8,520 24% 
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Fig. 14. Confirmation of the repeatability of the ultrasonic signal in the open hole 
in the L-01 natural path.

Pass Number Arm Status Signature Depth (ft)

1 Deactivated L-01 6,826 – 6,450 POOH

2 Deactivated L-01 6,450 – 6,768

3 Deactivated L-01 6,768 – 6,460 POOH

4 45° L-0 6,460 – 6,670

5 Deactivated L-0 6,670 – 6,460 POOH

6 45° L-0 6,460 – 6,670

7 Deactivated L-0 6,670 – 6,460 POOH

8 315° L-0 (Assumed L-01) 6,460 – 6,670

9 225° L-01 6,460 – 6,670

10 L-0 Log - Flowing 45° L-0 6,640 – 8,160

11 L-01 Log - Flowing Deactivated L-01 6,200 – 8,830

12 L-0 Log - Flowing 45° L-0 6,650 – 8,412

Table 7. Summary of junction passes for the second field trial
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the natural path all the time. Table 7 is a summary of all the 
flowing passes, arm actuation angles and activation status, 
lateral signatures, and depths in this field trial. 

The WUS energy plots from this second field trial clearly 

show a difference between the M0 and L-01, Figs. 16 and 
17. Although the signature may change depending on well 
conditions, i.e., whether shut-in or flowing, the signal is still 
repeatable, Fig. 18. The exact reason for this change in sig-
nature is unknown and requires further study and analysis in 
future operations.  

CONCLUSIONS AND RECOMMENDATIONS

A major challenge that faces production engineers in their 
daily operations is identifying and accessing lateral windows 
in Level 1 multilateral wells, characterized by simple drilling 
programs and construction, to perform rigless downhole sens-
ing and intervention jobs — logging, stimulation, etc.  

In these trial tests of an intelligent EM tool, we were suc-
cessful in selectively entering the M0 and laterals and guiding 
a PLT into those different laterals. We also summarized the 
discoveries, challenges, and results of testing this intelligent 
tool in two TAML Level 1 multilateral oil producers, one a 
fishbone well with a M0 and six open hole laterals branching 
from it — under shut-in conditions — and the other an open 
hole well with a M0 and a single lateral branching from it — 
under shut-in and flowing conditions. 

It is very important to consider the following lessons 
learned during identifying and selectively accessing operations 
at open hole-to-open hole junctions: 

1. Trial tests confirmed that during CT operations the natural 
path may change; therefore, it is critical to activate the arm 
and determine a specific angle to access each lateral — and 
the M0. 

2. The ultrasonic signal is the main way to identify the exact 
path that the tool is being steered into. So the first require-
ment of this job must be to check the repeatability and 
uniqueness of the ultrasonic signal for different sections 
inside the open hole. The unique signature of the WUS for 
each path needs to be looked at to confirm the entry of a 
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Fig. 16. Ultrasonic signal showing different signals between L-01 and the M0. 
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Fig. 16. Ultrasonic signal showing different signals between L-01 and the M0.

 
 
Fig. 17. Comparison of flowing signatures between L-01 and the M0 (from Fig. 16). 
 
 
 

 
 
Fig. 18. Comparison of shut-in signatures between the M0 and L-01 (from Fig. 17) showing repeatability. 
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Fig. 17. Comparison of flowing signatures between L-01 and the M0 (from Fig. 16).
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Fig. 18. Comparison of shut-in signatures between the M0 and L-01 (from Fig. 17) showing repeatability. 
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Fig. 18. Comparison of shut-in signatures between the M0 and L-01 (from Fig. 17) 
showing repeatability.

Fig. 15. Confirmation of the repeatability of the ultrasonic signal in the open hole 
in the M0.
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Fig. 15. Confirmation of the repeatability of the ultrasonic signal in the open hole in the M0. 
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given path. 

3. The WUS energy plots from the second field trial shows 
that the signature of the path may change depending on 
well conditions, i.e., whether shut-in or flowing, but the 
signal is still repeatable. 
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ABSTRACT 

One of the most serious oil field problems is scale deposition, 

particularly when two incompatible waters are involved. The 

control of scale deposition in high-pressure, high tempera-

ture (HPHT) wells has been challenging because most scale 

inhibitors lose effectiveness at high temperatures as a result 

of molecular instability. In the context of adapting to the con-

tinuous challenges of the oil and gas industry, and needing to 

preserve freshwater resources in the Middle East, an in-depth 

study of the scaling results from mixing fracturing fluid was 

conducted. The use of nanofiltered (NF) seawater mixed with 

formation water containing high total dissolved solids (TDS) 

under HPHT conditions is discussed. 

A series of dynamic experiments was performed using 

a DSR-6000 dynamic scale loop at 330 °F and 3,000 psi. 

Additionally, static experiments were conducted at room 

temperature and at 330 °F for 2 and 24 hours. For both the 

dynamic and static tests, two mixing ratios were tested: 80:20 

and 50:50 mixtures of NF seawater and formation brine. The 

80:20 mixing ratio represents the worst-case scenario, accord-

ing to scale advisor software results. Moreover, regained core 

permeability tests at 300 °F and 330 °F, and proppant pack 

damage tests were also performed.

Results from the dynamic scale loop tests demonstrated 

that the lowest concentration of scale inhibitor tested (250 

ppm) met the criteria for scale elimination, along with all 

higher concentrations, for both mixing ratios. The static tests 

were also successful, with no precipitation formed. Regained 

core permeability was in the range of 77% to 89%. Finally, 

the proppant pack damage test result of 56% indicated good 

cleanup properties for the NF seawater.

INTRODUCTION

With increasing challenges in the oil and gas industry comes 

the responsibility for researching and developing new technol-

ogy to safely and efficiently address those challenges. One of 

these challenges, particularly in the Middle East, is the use of 

freshwater for hydraulic fracturing, which requires millions of 

gallons per treatment. Therefore, the focus has turned to using 

seawater as an alternative because it is plentiful in the area. 

Seawater compositions differ from one source to another. 
Nevertheless, clay damage due to the high salt concentration 
of seawater can be prevented. Even though it is tempting then 
to replace freshwater with seawater in hydraulic fracturing 
jobs, many other issues and challenges arise with this option. 
The viscosity buildup using guar gum polymer in the hydra-
tion step prior to developing the complete fracturing fluid is 
altered by the presence of high salt content in seawater. The 
resulting high ionic strength can negatively affect the reservoir 
and the rheology of the fluid, causing formation damage1. 

Scale buildup has been a concern in the industry for a long 
time. Many studies have been published on the use of seawa-
ter for waterflooding and how scale formation increases. Scale 
buildup occurs when the injected seawater has a high sulfate 
content and the formation water contains cations, such as cal-
cium (Ca++), magnesium (Mg++), barium (Ba++), and strontium 
(Sr++) ions. The sulfate anion and the cations from the forma-
tion water will react at certain temperatures and pressures, 
producing different types of scale, which causes formation 
damage2. In 1988, the first attempt was made to remove sul-
fate from seawater by installing a nanofiltered (NF) membrane 
technology unit to remove the sulfate ions3. Sulfate elimina-
tion from seawater using a NF unit by now has been widely 
reported for offshore waterflooding operations; however, it 
has also been reported that this technology must be designed 
and operated carefully1.

During the past 40 years, both offshore and land wells have 
been using borate cross-linked fluids in their hydraulic fractur-
ing operations4-8. These fluids are known to be shear thinning, 
which is fluid behavior where viscosity decreases as the shear 
rate increases. Much, if not all, of this viscosity is regained 
later when the shear rate is lowered. The industry has been at-
tracted to this feature of “rehealing” and therefore expanded 
the use of borate cross-linked fluids to regain viscosity using 
many different compositions. A subsequent temperature lim-
itation of 300 °F for using these fluids has led the industry to 
replace them with metal crosslinkers such as Zirconium (Zr) 
crosslinkers. Unlike borate crosslinkers, Zr crosslinkers can 
maintain cross-linked bonds beyond 300 °F. A nonreversible 
shear degradation as the fluid passes from a high shear to a 
low shear regime, however, occurs with metal crosslinkers, 
thereby resulting in less efficient transport of the proppant to 
the fracture9. 
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Shear regime, temperature, pH, crosslinking agent, and 

polymer concentration are factors that influence the cross-

linked fluid performance, as well as molecular characteristics 

such as the stereochemistry, the functional groups involved, 

and the type of ligand. All of these factors are important to 

limiting the shear degradation of metal crosslinkers, in that 

they affect the strength of the metal bonds that are present 

during high shear regimes in the wellbore tubular path9. 

Different additives are commonly part of a water-based frac-

turing fluid. These additives can include a breaker, buffer 

system, crosslinker, clay stabilizer, and gelling agent. Various 

polymers like cellulose derivatives and starches have been used 

to thicken, or generate initial viscosity for these water-based 

fracturing fluids. Guar gum has two main derivatives, which 

are hydroxypropyl guar and carboxymethyl-hydroxypropyl 

guar (CMHPG). As polymers, these two guar gum derivatives 

have attractive characteristics, like low price, wide availabil-

ity, and high performance. A buffer agent is used to control 

the pH to create an optimum environment for the reaction 

between the crosslinker and the gelling agent. In such an envi-

ronment, the viscosity of the fracturing fluid will increase by 

creating hydrogen bonding or -bond overlaps. The thicken-

ing agent molecules later are cleaved into smaller fragments 

by the breaker, which causes a reduction of the viscosity for 

cleanup10, 11.

As noted earlier, scale problems are associated with the 

high salinity of seawater. Scale buildup resulting from the 

reaction between sulfate in seawater and the cations that are 

usually in the formation water results in costly issues, such 

as blockages, unscheduled shutdowns, increased maintenance 

costs, and decreased production efficiency. Installing a NF 

unit will remove most of the sulfate ions from the seawater, 

while also reducing the concentrations of other salts.

This article shows that a NF seawater-based fracturing 

fluid developed using CMHPG as the gelling agent with a Zr-

based crosslinker can achieve desired results at temperatures 

up to 330 °F and also meet industry standards. These results 

were found by applying extensive laboratory experimentation 

techniques. 

EXPERIMENTAL RESEARCH WORK PROCEDURES 

Mixing Procedure and NF Seawater 

A synthetic NF seawater was prepared based on actual labo-

ratory nanofiltration results and was used as the base water 

for all fluids and experimental studies reported herein. The 

chemical composition of the laboratory prepared NF seawater 

used in testing is representative of the NF seawater that can 

be produced through the nanofiltration treatment of seawater 

from the Saudi Arabian Gulf. The ionic composition of NF 

seawater is well documented, and this experimental medium 

can be readily prepared by dissolving reagent grade salts in 

deionized water to obtain the prerequisite cations and anions. 

Table 1 provides a geochemical analysis of the composition 

of the different waters and mixtures used in the experiments. 

Two mixing ratios were used during scaling tendency testing 

to simulate the downhole interactions between the filtrate of 

the fracturing fluid (NF seawater) and the formation brine. 

The testing simulated 50:50 and 80:20 mixtures of NF seawa-

ter and formation brine.

Linear Gel Hydration Testing

Effective, well-understood, and predictable hydration of the 

gelling polymer is an important factor in fracturing fluid de-

velopment. This article details the hydration behavior of the 

selected polymer, CMHPG guar, in NF seawater under the 

targeted hydraulic fracturing conditions. Linear gel fluids were 

prepared with polymer loadings ranging from 30 lbm/1,000 

gal to 50 lbm/1,000 gal and tested at temperature ranges be-

tween 75 °F and 100 °F. 

The experimental procedure used for determining polymer 

hydration rates and rheology profiling was as follows:

Anions/Cations Unit Seawater NF Seawater Formation Brine 50:50 Mixture 80:20 Mixture

Sodium (Na+) mg/L 16,682 16,280 70,000 43,140 27,024

K+ mg/L 587 519 4,000 2,259.5 1,215.2

Mg++ mg/L 1,849 255 2,000 1,127.5 604.0

Ca++ mg/L 603 213 25,000 12,606.5 5,170.4

Sr++ mg/L 12 2.1 2,000 1,001.1 401.7

Chloride (Cl-) mg/L 29,703 26,400 160,000 93,200 53,120

Ba++ mg/L 1 — 4,000 2,000 800

Carbonate (CO3
-) mg/L 250 17 — 8.5 13.6

Bicarbonate (HCO3
-) mg/L 126 103 — 51.5 82.4

Sulfate (SO4
-) mg/L 4,300 297 200 248.5 277.6

TDS mg/L 54,113 44,088 267,000 155,544 88,670.4

Table 1. Geochemical analysis of the composition of the different waters and mixtures used in tests
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1. Add the necessary polymer concentrations to a prede-
termined volume of synthetic NF seawater in a Waring® 
blender.

2. Manually set the stirring rate so that a vortex is created 
with efficient mixing, while keeping the agitation rate low 
enough to help minimize gas entrainment in the fluid.

3. Add the pH additive (PA1) at a 0.2 gal/1,000 gal concen-
tration to achieve medium acidity (pH = 5.3), which will 
facilitate rapid polymer hydration.

4. Mix for 30 seconds before quickly transferring the fluid 
into a 250 mL plastic beaker.

5. Measure the fluid’s viscosity at a shear rate of 511 s-1 
during a 60-minute period using a FANN® 35 viscometer 
equipped with a R1/B1 rotor/bob geometry.

RHEOLOGY TESTING

A rheology test of the fracturing fluid prepared from NF 
seawater was conducted to determine the proppant carrying 
capacity of the cross-linked fracturing fluid. The gelling agent 
was first hydrated in the synthetically prepared NF seawater 
for 15 minutes. The apparent viscosity and pH were then 
measured using a FANN 35 viscometer at a 511 s-1 shear 
rate to help ensure proper hydration of the base gel. The 
desired amounts of scale inhibitor, surfactant, clay control 
agent, breaker, and gel stabilizer were added and mixed in 
well. The initial pH of the fluid was adjusted (desired pH = 
5 – 6) as needed during the total 60 minutes of mixing time. 
A dual-crosslinker system — a zirconate delayed crosslinker 
to provide stability at high temperatures and a borate instant 
crosslinker to provide initial crosslinking — was introduced 
to the test fluid during a 10-second period. After 30 seconds 
of continuous mixing, the rheology performance tests were 
conducted (pH = 9.2 – 9.4). To determine the apparent viscos-
ity of the developed fracturing fluid prepared in NF seawater, 
two sets of rheological testing, including constant shear rate 
and sweep shear rate tests, were conducted using a high-pres-
sure, high temperature (HPHT) Chandler 5550 rheometer. 

Constant Shear Rate

The constant shear rate test of the rheological properties of 
the fracturing fluids, formulated for the targeted testing tem-
peratures, was performed with a Chandler 5550 viscometer 
at a constant shear rate of 40 s-1. The rheological results were 
generated for each fluid, with and without breakers, at tem-
peratures of 300 °F and 330 °F. 

Shear Sweep Testing

Shear sweep testing was conducted to assess the fracturing 
fluid’s sensitivity to shear degradation by simulating the shear 
history of a typical fracturing operation as described in ISO 

13503-1:2003 (2003)12. The test began by proceeding through 
shear rates of 100 s-1, 75 s-1, 50 s-1, and 25 s-1, then followed 
the sequence backward to a rate of 100 s-1; this sweep series 
was repeated every 15 minutes, with the shear rate set at 40 
s-1 between sweep cycles.

Compatibility and Scaling Tendency Testing

Compatibility tests were conducted to investigate the scaling 
potential in different mixtures of the NF seawater and for-
mation brine. The experiments were performed at a reservoir 
temperature of 330 °F. Two different sets of scale inhibitor 
testing, static bottle and dynamic scale loop testing, were con-
ducted to evaluate the scaling tendency and performance of 
the scale inhibitor (SI1). 

Static Bottle Testing

Static bottle testing was performed following general guide-
lines provided in NACE TM0197-2002 (2002)13. Synthetic 
brines with the same geochemical analysis as the NF seawa-
ter and formation brine were prepared for this study. Two 
separate nonscaling components, i.e., anion water and cation 
water, were mixed at the necessary ratios of 50:50 or 80:20 to 
reconstitute a scaling mixture of NF seawater and formation 
brine. The anion water was dosed with different concentra-
tions of SI1. A blank sample with no scale inhibitor was used 
as a reference test. The bottles were transferred to a water 
bath set at 175 °F and also placed in HPHT aging cells, where 
500 psi pressure was applied using nitrogen gas in an oven 
set at 330 °F. After 2 and 24 hours, each water mixture was 
observed visually for precipitation. In the field, various fluid 
ranges of dissolved salts will be encountered, so adjusting the 
scale inhibitor dose may be necessary.

Dynamic Scale Loop Testing

Dynamic tube blocking or dynamic scale loop testing deter-
mines the minimum effective scale inhibitor concentration for 
scale inhibition at dynamic flow conditions. These tests were 
conducted using a DSR-6000 scale loop. Cation water, anion 
water, and anion water dosed with a scale inhibitor were pre-
heated by passing through separate heat exchange tubes. They 
then were mixed at a required ratio, i.e., 50:50 and 80:20 of 
cation water and anion water, with and without scale inhib-
itor, through a tee inside an oven set at 300 °F and 330 °F. 
A 1,000 psi backpressure was applied, and the mixture was 
immediately pumped through a capillary tube with pressure 
transducers installed on both ends. The differential pressure 
across this capillary tube was measured while the scaling brine 
passed at a constant flow rate. A sudden increase in differen-
tial pressure would indicate that solid scale was forming in the 
tube and clinging to the walls. 
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Regained Core Permeability Testing

Regained core permeability tests were conducted for various 
formulations at two test temperatures of 300 °F and 330 °F 
using nugget sandstone cores of approximately 1 millidarcy 
(md) to 10 md permeability. The nugget cores were flow test-
ed using 2% potassium chloride (KCl) brine to establish an 
initial permeability. They were then treated with the NF sea-
water-based cross-linked fracturing fluid, including a breaker, 
until pressure reached 1,000 psi. The fluid was allowed to 
flow across the core for 1 hour. 

Afterward, the treated core was shut-in for 24 hours at the 
treatment temperature. After the shut-in period, to establish a 
final permeability measurement, 2% KCl brine was flowed in 
the reverse direction (production direction) across the core un-
til a steady-state was reached. Regained permeability data was 
expressed as the percentage of the core’s initial brine permea-
bility compared to the post-treatment final brine permeability. 

Proppant Pack Damage Testing

Conductivity tests were performed starting at 4,000 psi clo-
sure stress with 2 lbm/ft2 of 20/40-mesh high-strength prop-
pant between Ohio sandstone. The closure stress of the system 
was increased in 2,000 psi increments every 24 hours until a 
final closure stress of 10,000 psi was reached at 120 hours. As 
per the conductivity testing protocol, after each 24-hour incre-
ment and at the prescribed closure stress, 3% KCl brine was 
pumped through the proppant packs at flow rates of 40, 50, 
60, 70, and 80 cc/min to measure proppant pack conductivity. 
Between conductivity measurements, the proppant packs were 
continuously flowed with 3% KCl brine at a 1 cc/min flow 
rate to maintain system pressure and slowly clean the prop-
pant pack. 

RESULTS AND DISCUSSION

Linear Gel Hydration Study 

Figure 1 illustrates the hydration profile and viscosity develop-
ment over time for polymer concentrations ranging between 
30 lbm/1,000 gal and 50 lbm/1,000 gal at room tempera-
ture and under constant shear conditions. Ultimate viscosity 
increased with polymer concentration for the fluids. Each 
fluid reached > 70% hydration within 5 minutes; after 10 
minutes, 100% hydration was observed for all fluids. These 
results indicate rapid polymer hydration and viscosity yield in 
the NF seawater. Figure 2 shows the viscosities of the linear 
polymer fluids at different polymer loadings as a function of 
temperature, ranging from 75 °F to 100 °F, using a FANN 35 
viscometer. 

Fracturing Fluid Rheology Study 

Once the polymer hydration in NF seawater was validated, 
the base fluid was again used to evaluate a cross-linked fluid 
system. This included an in-depth study of the rheological 
profiles with and without breakers at the targeted test tem-
peratures of 300 °F and 330 °F. Rheology testing was con-
ducted to determine whether the cross-linked gels maintained 
adequate viscosity for the desired proppant carrying capacity 
when fracturing fluid is prepared using NF seawater. The rhe-
ology of the base cross-linked fracturing fluid system (final pH 
= 9.5) was first tested under a constant shear rate to evaluate 
the effectiveness of the breaker and thermal stability. Then 
ISO sweep tests were conducted to study fracturing fluid shear 
sensitivity and fluid recovery after shear cycles. 

Constant Shear Rate

The rheological properties of the fluids were measured using 
a Chandler 5550 viscometer at a constant shear rate of 40 s-1. 
Figures 3 and 4 both show overlaid rheological profiles for 
each fluid with and without breakers, called a breaker test and 
control test, respectively. In the full formulation, a surfactant 
and clay control agent were added (as well as a breaker) to 
simulate the actual fluid to be pumped in the field. 

 
 

Anions/Cations Unit Seawater 
NF 

Seawater 
Formation 

Brine 
50:50 

Mixture 
80:20 

Mixture 
Sodium mg/L 16,682 16,280 70,000 43,140 27,024 
K mg/L 587 519 4,000 2,259.5 1,215.2 
Mg mg/L 1,849 255 2,000 1,127.5 604.0 
Ca mg/L 603 213 25,000 12,606.5 5,170.4 
S mg/L 12 2.1 2,000 1,001.1 401.7 
Chloride mg/L 29,703 26,400 160,000 93,200 53,120 
Ba mg/L 1 — 4,000 2,000 800 
Carbonate mg/L 250 17 — 8.5 13.6 
Bicarbonate mg/L 126 103 — 51.5 82.4 
Sulfate mg/L 4,300 297 200 248.5 277.6 
TDS mg/L 54,113 44,088 267,000 155,544 88,670.4 

 
Table 1. Geochemical analysis of the composition of the different waters and mixtures used in tests 
 
 
 

 
 
Fig. 1. Base gel hydration profiles in NF treated seawater achieved using a FANN 35 viscometer at a 511 
s-1 shear rate and 72 °F. 
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Fig. 1. Base gel hydration profiles in NF treated seawater achieved using a FANN 
35 viscometer at a 511 s-1 shear rate and 72 °F.

 
 
Fig. 2. Base gel viscosity as a function of temperature in NF treated seawater at different polymer 
loadings using a FANN 35 viscometer at a 511 s-1 shear rate and 75 ºF to 100 ºF. 
 
 
 
 

 
 
Fig. 3. Apparent viscosity of high temperature fracturing fluid based on NF seawater at a constant shear 
rate of 40 s-1 at 300 °F. 
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Fig. 2. Base gel viscosity as a function of temperature in NF treated seawater at 
different polymer loadings using a FANN 35 viscometer at a 511 s-1 shear rate 
and 75 ºF to 100 ºF.
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Figure 3 shows the apparent viscosity of a high temperature 
fracturing fluid at 300 °F as a function of time at a shear rate 
40 s-1. At 60 minutes, the apparent viscosity of the fracturing 
fluid with and without breaker reached 909 cP and 1,072 
cP, respectively. The viscosity continued to drop and reached 
approximately 500 cP after 2 hours, measured from the be-
ginning of the experiment. The experiment whose results are 
provided in Fig. 4 followed the same testing procedure as the 
one in Fig. 3 but at 330 °F. The apparent viscosity after 60 
minutes was approximately 550 cP to 650 cP, with no signifi-
cant difference observed in fluids with and without a breaker. 
Viscosities continued to drop with time until the end of the 
experiment. 

Shear Sweep Testing

The NF seawater-based fluids were also evaluated for fluid 
shear stability/sensitivity using shear sweep tests. At 300 °F, 
the apparent viscosity was measured at more than 600 cP 
after 60 minutes, and the fluids maintained viscosities much 
greater than 300 cP after six sweep cycles over 100 minutes, 
Fig. 5. Afterward, the viscosity continued to drop and reached 
less than 100 cP within 130 minutes. At 330 °F, the fluids 
maintained viscosities much greater than 300 cP after three 
sweep cycles over 60 minutes, Fig. 6. Viscosity values again 
deteriorated with time. Comparing Figs. 3 and 5 shows that 
the fluid did not break until 50 minutes was reached in both 
tests, with and without shearing, which indicates the fluid was 
stable under the tested shear rate. Consequently, comparing 
Figs. 4 and 6 shows that the fluid subjected to shear rate 
sweeps began to break earlier than the fluid with no shear rate 
sweep. This indicates the tested fluid at 330 °F might have 
experienced shear degradation. Therefore, it is recommended 
to design the field pumping schedule so that the perforation 
zone is cooled to help ensure the fracturing fluid will not fully 
crosslink until it reaches the perforation. 

Compatibility and Scale Inhibition Testing 

Scale inhibition evaluation of the scale control additive was 

conducted by mixing brines of anionic and cationic scaling 
ions, respectively, to produce a scale-forming water composi-
tion, both in the presence and in the absence of a scale inhib-
itor. This was performed to mimic the mixing of the filtrate 
from the fracturing fluid with a particularly challenging for-
mation brine, one containing high concentrations of divalent 
cations such as Ba++ and Ca++. When these harsh species react 
with sulfate, the precipitation of insoluble salts of CaSO4 and 
BaSO4 can result. Table 1 provided the ionic composition of 
the NF seawater, formation brine, and mixtures of both at 
50:50 and 80:20 ratios of NF seawater and formation brine. 
The need for high concentrations of the scale control additive 
is indicated for some of the hard and harsh divalent cations 

 
 
Fig. 2. Base gel viscosity as a function of temperature in NF treated seawater at different polymer 
loadings using a FANN 35 viscometer at a 511 s-1 shear rate and 75 ºF to 100 ºF. 
 
 
 
 

 
 
Fig. 3. Apparent viscosity of high temperature fracturing fluid based on NF seawater at a constant shear 
rate of 40 s-1 at 300 °F. 
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Fig. 3. Apparent viscosity of high temperature fracturing fluid based on NF 
seawater at a constant shear rate of 40 s-1 at 300 °F.

 
 
Fig. 4. Apparent viscosity of high temperature fracturing fluid based on NF seawater at a constant shear 
rate of 40 s-1 at 330 °F. 
 
 
 

 
 
Fig. 5. Apparent viscosity of high temperature fracturing fluid based on NF seawater with shear sweep at 
300 °F. 
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Fig. 4. Apparent viscosity of high temperature fracturing fluid based on NF 
seawater at a constant shear rate of 40 s-1 at 330 °F.

 
 
Fig. 4. Apparent viscosity of high temperature fracturing fluid based on NF seawater at a constant shear 
rate of 40 s-1 at 330 °F. 
 
 
 

 
 
Fig. 5. Apparent viscosity of high temperature fracturing fluid based on NF seawater with shear sweep at 
300 °F. 
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Fig. 5. Apparent viscosity of high temperature fracturing fluid based on NF 
seawater with shear sweep at 300 °F.

 
 
Fig. 6. Apparent viscosity of high temperature fracturing fluid based on NF seawater with shear sweep at 
330 °F. 

 
 
 
 

Scale Inhibitor 
Concentration  
(gal/1,000 gal) 

80:20 Mixture 50:50 Mixture 

2 hours 24 hours 2 hours 24 hours 

0.25 No precipitation No precipitation, 
bubbling 

No precipitation, 
bubbling No precipitation 

0.5 Little 
precipitation 

Least 
amorphous 
precipitation 

No precipitation No precipitation 

1 Precipitation Precipitation Limited 
precipitation Precipitation 

1.5 Precipitation Precipitation Limited 
precipitation Precipitation 

 
Table 2. Static bottle test observations at 330 °F 
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Fig. 6. Apparent viscosity of high temperature fracturing fluid based on NF 
seawater with shear sweep at 330 °F.
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that have a high tendency to form sulfate-based scales; name-
ly, control of scale when filtrate encounters Ca++, Ba++, and 
Sr++ would require scale inhibitor values of 25,000 mg/L, 
4,000 mg/L, and 2,000 mg/L, respectively.

Static Bottle Testing

Two nonscaling brine solutions (anionic and cationic brines) 
were mixed in test bottles. When mixed in 50:50 and 80:20 
ratios of NF seawater and formation brine, the two compo-
nents reconstitute the same water chemistry expected to form 

by the mixing of filtrate and formation brine downhole during 
fracturing treatments. For the purposes of establishing the 
inherent scale-forming propensity of these two cationic and 
anionic brines when mixed together, a control sample with no 
scale inhibitor was prepared and tested. 

The scale inhibition additive was dissolved in the anionic 
brine at discrete concentrations to study the scaling effect 
when the brine is mixed with the cationic water. All sam-
ples were subjected to 330 °F heat for 2 and 24 hours, and 
the scale forming tendency was recorded. In the control 
experiment with no scale inhibitor present, the immediate 

Fig. 7. Scale static inhibition tests with 80:20 mixing ratio (NF seawater and formation brine) at 330 °F (bubbles were observed with 0.25 gal/1,000 gal concentrations at 
24 hours because of gas desorption).

Fig. 8. Scale static inhibition tests with 50:50 mixing ratio (NF seawater and formation brine) at 330 °F (bubbles were observed with 0.25 gal/1,000 gal concentration at 2 
hours because of gas desorption).

Scale Inhibitor 
Concentration 
(gal/1,000 gal)

80:20 Mixture 50:50 Mixture

2 hours 24 hours 2 hours 24 hours

0.25 No precipitation
No precipitation, 

bubbling
No precipitation, 

bubbling
No precipitation

0.5 Little precipitation
Least amorphous 

precipitation
No precipitation No precipitation

1 Precipitation Precipitation Limited precipitation Precipitation

1.5 Precipitation Precipitation Limited precipitation Precipitation

Table 2. Static bottle test observations at 330 °F

 
 
Fig. 7. Scale static inhibition tests with 80:20 mixing ratio (NF seawater and formation brine) at 330 °F 
(bubbles were observed with 0.25 gal/1,000 gal concentrations at 24 hours because of gas desorption).  
 
 
 

 
 
Fig. 8. Scale static inhibition tests with 50:50 mixing ratio (NF seawater and formation brine) at 330 °F 
(bubbles were observed with 0.25 gal/1,000 gal concentration at 2 hours because of gas desorption).  
 
 
 

 
 
Fig. 9. Dynamic scale loop tests of 250 ppm and 500 ppm scale inhibitor at 300 °F and 330 °F for 50:50 
mixing ratio (NF seawater and formation brine). 
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Fig. 7. Scale static inhibition tests with 80:20 mixing ratio (NF seawater and formation brine) at 330 °F 
(bubbles were observed with 0.25 gal/1,000 gal concentrations at 24 hours because of gas desorption).  
 
 
 

 
 
Fig. 8. Scale static inhibition tests with 50:50 mixing ratio (NF seawater and formation brine) at 330 °F 
(bubbles were observed with 0.25 gal/1,000 gal concentration at 2 hours because of gas desorption).  
 
 
 

 
 
Fig. 9. Dynamic scale loop tests of 250 ppm and 500 ppm scale inhibitor at 300 °F and 330 °F for 50:50 
mixing ratio (NF seawater and formation brine). 
 

Δ
P

 (p
si

) 

Δ
P

 (p
si

) 

Time (min)                                                              Time (min) 

300 °F 330 °F 

Mixing ratio of 50:50 (NF seawater and 
formation brine) after 2 hours 

Mixing ratio of 50:50 (NF seawater and 
formation brine) after 24 hours 

Mixing ratio of 80:20 (NF seawater and 
formation brine) after 2 hours 

Mixing ratio of 80:20 (NF seawater and 
formation brine) after 24 hours 

Mixing ratio of 50:50  
(NF seawater and formation brine) after 2 hours

Mixing ratio of 50:50  
(NF seawater and formation brine) after 24 hours

14365araD6R1.indd   31 1/20/18   2:39 PM

creo




32     WINTER 2017  SAUDI ARAMCO JOURNAL OF TECHNOLOGY

precipitation of insoluble salts appeared when cationic and 
anionic water solutions were mixed. This observation was 
expected and is consistent with the scale tendency modeling 
results, which predicted the scaling of this combination. In the 
experimental samples containing the scale inhibitor at increas-
ing concentrations, from 0.25 gal/1,000 gal to 3 gal/1,000 gal, 
the efficiency of the scale inhibitor was observed by noting 
the disappearance of scale via the clarification of the “scaling 
water.” Table 2 shows the static bottle test observations at 
330 °F. 

Figure 7 shows the 80:20 mixture 
samples after being removed from the 
aging cell at 2 and 24 hours during the 
static scale tests at 330 °F; the scale 
inhibitor concentration in the samples 
ranged between 0.25 gal/1,000 gal 
and 1.5 gal/1,000 gal. At scale inhib-
itor concentrations of 1 gal/1,000 gal 
and 1.5 gal/1,000 gal, precipitation 
was observed after 2 and 24 hours. 
Initial observation showed that the 
0.5 gal/1,000 gal concentration had 
a minimum amount of precipitation 
after 2 hours; the precipitation did not 
settle in the beaker because of its fine 
nature and the small quantity of the 
precipitation. For the 0.25 gal/1,000 
gal concentration, no precipitation was 
observed on the side of the beaker after 
both 2 and 24 hours. When the fluid 
was removed from the pressurized cell, 
some gas bubbles formed, as observed in 
the beaker containing the 0.25 gal/1,000 
gal concentration of scale inhibitor after 
24 hours. Based on visual observations, 

scale inhibitor concentrations of 0.25 gal/1,000 gal and 0.5 
gal/1,000 gal are recommended for 80:20 mixtures of NF sea-
water and formation brine. 

Similar observations were made for the 50:50 mixture. At 
330 °F, no precipitation was observed in the 0.25 gal/1,000 
gal and 0.5 gal/1,000 gal scale inhibitor concentrations af-
ter 2 and 24 hours, Fig. 8. In contrast, during tests with 1 
gal/1,000 gal and 1.5 gal/1,000 gal scale inhibitor concentra-
tions, precipitation was observed. Based on these results, a 

Fig. 9. Dynamic scale loop tests of 250 ppm and 500 ppm scale inhibitor at 300 °F and 330 °F for 50:50 mixing 
ratio (NF seawater and formation brine).
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Fig. 8. Scale static inhibition tests with 50:50 mixing ratio (NF seawater and formation brine) at 330 °F 
(bubbles were observed with 0.25 gal/1,000 gal concentration at 2 hours because of gas desorption).  
 
 
 

 
 
Fig. 9. Dynamic scale loop tests of 250 ppm and 500 ppm scale inhibitor at 300 °F and 330 °F for 50:50 
mixing ratio (NF seawater and formation brine). 
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Fig. 10. Dynamic scale loop tests of 250 ppm and 500 ppm scale inhibitor at 300 °F and 330 °F for 80:20 mixing 
ratio (NF seawater and formation brine).
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3 6 60 without 
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1 6 60 without 
failing 3 2.4 0.6 0.16 
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0.25 gal/1,000 gal to 0.5 gal/1,000 gal 
scale inhibitor concentration range is 
recommended for 50:50 mixtures of NF 
seawater and formation brine.

Dynamic Scale Loop Test

The dynamic scale loop test demon-
strates the rate and severity of scale 
formation, both quantitatively and 
qualitatively, when anionic and cationic 
brines are mixed to form compositions 
expected to deposit precipitates capable 
of scaling/fouling. Measurement of pres-
sure responses at two points in the loop 
will indicate whether a pressure rise is 
observed, and therefore, whether fouling 
is occurring and at what rate. Fluid with 
an effective scale inhibitor will provide 
little or no pressure increase throughout 
the testing time, whereas fluid with a 
poor inhibitor will foul the loop, caus-
ing system pressure to increase, due to 
abstraction of the capillary tubing. An 
effective scale inhibitor should show a 
pressure increase in the region of ≤ 5 
psi over time, which was the case for 
the inhibitor used here. Indeed, the scale 
inhibitor and synthetic NF seawater 

demonstrated high efficiency in the scale inhibition treatment 
test, even when the mixture was heated to 300 °F and 330 
°F with 50:50 and 80:20 NF seawater and formation brine 
compositions. Table 1 showed the water analysis of 50:50 and 
80:20 NF seawater and formation brine mixtures. 

With 50:50 NF seawater and formation brine, a blank test 
(without scale inhibitor) provided increases of 5 psi and 5.6 
psi in 20 and 19 minutes at 300 °F and 330 °F, respectively, 
Fig. 9. Similarly, for the 80:20 NF seawater and formation 
brine mixture, a blank test (without scale inhibitor) provided 
increases of 21 psi and 6.45 psi in 23 and 18 minutes at 300 
°F and 330 °F, respectively, Fig. 10. 

Fig. 11. Differential pressure vs. pore volumes at 300 °F without a breaker (left), and with a breaker (right).
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(right). 
 

 
 
 

 
 
Fig. 12. Differential pressure vs. pore volumes at 330 °F without a breaker (left), and with a breaker 
(right). 
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Fig. 12. Differential pressure vs. pore volumes at 330 °F without a breaker (left), and with a breaker (right).
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Fig. 12. Differential pressure vs. pore volumes at 330 °F without a breaker (left), and with a breaker 
(right). 
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Fig. 13. Summary of regained permeability test results at 300 °F and 330 °F with 
1 md to 10 md permeability sandstone cores.

Temp. 
(°F)

Polymer 
Loading 

(lbm/1,000 
gal)

Breaker 
(gal/1,000 

gal)

Initial 
K 

(md)

Final 
K 

(md)

% 
Regained 

K

300 40
None 14 11 79

3 30 26.5 89

330 45
None 11 7.3 65

1 24 21 77

Table 4. A 2% aqueous KCl regained permeability of high temperature fracture fluid 
with nugget core Fig. 14. Summary of regained conductivity test results at 300 °F and 330 °F.
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Fig. 14. Summary of retained conductivity test results at 300 °F and 330 °F. 
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Table 5. A 3% aqueous KCl brine retained proppant pack conductivity of high temperature fracture fluid 
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For both scale inhibitor concentrations of 0.25 gal/1,000 
gal (250 ppm) and 0.5 gal/1,000 gal (500 ppm), no scale built 
up on the capillary tube for the tests, which were performed 
three times to determine blank test pressure buildup time. Dy-
namic scale loop tests were also conducted with higher scale 
inhibitor concentrations, from 1 gal/1,000 gal to 3 gal/1,000 
gal, Table 3, at a ratio of 80:20 NF seawater and formation 
brine. With the presence of scale inhibitor at concentration 
ranges of 0.25 gal/1,000 gal to 3 gal/1,000 gal, no scale built 
up on the capillary tube. This confirms the good performance 
of the scale inhibitor at inhibiting scale associated with 
sulfate. 

REGAINED CORE PERMEABILITY AND PROPPANT 
PACK DAMAGE TESTING

The regained core permeability percentages for the NF sea-
water fracturing fluids were approximately 77%, which is 
indicative of a treatment fluid that imparts low formation face 
damage when designed with active breakers. The pressure 
drop across the core vs. pore volume indicated better fluid 
cleanup, Figs. 11 and 12. Figure 13 and Table 4 both sum-
marize the experimental data from the regained permeability 
testing with and without a breaker at 300 °F and 330 °F. 

The high temperature fracturing fluid also displayed good 
cleanup properties in a proppant pack by achieving retained 
proppant pack conductivities of approximately 56%, which is 
a favorable result at a low injection rate of 1 cc/min compared 
to other polymer fluid systems, Fig. 14 and Table 5. 

CONCLUSIONS 

Seawater treated with a nanofiltration membrane-based sepa-
ration technique can be used for the preparation of nonscaling 
fracturing fluid to help minimize freshwater dependency. This 
study summarizes the following results:

1. The apparent viscosity of high temperature fracturing 

fluid in NF seawater tested at a constant shear rate of 

40 s-1 reached 909 cP and 560 cP at 300 °F and 330 °F, 

respectively.

2. In ISO shear sweep tests, the apparent viscosity of high 

temperature fracturing fluid — in NF seawater — using the 

full formulation at a shear rate of 100 s-1 and temperature 

of 330 °F reached 300 cP after approximately 60 minutes.

3. The apparent viscosity in ISO shear sweep tests was 300 cP 

after 100 minutes at 300 °F. 

4. Compatibility and scale tendency testing was conducted on 

two different ratios of NF seawater and formation brine 

(50:50 and 80:20) at 330 °F. 

• Scale inhibitors (SI1) at concentrations of 0.25 

gal/1,000 gal to 0.5 gal/1,000 gal controlled scaling and 

caused minimal precipitation compared to a control 

case with no scale inhibitor for samples aged at 2 and 

24 hours using the static test. 

• At a scale inhibitor concentration greater than 1 

gal/1,000 gal, more precipitation was observed after 2 

and 24 hours using static bottle tests.

• Dynamic blocking scale loop testing for scale inhibitor 

effectiveness showed good scale inhibition at both mix-

ing ratios — 50:50 and 80:20 — and testing tempera-

tures of 300 °F and 330 °F with SI1 concentrations of 

0.25 gal/1,000 gal to 0.5 gal/1,000 gal. 

5. Regained core permeability tests, conducted at two test 

temperatures of 300 °F and 330 °F, showed the regained 

core permeability for NF seawater fracturing fluid varied in 

the range of 77% to 89%.

6. In proppant pack damage tests conducted at a low injection 

rate of 1 cc/min to measure the effectiveness of proppant 

pack cleanup for NF seawater, results showed good clean-

up properties, achieving retained proppant pack conductivi-

ties of approximately 56%.

Temp 
(°F)

Polymer 
Loading 

(lbm/1,000 
gal)

Breaker 
(gal/ 

1,000 gal)
Time (hours)

Closure Stress 
(psi)

Average 
Baseline 

Conductivity 
(md*ft)

Fluid 
Conductivity 

(md*ft)

% Regained 
Conductivity
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24 4,000 5,584 3,156 56.5

48 4,000 5,695 3,246 57

72 6,000 4,753 2,614 55.5

96 8,000 3,995 2,157 55

330 45 1

24 4,000 5,677 3,331 59

48 4,000 5,899 3,539 60

72 6,000 4,874 2,826 58

96 8,000 3,998 2,238 56

Table 5. A 3% aqueous KCl brine retained proppant pack conductivity of high temperature fracture fluid with respect to time and closure stress
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ABSTRACT 

Using a coiled tubing (CT) conveyance, data from a crosswell 
electromagnetic (EM) tomography survey was acquired be-
tween two horizontal wells, a water injector and a producer. 
The survey was conducted in a swept area of a naturally frac-
tured Middle Eastern carbonate reservoir. This article presents 
the workflow that was developed to integrate the EM survey 
results with other data to successfully map the interwell hy-
drocarbon saturations. A slanted well was later landed in the 
interwell area based on the crosswell survey interpretation 
results. This new well, which targeted an oil column shown 
to be bypassed by the water injection in the swept area, is 
currently on production. The survey established a number 
of world firsts for the EM technology, including its first de-
ployment in horizontal wells, its first survey of well spacing 
> 1.3 km, its first data interpretation with full 3D resistivity 
inversion, and the first 3D apparent water saturation mapping 
from EM data. 

The field program included acquisition of an extensive open 
hole logging sequence in each well prior to the crosswell EM 
data collection. The crosswell EM survey measured 135 pro-
files, covering a horizontal section of more than 800 m in each 
of the two wells. High quality data were acquired for almost 
all the data profiles, even in a 400 m cased section. The field 
data were interpreted with a 3D inversion code. The fracture 
corridors were identified as electrically conductive volumes 
due to their high water saturation. The less swept or unswept 
areas were characterized by their higher resistivity due to their 
lower water content. 

A resistivity model cannot be used directly for reservoir 
evaluation, so the subsequent step was to convert the resis-
tivity model into a saturation volume, based on Archie’s law. 
An innovative workflow of petrophysical simulations was 
designed to define the volumetric distribution of porosity and 
water salinity based on reservoir simulation scenarios and ad 
hoc laboratory analyses. Finally, the most probable scenario 
for the location of apparent water saturation volumes in the 
interwell reservoir volume was produced. 

This work demonstrates the critical need for deep charac-
terization in cases of fractured carbonate reservoirs, including 
any cases where the sweep efficiency is likely to be uneven due 

to heterogeneities in reservoir petrophysical properties, partic-
ularly permeability field variations.

INTRODUCTION

The presented study results are part of a broader Research 
and Development (R&D) effort to understand the saturation 
distribution in fracture dominated reservoirs, with the goal of 
contributing to production optimization and increased recov-
ery. It demonstrates how water injection into highly fractured, 
tight carbonate reservoirs does not sweep the matrix uniform-
ly, but instead preferentially flows into the more permeable 
fracture corridors before it percolates into the matrix. The 
interwell electromagnetic (EM) survey reported in this study 
was acquired in a mature oil field in Saudi Arabia with the 
objective to detect unswept oil in the interwell area. The sur-
vey was conducted between a horizontal producer and injec-
tor well pair, Fig. 11.

The surveyed carbonate reservoir is approximately 100 m 
thick with good porosity and low matrix permeability. The 
production and recovery behavior is fracture dominated, with 
preferential water flow along large-scale fracture networks, 
which leaves a large matrix block with less fracture intensi-
ty unswept. Interwell matrix blocks like this are difficult to 
identify based solely on well data, which is the reason for the 
R&D efforts to develop suitable interwell hydrocarbon map-
ping techniques. EM is currently the most advanced interwell 
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Fig. 1. Configuration of the crosswell EM survey conducted between a horizontal producer and injector 
well pair1. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. The measured amplitude (left) and phase (right) data gathers for the open hole section1, 4. 
 
 

Fig. 1. Configuration of the crosswell EM survey conducted between a horizontal 
producer and injector well pair1.
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hydrocarbon mapping technology deployed in the target 
reservoir.

THE CROSSWELL EM METHOD

The principle of the crosswell technique is to broadcast a 
signal from a transmitter or source located in one well to a 
receiver placed in a neighboring well. Data acquired using 
this technique, e.g., acoustic velocity and attenuation, seismic 
reflectivity, or EM resistivity, can be used to create a display 
of formation properties in the area between the wells. Impor-
tantly, the reservoir-scale data acquired with this technique 
can be used to bridge the gap between wellbore measurements 
and surface measurements. Measurements acquired by this 
technique have a greater depth of investigation than those ac-
quired with conventional logging tools.

Crosswell EM was developed in the 1990s as a technology 
that could possibly be used to map resistivity in the interwell 
volumes where fluid saturation measurements could not be 
made with conventional logging tools; such tools have limited 
depths of investigation from wellbore to reservoir, ranging 
from a few inches to a few feet. The initial technology applica-
tion for crosswell EM involved applying inductive physics and 
vertical well 2D inversion to interrogate the interwell resistivity 
distribution. The method has since advanced, and broad ap-
plications have been found for the technology in enhanced oil 
recovery (EOR) projects and time-lapse studies2, 3. 

In the crosswell EM transmitting well, the transmitter 
generates a magnetic field, which propagates into the for-
mation at predefined frequencies between 5 Hz and 1 kHz. 
The magnetic field, known as the primary field, attenuates 
with increasing distance from the transmitter. In conductive 
formations — those saturated with salty water — the prima-
ry field induces a current, which generates a secondary and 
opposing EM field, which means the total field decreases in 
amplitude with decreasing formation resistivity. The crosswell 
EM receivers placed in the second well consist of an array of 
induction coils able to measure both the primary EM field 
generated by the transmitter and the secondary EM field gen-
erated by the induced currents. The crosswell EM data are 
normally expressed as amplitude and phase.

Field data are interpreted by fitting the measurements to 
data calculated from a numerical model, using an inversion 
procedure. The initial resistivity model is usually derived from 
prior knowledge of the target reservoir. Using this model and 
a forward EM code, the inversion first calculates the model 
response and then adjusts the model parameters until the ob-
served and calculated data fit within a specified tolerance. For 
a sub-vertical well configuration, only 2D inversions are need-
ed for data interpretations.  

Applying this technology to a horizontal well geometry in-
troduces new challenges, both in the operations to acquire the 
data and in the data processing and interpretation. Convey-
ance of transmitters and receivers in horizontal configurations 

is one such challenge, as standard wireline deployment of the 
tools is not possible in horizontal wells. The alternative op-
tions are coiled tubing (CT) or tractor tool conveyance, which 
means survey costs and deployment time are significantly 
higher than in the case of vertical well applications, reflecting 
operational differences in areas such as logging speed and 
movement stability. From the interpretation perspective, since 
the horizontally oriented induction sensors are sensitive to 
both vertical and horizontal variations of the EM field, the 
data inversion process becomes a full 3D problem, where the 
accuracy of the wellbore trajectory could be a sensitive param-
eter in the data processing procedure. Since the measurements 
are confined to horizontal layers, the 3D inversion problem 
is extremely underdetermined and non-unique, which makes 
it very challenging to identify stable and accurate inversion 
solutions.  

WELLBORE PETROPHYSICS FOR CROSSWELL EM 
MODELING AND CALIBRATION

All relevant wells in the target oil reservoir were carefully 
screened for well spacing. As this crosswell EM survey was 
the first in the industry to be conducted between two horizon-
tal wells, it was not expected that the EM detection distance 
could be much beyond 1 km. The existence of one or more 
large fracture corridor(s) within the interwell survey area was 
also an important consideration for the initial field applica-
tion. Observations of the near vertical large-scale fractures 
in this reservoir had revealed they often cause uneven water 
advancement, with sweep predominantly taking place in the 
near vicinity of the major fracture events. The swept area has 
typically been limited to < 100 m on each side of the fracture 
corridor. A horizontal crosswell survey of an area where this 
type of fracture event exists is expected to have considerable 
resistivity contrasts, which should be distinguishable as swept/
unswept areas in the post-survey inversion of the acquired 
data. 

The screening process resulted in the selection of an injec-
tor and producer well pair. These two horizontal wells were 
drilled roughly parallel to each other, approximately 1.3 km 
apart, although the two wells penetrate different levels within 
the reservoir. The injector was drilled as a high angle slant 
well, penetrating the full reservoir section, and it was complet-
ed open hole over its entire 1 km length. Drillpipe conveyed 
the open hole quad-combo logging suite together, which ac-
quired resistivity and acoustic images. A detailed petrophysical 
analysis of these open hole logs indicated that the reservoir 
quality penetrated by the well was excellent. Several years 
later, production logs run in this injector indicated that most 
of the injected water exited the wellbore through an extensive 
fracture corridor encountered within the first 100 m of the 
open hole. 

The producer was drilled as a true horizontal well, pene-
trating only the top portion of the reservoir. A major fracture 
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corridor at the heel of the open hole was penetrated during 
drilling. An open hole quad-combo logging suite similar to 
that used in the injector well — which acquired images of 
resistivity and acoustic data — was run on drillpipe, and the 
integrated log interpretation clearly indicated the fracture cor-
ridor intervals near the heel of the well were water-bearing.

When the well was tested as a 1 km open hole producer, 
it produced mainly water. The initial 350 m of the open hole 
was therefore cased off with a steel liner to eliminate the wa-
ter production from the fracture zones. The well produced 
water-free afterward at a good oil rate and was an excellent 
performer for several years. With production pressure drop-
ping, it eventually ceased flowing automatically approximately 
one year prior to running the EM survey due to well lift issues 
associated with the high water cut.

The primary purpose of the presented crosswell EM survey 
was to perform a tomographic imaging of the area between 
the two wells to identify unswept oil volumes that could be 
targeted by future wells. Prior to field deployment, feasibility 
simulations were made to determine the ability of the cross-
well EM technology to: (1) record signals between horizontal 
wells spaced more than 1 km apart, and (2) map interwell 
fracture corridors, which were the primary target within the 
proposed survey area. 

Pre-job feasibility work was also performed to ensure that 
the existing wireline tools could be safely conveyed with CT 
through repeated logging runs. The pre-survey feasibility 
study results were mixed. It was quickly determined that the 
tools were rigid enough for CT deployment. Also, it was pro-
jected that the 3D inversions could provide useful images of 
fracture corridors if the corridors were more than 50 m wide 
and the background resistivity could be constrained and fixed 
during the inversion. The receiver signal level, however, was 
a concern; at the 1.3 km well spacing, it was expected that 
large averaging times and limited sampling points would be 
required to sustain an adequate signal-to-noise (S/N) ratio for 
the survey.

To provide valuable input parameters for the crosswell EM 
data processing and calibration at the well level, comprehen-
sive CT conveyed logs were run in the injector, including: 

•	 Pulsed neutron sigma and carbon-oxygen for reservoir 
saturation. 

•	 Array induction for resistivity calibration.

•	 Array dielectric for water-filled porosity.

•	 Nuclear magnetic resonance for total porosity and pore 
typing.

•	 Resistivity image for reservoir characterization and frac-
ture mapping.

Due to well completion restrictions, only the following logs 
were run in the producer: 

•	 Pulsed neutron sigma and carbon-oxygen for reservoir 
saturation. 

•	 Slim array induction for resistivity calibration.

Integrated petrophysical analyses were conducted at the 
well level, and results were integrated in the crosswell EM 
data modeling and results inversion.

FIELD SURVEY IN HORIZONTAL WELLS:  
A WORLD-FIRST DEPLOYMENT

The crosswell EM data were collected by CT conveyance 
during a six-day period immediately after the logging op-
erations4. The acquisition strategy basically involves fixing 
receivers at certain positions in one well and acquiring data 
continuously in a second well, moving the transmitter sonde 
while it is transmitting a monochromatic sine wave. After a 
specified interval is logged, the receivers are moved to new 
positions, and the process is repeated until the full logging 
interval is covered by both transmitter and receiver positions. 
Because of the moving transmitter, there are numerous trans-
mitter locations for each receiver position, all of which consti-
tute one data profile. The operating frequency of the survey is 
91 Hz. It was quickly observed that the noise levels at receiv-
ers located on a horizontal well are more than 10 times lower 
than levels typically observed in vertical wells, which leads to 
a high S/N ratio. It is suspected that the low noise levels may 
be due to the lack of tension-induced vibration on the hori-
zontally deployed sensors. The high S/N ratio made it possible 
to log the 1 km long well at high logging speeds of 400 m/
hour to 500 m/hour and still maintain excellent data quality 
at a maximum sensor spacing of more than 1.6 km. In total, 
136 data profiles were collected, each 1 km long, with sam-
pling at 4.5 m increments. Of these, 120 data profiles were 
collected in the open hole section, while the remaining 16 pro-
files were collected in the section cased by steel pipe. The mea-
sured amplitude and phase data gathers showed a remarkably 
smooth dataset, Fig. 2. 

DATA PROCESSING AND INVERSION

Data processing for a crosswell EM survey is more complex 
and requires more effort than processing typical logging data. 
It starts with pre-processing quality control, which involves 
checking the data to remove any inconsistencies or obvious 
errors. Normally, the data are checked as a series of “com-
mon receiver gathers.” That means all the data points for a 
given transmitter run are plotted for a single receiver. Since 
the transmitter is continuously moving during the data acqui-
sition while the receivers are stationary, spaced at approxi-
mately 5 m intervals, the data are more densely sampled in 
the transmitter position. This dense sampling allows for easy 

14365araD7R1.indd   40 1/20/18   2:41 PM



SAUDI ARAMCO JOURNAL OF TECHNOLOGY   WINTER 2017     41

identification and manual rejection of spikes that may occur 
due to environment noise or telemetry errors. 

The next step is depth correlation, which correlates the 
crosswell EM sensor depths with some reference provided by 
the borehole logs. Because the crosswell EM system contains 
natural gamma ray sensors on both transmitter and receiver 
sondes, the tools can be depth correlated to the natural gam-
ma ray log. This is a necessary process to ensure depth con-
sistency between the interpretation of the crosswell EM data 
and other existing geological and petrophysical models. It can 
be challenging since gamma ray signals in carbonate reservoirs 
are weak, so extra care is needed. The final processing step is 
transmitter re-sampling. This is needed because the crosswell 
EM data acquisition provides much denser spatial sampling 
in transmitter positions — continuously moving — than in re-
ceiver locations — stationary. Therefore, re-sampling is done 
to ensure that both transmitter and receiver wells are spatially 
sampled in a similar manner.

After data processing, 3D inversions are used to provide 
images of the resistivity structure between the wells. In this 
process, the accuracy of the wellbore trajectory survey is crit-
ically important5, 6. Since the inversion for electrical resistivity 
is nonlinear in nature, this step uses a constrained — regular-
ized — Gauss-Newton procedure to iteratively update the re-
sistivity model until the difference between the measured data 
and the model responses is minimized in a least-squares sense. 
In general, a 3D inversion using data collected by surveying a 
single well pair is severely underdetermined for even a simple 
3D model. This is especially true in this case, since both wells 
are confined within the reservoir, and the distribution of mea-
surements is insufficient to resolve much in 3D. Extra effort 
and precautions therefore have to be exercised to acquire reli-
able 3D inversion results. A detailed analysis of the inversion 
process has been previously presented4, 7.

3D SATURATION MAPPING

One main building block of the project workflow was to 
establish a conceptual dynamic simulation model focusing 

on the area covered by the crosswell EM survey. The main 
objective of constructing this sector model is to establish a 
media where both the field geological attributes and the field 
dynamics can be integrated; this is necessary to simulate and 
mimic different 3D water saturation scenarios as well as dif-
ferent water salinity distribution scenarios. These scenarios 
are the main components that support the entire process of 
transforming the resistivity measurements into an apparent 
water saturation distribution. A previous publication8 presents 
details on the full workflow used for the interpretation of this 
EM dataset.

The full field geological model was used to extract the sec-
tor area with all related geological attributes, e.g., reservoir 
geometry, porosity, and permeability distributions as well 
as natural fracture realizations. To represent fracture uncer-
tainty at the sector area, the fracture network was classified 
into three main categories: high, medium, and low confident 
fractures. Field dynamics, e.g., all the production and injec-
tion history for all wells located at the sector area, including 
bottom-hole pressure measurements, downhole flow meter 
records, well events, etc., were reviewed and analyzed to 
evaluate the reservoir’s main drive mechanism at the sector 
area. This conceptual sector model was used to develop a 
dynamic simulation assessment. Representative simulation 
scenarios were then performed for the sector area, focusing on 
the crosswell EM survey section between the injector and the 
producer.

At first, a detailed reservoir engineering analysis was per-
formed to estimate the reservoir “high flow” features, based 
on the available production logging signature and fractures 
evident at the well level. Three main fracture realizations were 
successfully used to simulate dual porosity and dual perme-
ability, creating finite difference simulation models for each. 
Such fracture realizations act as a main driver for generating 
different simulation scenarios. These scenarios were then used 
to aid in conducting a rapid history matching exercise to mim-
ic the well’s performance within the sector model — especially 
both wells of the survey. The calibration process honors both 
the static and the dynamic uncertainty parameters.

Fig. 2. The measured amplitude (left) and phase (right) data gathers for the open hole section1, 4.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Configuration of the crosswell EM survey conducted between a horizontal producer and injector 
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During the dynamic simulation process, the main challenge 
was to estimate the water salinity distribution in the sector 
area; a wide range of water salinity was observed, ranging as 
low as only ~30,000 ppm total dissolved salts (TDS) — the 
salinity of the water disposed into the water injector well 
— and as high as 220,000 ppm TDS — the salinity of the 
original reservoir formation water — with a salinity level of 
60,000 ppm TDS in between those extremes. A wide variation 
in salinity has a significant impact on Rw used in Archie’s 
law9 for water saturation determination. As a solution, a brine 
tracking simulation feature was implemented to distinguish 
between the different salinity levels. As a result, salinity distri-
bution for each realization was successfully estimated.

Eventually, the reasonable results from the history match-
ing models were used to extract the 3D apparent water satu-
ration distribution for each fracture realization. Precisely, the 
date of the crosswell EM survey was defined in the simulation 
schedule to simulate the representative 3D water saturation 
distribution at the same time as the survey.

During the history matching calibration processes, a gen-
eral evaluation of effects of the uncertainty parameters was 
done, with fracture realizations and their attributes — fracture 
permeability and matrix fracture coupling — as the most in-
fluential parameters controlling the water encroachment. Due 
to the occurrence of fracture corridors in the survey area, the 
waterflood is unevenly distributed, so significant amounts of 
bypassed oil exist between the wells. The following conclu-
sions were drawn: 

•	 The fracture system is dominating the water 
encroachment. 

•	 The interwell space between the water injector and the 
oil producer shows bypassed oil in the conceptual simu-
lation model.

•	 The developed brine salinity distribution scenarios will 
be used to estimate the water resistivity distributions 
within the volume covered by the crosswell EM survey. 
The water resistivity models are critical components for 
the Archie calculations that will be used to estimate ap-
parent water saturation using crosswell EM resistivity.

Archie’s law9 is used to calculate an apparent water satu-
ration map. This calculation requires knowing the resistivity 
distribution, Rt, and porosity in the crosswell volume, Fig. 3, 
and using the water salinity distribution models obtained from 
the reservoir simulation. 

Detailed lab analyses were performed on selected core 
samples to estimate the Archie calculation parameters; the ce-
mentation exponent, m, and the saturation exponent, n. Con-
sidering the large salinity difference between the formation 
water and the injected water, the core samples were divided 
into two groups, then tested respectively with low salinity wa-
ter and high salinity water. In addition, due to the extensive 
fracture systems within the reservoir, it was determined that 
the lab estimated m values, while valid for the matrix forma-
tion, may not be adequate for attribution to the entire reser-
voir. Therefore, dual porosity models were used to modify 
the lab estimated m values. The newly calculated m values are 
valid for both matrix and fractures. 

Three different fracture realizations were generated. Case 
1 is a deterministic fracture system based on well image logs 
analyses; case 2 includes the deterministic scenario integrated 
with dynamic evidence of fractures from production logging 
tool logging indications; and case 3 adds to those a general-
ized background of fractures network distribution. As a result, 
three different salinity distribution scenarios, Fig. 4, were 
generated through the dynamic reservoir simulations. Volumes 
of water resistivity were calculated from the salinity scenarios 

 
 
Fig. 3. Images from the crosswell EM 3D inversion showing (a) resistivity, and (b) porosity cubes between 
the two horizontal wells that were surveyed. 
 
 
 
 
 
 
 
 
 

 
 
Fig. 4. Water salinity models corresponding to three fracture scenarios. 
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Fig. 3. Images from the crosswell EM 3D inversion showing (a) resistivity, and (b) porosity cubes between the two horizontal wells that were surveyed.
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through Archie’s equation, which 

led to the calculation of three 

different apparent saturation 

volumes, Fig. 5. The inversion 

results, displayed in the apparent 

saturation maps, clearly show 

the correlations between the 

high saturation zones and the 

fractures, indicating that the 

fractures are filled with water. 

The low saturation zones are 

most likely related to less swept 

or unswept areas, which prob-

ably have a high potential for 

bypassed oil. 

 
 
Fig. 5. Saturation scenarios, based on different fracture distribution scenarios in the interwell area of the 
reservoir. 
 
 
 
 
 
 
 

 
 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6. New well targeted using the 3D inverted resistivity cube from the crosswell EM data between two 
horizontal wells10. 
 
 
 

Case 1 Case 2 Case 3 

Fig. 5. Saturation scenarios, based on different fracture distribution scenarios in the interwell area of the reservoir.
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Fig. 6. New well targeted using the 3D inverted resistivity cube from the crosswell EM data between two horizontal wells10.

 
 
Fig. 3. Images from the crosswell EM 3D inversion showing (a) resistivity, and (b) porosity cubes between 
the two horizontal wells that were surveyed. 
 
 
 
 
 
 
 
 
 

 
 
Fig. 4. Water salinity models corresponding to three fracture scenarios. 
 
 
 
 
 
 
 
 

(a) (b) 

Case 1 Case 2 Case 3 

Fig. 4. Water salinity models corresponding to three fracture scenarios.
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VALIDATION AND BYPASSED OIL ACCUMULATION

To validate the survey results, and also take advantage of the 

identified potentially bypassed oil accumulation in the inter-

well area, a new slanted well was planned based on the cross-

well EM resistivity and saturation scenarios. The newly drilled 

well, Fig. 6, targeted the high resistivity — and estimated low-

er water saturation — zone in the interwell area and found a 

significant oil column in the upper part of the reservoir. This 

well is currently on production.

The new well was designed and drilled on the hypothesis 

that the inverted high resistivity area had been little impacted 

by the injected water10, i.e., the likelihood of penetrating hy-

drocarbons was expected to be high. The resistivity results of 

the new well to a large extent did support the crosswell EM 

survey inverted resistivity model. Figure 7 compares the well 

logs (red) and the extracted inverted resistivity model values 

(black) for the transmitter well, the receiver well, and the new 

well. The model resistivity values do not fit the logs as closely 

for the new well as they did for the two horizontal wells used 

for the survey. One possible reason may be the higher meas- 

urement frequency (2,000 kHz) compared to 25 kHz for the 

horizontal resistivity logs. As a result, the depth of resistivity 

investigation for the new well is shallower than the log meas- 

urements from the transmitter and receiver wells, and much 

shallower than the crosswell EM inverted resistivities.  

CONCLUSIONS

A CT conveyed crosswell EM survey project was deployed 

between a horizontal producer and injector well pair in a 

supposedly swept area of a low matrix permeability, highly 

fractured Middle Eastern carbonate reservoir. This project 

established a number of world firsts in EM technologies, 

including its first horizontal well deployment, its first survey 
of well spacing > 1.3 km, and the first data interpretation us-
ing full 3D resistivity inversion with saturation mapping. The 
promising results were confirmed by a newly drilled slanted 
well that was landed in an interwell volume indicated to be 
relatively unswept by the survey resistivity inversion. The pro-
jected oil column was confirmed by the new well, and the well 
is currently producing. 

ACKNOWLEDGMENTS

The authors would like to thank the management of Saudi  
Aramco and Schlumberger for permission to publish this 
article. This project is the result of a collaborative, multidis-
ciplinary R&D project between Saudi Aramco and Schlum-
berger Middle East. Special thanks are extended to all the 
colleagues who made this success possible, among whom we 
would like to mention Mike Wilt, Danang Widjaja, Sanggam 
Hutabarat, Keshab Baruah, Nashi Al-Otaibi, Mohammed 
Badri, Mohammed Safdar, Steve Crary, Pablo Saldungaray, 
Khaled Hadj-Sassi and Joseph Khoury.

This article was presented at the SPE Annual Technical Con-
ference and Exhibition, San Antonio, Texas, October 9-11, 
2017.

REFERENCES 

1. Marsala, A.F., Zhang, P., Wilt, M.J. and Safdar, M.: “3D 
Inversion Practice for Crosswell Electromagnetic Surveys 
in Horizontal Wells in Saudi Arabia,” expanded abstract, 
presented at the Society of Exploration Geophysicists 
Annual Meeting, New Orleans, Louisiana, October 18-23, 
2015.

2. Wilt, M.J., Alumbaugh, D.L., Morrison, H.F., Becker, A., 
et al.: “Crosswell Electromagnetic Tomography: System 
Design Considerations and Field Results,” Geophysics, 
Vol. 60, Special Issue, 1995, pp. 871-885. 

3. Wilt, M.J., Zhang, P., Maeki, J., Netto, P., et al.: 
“Monitoring a Water Flood of Moderate Saturation 
Changes with Crosswell Electromagnetics (EM): A 
Case Study from Dom Joao Brazil,” expanded abstract, 
presented at the Society of Exploration Geophysicists 
Annual Meeting, Las Vegas, Nevada, November 4-9, 2012.

4. Marsala, A.F., Lyngra, S., Safdar, M., Zhang, P., et al.: 
“Crosswell Electromagnetic Induction between Two 
Widely Spaced Horizontal Wells: Coiled Tubing Conveyed 
Data Collection and 3D Inversion from a Carbonate 
Reservoir in Saudi Arabia,” expanded abstract, presented 
at the Society of Exploration Geophysicists Annual 
Meeting, New Orleans, Louisiana, October 18-23, 2015.

5. Marsala, A.F., Al-Ruwaili, S.B., Sanni, M.L., Ma, S.M., et 
al.: “Crosswell Electromagnetic Tomography in Haradh 
Field: Modeling to Measurements,” SPE paper 110528, 
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Fig. 7. Comparison of the borehole resistivity logs (red) with the equivalent logs 
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ABSTRACT 

Saudi Aramco faces a wide array of challenges in maintaining 
wellbore stability during drilling and primary cementing op-
erations. As a result, it has revised its strategies and methods 
for remediating losses during well construction operations. 
Implementation of these strategies, with some adopted from 
deep-water operations, has led to improved zonal isolation 
and operational efficiencies. 

The conventional methods used to cure losses during drill-
ing, i.e., with cement plugs, can be inefficient, usually requir-
ing multiple attempts with mixed success. To improve the 
plug success rate, a revised method focuses on the hydrostat-
ics of the cementing fluids as well as on advanced placement 
methods based upon the loss circulation boundary conditions. 

During primary cementing across multiple zones, challeng-
es include ultra-high permeability, low bottom-hole pressures 
(BHPs), and carbonates with a high number of natural frac-
tures. The risk of losses during cement placement is high, and 
such losses have led to inconsistent zonal isolation. A revised 
strategy for designing the cementing fluids used during prima-
ry cementing, based upon the revision of methods used for ce-
ment plugs, which face these same risks, has shown improved 
zonal isolation success. The article details the methods, strate-
gies, and case histories involved to improve wellbore instabili-
ty problems.

INTRODUCTION

The lithology in Saudi Arabia as well as the Arabian Penin-
sula is well documented1-3. Most of the lost circulation expe-
rienced during well construction occurs in several carbonate 
formations spanning the country, independent of location. 
Therefore, lost circulation cannot be avoided. As a result, lost 
circulation treatments in Saudi Arabia have been implement-
ed for decades. Sometimes these include cementing services. A 
strategy or method to improve the chance of success when set-
ting or spotting cement fluids/slurries, however, is lacking. In-
stead, drillers rely on random acts or attempts, hoping the law 
of averages will provide the results. The same is true with pri-
mary cementing, which faces the same risks of lost circulation; 

this too has lacked an approach to achieve the zonal isolation 
objectives for well delivery. The cement fluid/slurry designs for 
spotting cementing fluids generally use:

•	 Cement density from 118 pounds per cubic foot (pcf) to 
127 pcf (15.8 pounds per gallon (ppg) to 16.7 ppg).

•	 Chemical makeup of matrix, varying from fluid loss to 
neat cement.

•	 No temperature analysis.

•	 Thickening time testing that fails to account for actual 
wellbore conditions.

•	 Weighted spacer densities.

For primary cementing, the designs generally use:

•	 Highly overbalanced cementing fluids, i.e., mud of 82 
pcf, spacer of 102 pcf, and cement of 125 pcf.

Evaluation of the lithology in Saudi Arabia, simplified for 
this article, has identified four distinct families:

1. Carbonates.

2. Mix of carbonates laminated with shale.

3. Mix of sandstones laminated with shale.

4. Sandstones.

Table 1 groups most of the Saudi Arabian formations into 
these four families for discussion purposes.

The majority of the lithology affecting well construction 
falls in two families — carbonates and carbonates laminat-
ed with shale. For the purpose of this article, to distinguish 
between zones presenting lost circulation risks and zones of 
interest (ZOIs), “trouble zones” will describe the zones pre-
senting lost circulation risks. The more common characteris-
tics of Saudi Arabian lithology are:

•	 Highly vugular.

•	 Cavernous.

•	 Ultra-high permeability (> 7,000 millidarcies (md)).

•	 High porosity (> 30%).

Losses? No Problem. Unconventional 
Solutions to Cure Unconventional 
Losses and Improve Wellbore Instability 
Problems in Saudi Arabia

Thomas Heinold and Joseph “Joe” Shine Jr.
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•	 Natural horizontal fractures.

•	 Highly clustered natural vertical fractures.

•	 Tendency for induced fractures.

This does not include the historically low bottom-hole pres-

sures (BHPs), which are mostly characteristic of carbonates, 

further complicating lost circulation strategies. In addition, 

these formations are buried in rock interlaid with commer-

cial hydrocarbon-bearing zones, adding complexity to zonal 

isolation. 

Figure 1 shows image logs from Saudi Arabia demonstrat-

ing some of the characteristics previously mentioned.

CHALLENGES

The risk of wellbore instability or circulation losses during 

well construction operations in Saudi Arabia can be grouped 

into the following two categories, which are discussed further:

•	 Drilling operations.

•	 Primary cementing operations.

Drilling Operations

Strategies used to deploy cementing strategies to remediate 

losses while drilling vary among Saudi Aramco as an organi-

zation. When losses are experienced while drilling, depending 

on the loss rate, one of the following methods more common-

ly used is:

•	 Mud treatment on an active system.

•	 Lost circulation treatment.

•	 Mud cap drilling4.

When the Drilling Department chooses instead to use a ce-
menting strategy to cure lost circulation, it is allotted only a 
couple of attempts before it has to revert to one of the above 
methods. In the worst-case, lost circulation can lead to side-
tracking or prematurely abandoning the well. As previously 
mentioned, the deployment of cementing services lacks strat-
egy. This has led to below average success rates. In addition, 
introducing different paradigms and proposals for new meth-
odologies to a mature market can be difficult.

Primary Cementing Operations

Wells are used by Saudi Aramco for various purposes, from 
injection to disposal and from exploration to development. 
Specifically, in exploration and development wells, the risks of 
losses during primary cementing are more common. In a given 
open hole section containing a potential ZOI, the following 
can complicate zonal isolation:

•	 Trouble zones directly above or below the ZOI.

•	 Multiple ZOIs with trouble zone(s) directly above, 
below, and/or in between them.

These complications are independent of the already difficult 
challenges of cementing across carbonates. Though primary 
cementing of casing and liners would be considered trivial to 
achieve the zonal isolation objectives, in Saudi Arabia reser-
voirs, there are uncommon challenges require additional solu-
tions to achieve success.  
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STRATEGIES

Drilling Operations

An investigation of the mixed success when deploying cement-
ing services to cure wellbore instability during drilling opera-
tions has identified the following causes:

•	 Primary: Omission of hydrostatic considerations. 

•	 Secondary: Placement procedure.

•	 Tertiary: Inadequate slurry performance.

•	 Quaternary: Inaccurate temperature prediction.

This investigation of well instability events during drilling 
included formation properties, mud weight, and the degree of 
overbalance in the well with respect to the trouble zone. Find-
ings showed that the wells in most cases were significantly 
overbalanced, the cement procedure was counterintuitive for 
placement success, and the slurry design did not support the 
prevention of potential fall back.

Researching deep-water cementing practices5-9 helped in the 
subsequent review of alternative practices for deploying ce-
ment in response to well instability. The review showed simi-
larities to the challenges faced in onshore Saudi Arabian wells, 
such as low BHP, lost circulation, difficulty achieving accurate 
temperature prediction, and complex drilling hazards.

Hydrostatic considerations and placement procedures com-
mon in deep-water cementing contributed in a large part to 
the revised methodology. Considering the hydrostatics of the 
cementing fluids helps determine the likely densities and vol-
umes needed to prevent significant fall back after placement. 
The foundation of such consideration is as follows:

•	 Determine the likely equivalent fracture density (EFD) 
of the trouble zone based upon drilling events.

•	 Confirm the likely pore pressure equivalent density 
(PPED) by observing the kick tolerance in the open 
hole.

•	 Select the work string size as a function of the most 
likely equivalent hole size.

•	 Plan the cement plug height based on the equivalent 
hole size.

•	 Use the lowest cement density able to achieve adequate 
compressive strength downhole.

•	 Calculate the volume of un-weighted spacer ahead need-
ed to achieve an equivalent static density between the 
EFD and PPED.

The review indicated that using a “pump-and-pull” method 
would address the largest factors in mitigating the deficiencies 
in the current placement practices by achieving:

•	 Reduction in the downhole surge pumping of the over-
balanced fluids near or across the trouble zone.

•	 Higher quality (less contaminated) placement of cement 
in the wellbore.

The pump-and-pull procedure requires certain calculations 
to maintain the theoretical balance during the plug place-
ment. The procedure also must be detailed enough to allow all 
stakeholders at the wellsite to execute it successfully. This var-
ies significantly from the current practices of conventionally 
pumping at will.  

The plug setting depth also varies depending on whether 
total or partial losses are experienced. For most of the deploy-
ments, total losses are experienced. In these instances, placing 
the end of the work string above the trouble zone increases the 
success rate. Placement, however, can vary from up to 50 ft 
depending on the severity of the overbalance between the mud 
weight and EFD. This allows for some degree of fall back so 
as to not isolate the plug in a position where it does not pen-
etrate the trouble zone. For partial losses, placing the end 
of the work string across or on bottom of the trouble zone 
shows the greatest success.

Conventional cement designs do not account for fall back 
prevention, during and after placement, because they have not 
been modified to impart thixotropic behavior, i.e., the proper-
ty of becoming fluid when stirred or shaken and returning to 
the original semisolid state when standing still. With cement 
of normal to heavier densities, this property would have been 
more difficult to achieve, but still possible. Since the revised 
methodology uses a lighter cement density, one not containing 
manufactured cement and engineering particles, the available 
water in the matrix easily supports these modifications. To 
achieve this modification, the most common chemicals used 
are bentonite, sodium silicate, or sodium meta-silicate. These 
designs are being tested on an American Petroleum Institute 
(API) schedule that has been modified to account for opera-
tional practices associated with the pump-and-pull placement. 
Figure 2 shows a typical deployed thixotropic cement design 
at 101 pcf (13.5 ppg) tested on an API modified schedule.

When the wellbore experiences lost circulation, the tem-
perature usually decreases — depending on the severity and 
length of time of the wellbore instability. Laboratory testing 
can account for the additional decrease in temperature from 
lost circulation experienced during placement. But tempera-
ture modeling that accounts for lost circulation was not being 
performed in conventional practice. Excluding this calculation 
of bottom-hole conditions affects the slurry design because 
inaccurate retarder or accelerator concentrations are then 
used, potentially delaying the development of gel strength 
downhole. This usually causes the cementing fluid to migrate 
freely toward the differential pressure of the trouble zone after 
placement. As evidence of this, several wells in the investiga-
tion showed no signs of weight or green cement during the 
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clean out runs. Figure 3 shows a temperature distribution in a 

Saudi Arabian wellbore containing a lost circulation zone.  

The decrease in temperature is clear — the expected 

increase in bottom-hole temperature with increasing depth 

stops. During pressure pumping, this would further affect the 

cooling across the wellbore, making it challenging to predict 

the test temperature without temperature modeling.

Primary Cementing Operations

For primary cementing, the investigation found similar causes 

for drilling operations to encounter wellbore instability, with 

some differences:

•	 Primary: Omission of hydrostatic considerations.

•	 Secondary: Absence of a review of log-based formation 

properties. 

•	 Tertiary: Poor cementing fluids design (spacer and 

cement).

•	 Quaternary: Inaccurate temperature prediction.

These issues pertinent to the challenges of isolating ZOIs 

successfully in Saudi Arabia led to a further review of cement-

ing practices to achieve zonal isolation objectives. The hydro-

static considerations used during drilling operations are also 

applied for primary cementing with some additional dynam-

ics. Using numerical simulations10 containing the appropriate 

boundary conditions to achieve circumferential coverage 

when isolating the ZOIs shows great success. This enables the 

selection of the appropriate density for the cementing fluid. 

The routine of using fixed cementing fluid practices during 

primary cementing is no longer accepted. The target cement 

densities for production intervals range from 112 pcf to 118 

pcf depending on the mud weight. When the well conditions 

dictate a heavier mud weight, then the appropriate density of 

the cement is selected.

Cementing across the carbonate trouble zones to achieve 

the zonal isolation objectives has greater success if a specialist 
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reviews the log data acquired prior to running casing to es-
timate the geomechanical properties. With those estimates, 
adjustments can be made to the cementing strategies for the 
primary cementing operations. Post-job reviews of losses 
experienced while cementing ZOIs would sometimes identify 
formations with high permeabilities and porosities that were 
overlooked because the historical characteristics of a forma-
tion were assumed for the ZOI or because field offsets had 
not encountered similar permeabilities and porosities. The 
effect of such formation properties on fluid leakoff rates when 
applying a differential pressure or in wells that are highly 
overbalanced are well documented11, 12, but when these prop-
erties are unknown prior to job execution, isolation success is 
hampered. 

Adding further support for these trouble zones, the use of 
a cementing spacer to lower lost circulation risks in carbonate 
formations13, 14 has given Saudi Aramco added benefits. The 
company has both trouble zones and ZOIs as carbonates in 
a large share of its wells. The lost circulation spacer helps 
achieve top of cement objectives for these challenging en-
vironments. It is non-damaging to the formation, including 
the reservoir, with or without the use of the system’s compli-
mentary lost circulation material15. The spacer is rheologically 
modified, densified for heavy weights, and can be pumped 
through float equipment and liner hanger assemblies with lit-
tle concern. It has a high tolerance for cement contamination, 
evident in the compatibility testing and bond log results. The 
spacer has successfully supported top of cement across trouble 
zones and ZOIs with up to 2,500 md permeability. Sodium 
silicate additions to the spacer system have shown improved 
bonding across the high permeability zones, which helps when 
the ZOIs are adjacent to water-bearing zones.

The value of numerical temperature simulations, as noted 
in deep-water applications5, 16, for the prediction of primary 
cementing temperatures is well documented. As previously 
discussed, the importance of temperature prediction for lost 
circulation events, primary cementing applications, makes 
such prediction essential. Inconsistency in the use of simulated 
temperature predictions was often found in the review of poor 
isolation and bond log results. In some wells, the temperature 
distribution across the annulus differed by up to 30 °F (16 
°C) from the tested temperature based on API tables. The 
inclusion of simulated temperatures in predicting temperatures 
for primary cementing has reduced the occurrence of post-job 
investigations, further indicating incorrect temperature usage 
as one of the root causes of earlier poor isolation.

CASE HISTORIES

The first case history demonstrates a typical pump-and-pull 
application using a thixotropic cement system for remediating 
losses during the drilling phase. Use of this practice and slurry 
designs are solving similar challenges across Saudi Arabia. The 
remaining case histories present the performance of the lost 

circulation spacer when it was used with various applications 
to achieve zonal isolation objectives.

Case History No. 1: Drilling

A 12¼” hole experienced total losses upon entering the Wasia 
formation around 4,900 ft with 75 pcf inhibited water-based 
mud (WBM). The permeability of the Wasia can be up to 
7,900 md, based upon geomechanical data. Mud cap drilling 
while pumping lost circulation pills over a 12-hour period 
to 4,963 ft attempted to cure the losses with no success. The 
drilling team then agreed to undertake the revised cementing 
strategy. The drilling event indicated the likely EFD was 75 
pcf. The likely PPED of the Wasia was determined to be 66 
pcf. These values defined the operating envelope. The work 
string size was 5” based upon the open hole size. The cement 
height planned was 500 ft with 100% excess. The design con-
sisted of a 101 pcf thixotropic slurry with similar performance 
properties to those shown in Fig. 2. The spacer ahead was 
100 bbl of 4% potassium chloride water. Assuming an annu-
lar fluid level of 100 ft below the surface, which is the balance 
point at which 75 pcf mud stays below the EFD, the planned 
equivalent density calculated at the loss zone was 74 pcf at the 
end of the job.  

The position of the open-ended drillpipe was at the top of 
the loss zone. The rig performed the pump-and-pull opera-
tion successfully. While pumping spacer and cement out of 
the work string, prior to shutting down to start the pump-
and-pull, the well regained 35% returns. The pump-and-pull 
schedule was to pump at 2 barrels per minute and pull at 6 
minutes a stand, or 15 ft per minute. Upon completion of the 
cementing, the static losses, which started at 15 barrels per 
hour, decreased to a static state. The cement plug tagged 100 
ft above the top of the loss zone. This indicated that 80% of 
the plug fell back in the attempt to plug 63 ft of the zone. The 
rig resumed drilling ahead as planned.

Case History No. 2: Primary Cementing

This case history compiles a series of iterations over multi-
ple wells, all undertaken to achieve competent zonal isolation 
across high permeability and porosity zones. The impact of 
not having the correct formation properties at hand prior to 
cementing has been discussed. Well-A was planned for a cased 
hole drill stem test. The 8⅜” hole was drilled with diesel oil-
based mud (OBM) to 14,600 ft. The objectives were to eval-
uate the hydrocarbon potential of the uppermost zone, Khuff 
D, and the lowermost zone, Unayzah A. The borehole expe-
rienced seepage losses from a depth of 14,100 ft to the casing 
point. The lost circulation spacer with surfactant package was 
planned for deployment ahead of the 118 pcf gas migration 
slurry. 

Following the numerical modeling practices for tempera-
ture and hydraulics, the job was executed, including rotation 
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of the 7” liner during cementing, and experienced total losses. 
The bond log showed that the top of cement was 13,700 ft, 
which overcame the lost circulation risks discussed, but this 
left the cause for the losses across Unayzah A unclear. Post-
well review of the log data then indicated that the Unayzah A 
formation in that area had a permeability of 1,000 md. Post-
job hydraulic matching determined the EFD was 107 pcf, not 
the expected 115 pcf. Figure 4 is a section of the bond log 
showing the impact of the high permeable zone. The well sub-
sequently was sidetracked and changed to an open hole drill 
stem test.

Well-B, planned for a cased hole drill stem test as well, was 
drilled after Well-A. The 5⅞” hole was drilled with WBM 
to 8,950 ft. The objective was to evaluate the uppermost 
zone, Base Khuff Clastic, and the lowermost zone, Unayzah 
A. The pre-job review with all stakeholders helped identify a 
high permeability zone of 2,500 md in the Base Khuff Clas-
tic. Based upon the learnings from Well-A, the preparation of 
the lost circulation spacer added the complimentary lost cir-
culation material to mitigate the risk of losses across the high 
permeability zone. The design of the cementing fluid densities 
and hydraulics maintained a safety margin of 5 pcf less than 
the likely EFD across the zone. The cement was a 112 pcf gas 
migration slurry. Following the same revised practices, the job 
was executed, including rotation of the 4½” liner while ce-
menting, with full returns. Evaluation of the bond log demon-
strated isolation of all zones, but not circumferential coverage 
across the high permeability zone. Figure 5 is a section of the 
bond log that shows the isolation of the high permeable zone.

Well-C, also planned for a cased hole drill stem test, was 
drilled after Well-B. The 5⅞” hole was drilled with diesel 
OBM to 14,950 ft. The objective was to evaluate the hydro-
carbon potential of the Unayzah reservoir. The pre-job re-
view of the formation data identified five permeable zones in 

the open hole, ranging from 700 md to 1,300 md; all were 
ZOIs. Working to build upon the success in Well-B, the lost 
circulation spacer with the added lost circulation material 
also included the addition of sodium silicate to the surfac-
tant package to improve bonding across the high permeabili-
ty zones. The fluid densities and hydraulics were designed to 
maintain the same safety margin during placement. The ce-
ment was a 118 pcf gas migration slurry. The job was execut-
ed, including rotation of the 4½” liner while cementing, with 
full returns. Evaluation of the bond log showed isolation es-
tablished across the high permeability zones enabling circum-
ferential coverage. Figure 6 is a section of the bond log that 
shows isolation of the clustered high permeability zones.

Case History No. 3: Primary Cementing

An 8⅜” hole was drilled with 98 pcf WBM to 13,700 ft into 
the base Jilh dolomite formation. No losses were experienced. 
The planned cement job proved to be very challenging; a 7” 
liner was required to cover over 10,000 ft of open hole. The 
maximum hole inclination was 40°. The cement program 
called for a conventional 101 pcf lead and 118 pcf tail design. 
Prior to drilling this section, a formation integrity test (FIT) to 
103 pcf equivalent mud weight was performed to ascertain the 
competence of the Arab-D formation, which was the weakest 
point in this interval. 

While the 7” liner was run in hole (RIH), the well encoun-
tered total dynamic losses when the liner passed through the 
Arab-D formation. Multiple attempts to regain circulation 
with conventional lost circulation treatments were unsuc-
cessful. The lost circulation spacer with the complimentary 
lost circulation material was incorporated into the cement-
ing program to mitigate the losses during the cement job. At 
the start of the cement placement operation, no mud returns 

 
 
 
 

 
 
Fig. 3. Temperature log of a Saudi Arabian wellbore encountering a lost circulation zone at 7.050 ft. 
 
 
 
 

 
 
Fig. 4. Well-A bond log with dotted lines showing the top of cement below the high permeable zone. 
 
 

Fig. 4. Well-A bond log with dotted lines showing the top of cement below the high permeable zone.
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were observed at the surface. Once the lost circulation spacer 
reached the Arab-D, lift pressure could be observed, visible in 
Fig. 7, indicating that the cement should meet the top of ce-
ment objectives. The plug was bumped as planned. While re-
verse circulating at the top of the liner, surface observations 
of the lost circulation spacer and cement provided further evi-
dence that the top of cement objectives had been achieved, de-
spite the total loss of circulation prior to the cement job.

 

Case History No. 4: Primary Cementing with High 
Density

The 8⅜” hole was drilled with 144 pcf WBM to 13,400 ft 
into the Khuff formation, at which point wellbore instability 
led to a changeover to diesel OBM. Prior to drilling this sec-
tion, the FIT had achieved a 150 pcf equivalent mud weight. 
The maximum hole inclination was 78°. The cement program 
called for a 155 pcf cement design due to the high mud weight 

 

 
 
Fig. 5. Well-B bond log with dotted lines showing the isolation of the high permeability zone. 
 
 
 
 
 
 
 
 
 

 
 
Fig. 6. Well-C bond log with dotted lines showing isolation across the clustered high permeability zones. 
 
 
 

Fig. 5. Well-B bond log with dotted lines showing the isolation of the high permeability zone.

 

 
 
Fig. 5. Well-B bond log with dotted lines showing the isolation of the high permeability zone. 
 
 
 
 
 
 
 
 
 

 
 
Fig. 6. Well-C bond log with dotted lines showing isolation across the clustered high permeability zones. 
 
 
 

Fig. 6. Well-C bond log with dotted lines showing isolation across the clustered high permeability zones.
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required to contain the high-pressure brine flows from the 

Jilh formation. The well encountered intermittent losses while 

drilling this section and RIH with the 7” liner.

The same strategy as discussed in Case History 3, using a 

lost circulation spacer with the complimentary lost circula-

tion material, was incorporated into the cementing program. 

Partial losses up to 60 barrels per hour were observed while 

conditioning the mud and prior to cementing. During dis-

placement, when the cement and lost circulation spacer en-

tered the open hole, full returns were maintained. The plug 

bumped as planned. While reverse circulating at the top of 

the liner, surface observations of the spacer provided evidence 

that the objectives had been achieved despite the partial loss 

of circulation prior to the cement job. The liner was subse-

quently positive and negative pressure tested with no loss of 

pressure. The well drilled to total depth and was delivered to 

the proponent successfully.

CONCLUSIONS

Lost circulation during drilling or while cementing can be 

damaging to the wellbore’s integrity. Using the revised strat-

egies and methods to remediate losses during well construc-

tion operations is enabling Saudi Aramco to achieve its zonal 

isolation objectives. The case histories presented demonstrate 

instances where these methods resolved challenging wellbore 

instability. These practices are slowly becoming best practic-

es as the success rate continues to improve with the increas-

ing frequency of their implementation. Future work targets 

further knowledge transfer across Saudi Aramco based upon 
the continued success of these revised strategies.
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ABSTRACT 

In this article, we investigate the cause of the time shift that 
occurs between the derivatives of the observed and simulated 
pressure transient data, and we present a methodology to per-
form full-field transient modeling without the need for single- 
well fine grid sector models.

Pressure transient modeling is the process of simulating an 
observed well test sequence, with the goal of comparing the 
derivative of the field measured pressure transient to the de-
rivative of the numerically simulated pressure transient. Begin-
ning from first principles, we investigated and will show in the 
current article that simulation grid block size introduces an 
undesirable shift in the derivative of simulated data, and that 
this shift disappears as we approach fine grid simulation. We 
have termed this shift the “grid block storage” phenomenon. 
As a result of this undesirable shift that occurs when coarse 
grid blocks are used, transient modeling is currently done 
using local grid refinement on sector models. The limitations 
of the current practice include: (a) large simulation run times 
due to the use of fine grid simulation, and (b) errors related to 
boundary conditions when using sector models.

In this article, we develop the equations governing pressure 
buildup behavior during the period dominated by grid block 
storage as a function of simulation grid size and simulation 
grid permeability. Studying the derived equations reveals that 
the infinite acting radial flow (IARF) stabilization of the de-
rivative of the simulated pressure transient is always the same 
regardless of simulation grid size, although, the onset of this 
stabilization is delayed as the simulation grid size increases 
and as the simulation grid permeability decreases. Based on 
this insight, we developed an approach to history match the 
derivative of the observed pressure transient without the need 
for local grid refinement on sector models. This approach is 
based on the use of a derivative time shift. Instead of using a 
fine grid sector model, we simply use the coarse full-field mod-
el to simulate the pressure transient until the onset of IARF 
stabilization. We then shift the derivative of the observed 
pressure transient rightwards to overlay the corresponding 
features of the derivative of the simulated data, in a manner 
similar to type-curve matching. 

This new approach, called Time Shift Methodology (TSM), 

presents a practical and efficient way of performing transient 
modeling on a full-field multi-well model without resorting to 
the time-consuming conventional approach of using several 
single-well fine grid sector models.

INTRODUCTION

History matching is a well-established industry practice. It 
involves building a geomodel and tuning the properties of 
this geomodel to reproduce observed data. Therefore, his-
tory matching is an inverse problem, and the solution is not 
unique1. Subsequently, the more measured data used in the 
geomodel building phase, the more we are able to constrain 
the geomodel toward reality2. One important characteriza-
tion data in use today is pressure transient information. The 
derivative of the measured pressure transient data is used for 
geomodel permeability conditioning before proceeding to the 
history matching of production and static pressure data3-5.

To history match the pressure transient derivative, many 
authors have recommended the adoption of a fine gridding 
technique; however, the use of fine grid simulation is well-
known for requiring much longer simulation run times be-
cause of an exponential increase in the number of equations 
being solved at each time step3, 4, 6, 7. In particular, for the 
application of the Rank, Match and Spread (RMS) workflow, 

where dozens of pressure transient tests have to be simulated 
using several geo-realizations, the recommendation for fine 
grid simulation becomes impractical8.

The purpose of the current article is to present a new work-
flow for matching the observed pressure transient derivative 
without the need for fine grid simulation.

MATHEMATICAL FORMULATION

During actual pressure transient tests where a well is shut-in 
at the wellhead, there is usually an after-flow effect (wellbore 
storage). This after-flow effect means that flow continues from 
the sandface into the wellbore long after the well has been 
shut-in at the surface. In the simulation of pressure transients, 
however, the well is always shut-in at the sandface, and there-
fore, no wellbore storage occurs. Nonetheless, another kind of 
storage does affect pressure transient simulation; we termed it 
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Full-Field Coarse Simulation Models
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“grid block storage.”
In Fig. 1, Qliq is the well flow rate, while Qi is the flow rate 

from grid (i+1) into grid (i). At steady-state conditions, Qliq = 
Qi = q1 + q2 + q3. Immediately after the well is shut-in during 
simulation, the flow rate Qliq into the wellbore is zero, but the 
inter-block fluid exchange Qi between grid (i) and grid (i+1) 
still continues due to fluid compressibility.

Consider a second scenario using a larger grid block size 
and the well still flowing at the Qliq rate. Under steady-state 
conditions, Qliq = Qi, and immediately after shut-in, the flow 
rate Qliq into the wellbore is zero, but the inter-block fluid 
exchange Qi between grid (i) and grid (i+1) still continues due 
to fluid compressibility, Fig. 2. We have termed the after-flow 
into grid (i) after the well has been shut-in the grid block stor-
age effect.

After ∆t hours into the buildup, the same quantity of fluid 
has moved from grid (i+1) into grid (i) in both cases, but the 
rate of pressure buildup will be faster in the small size grid 
block than in the large size grid block. In the following sec-
tion, we will investigate the pressure transient behavior during 
the storage dominated period.

Flow rate into grid (i) is related to the pressure drop be-
tween grid (i) and grid (i+1) by the compressibility equation:
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where v is the volume of grid (i+1), ∆P is the pressure differ-
ence between grid (i) and grid (i+1), and ∆v is the volume of 
fluid transferred from grid (i+1) into grid (i) during any given 
time step.

Divide through Eqn. 1 by ∆t to obtain:
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Find the derivative of Eqn. 2: 
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where q(t) is the rate of change in the flow rate with time 
from grid (i+1) into grid (i):
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Using Bourdet’s pressure derivative formulation9:
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Note: If y = ln x, then 
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Therefore, if we set y = ln (∆t), we can rewrite Eqn. 5 as:
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Combining Eqn. 6 and Eqn. 4 leads to the following 
expression:
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From Eqn. 1, for a fluid with small and constant 
compressibility:
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For a very small ∆t, qo is the well’s flow rate just before 
shut-in. This implies that for a few seconds after the well 
has been shut-in, flow from grid (i+1) into grid (i) continues 
to be qo (analogous to after-flow in actual pressure transient 
testing, where the downhole rate continues to be equal to the 
pre-shut-in rate for a few seconds until it starts to gradually 
decline and tends to zero).

By combining Eqn. 7 and Eqn. 8, we can substitute for cv 
as follows:
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Fig. 1. Illustration of inter-grid fluid exchange in small simulation grid blocks. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Illustration of inter-grid fluid exchange in large simulation grid blocks. 
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Fig. 2. Illustration of inter-grid fluid exchange in large simulation grid blocks. 
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where Rc = rate decline coefficient, and
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where GS = grid storativity coefficient.
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Q(t) is the flow rate from grid (i+1) into grid (i) as a func-
tion of time, while qo is the pre-shut-in well production rate. 
For a short period of time after shut-in, the flow rate from 
grid (i+1) to grid (i) would continue to behave as if there were 
no shut-in, that is, q(t) = qo. During this period, Rc = 1.

When Rc = 1;
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Equation 12 has the form of the equation of a straight line, 
given as y = mx + c. Therefore, the plot of log (∆P’) vs. the log 
(∆t) would be a straight line with unit slope, and the y-inter-
cept is inversely proportional to Gs, Fig. 3.

IMPACT OF GRID SIZE ON DERIVATIVE PLOT

Now we will investigate how grid size affects the derivative 
plot. By combining Eqn. 8 and Eqn. 10:
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From Eqn. 13, we see that the larger the grid volume, ν, 
the larger the grid block storage coefficient, Gs. A larger Gs 
implies a smaller y-intercept for Eqn. 12. A smaller y-intercept 
implies a shift of the unit slope line toward the right, as previ-
ously shown in Fig. 3.

Also, note that from the Horner’s pressure buildup equa-
tion10, Eqn. 14, we can derive an expression that relates Gs to 
the Horner’s semi-log plot slope, m, as follows:
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.

Equation 14 is Horner’s equation for pressure buildup in 
an infinite acting reservoir, one without after-flow effect and 
without skin. A plot of log (∆P’) vs. log (∆t), Eqn. 16, will re-
sult in a zero slope line with a y-intercept of log m.

While Eqn. 15 describes the infinite acting radial flow 
(IARF) stabilization in the absence of after-flow, Eqn. 12 
describes the early-time distortions of the IARF due to the 
simulation grid block storage effect. Therefore, Eqn. 15 begins 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Illustration of inter-grid fluid exchange in small simulation grid blocks. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Illustration of inter-grid fluid exchange in large simulation grid blocks. 
 
 

 
 
Fig. 3. Generalized plot of Eqn. 12 showing the convergence of different Gs values toward the IARF slope, 
m. 
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Fig. 3. Generalized plot of Eqn. 12 showing the convergence of different Gs values toward the IARF slope, m.

14365araD9R1.indd   60 1/20/18   2:43 PM

creo




SAUDI ARAMCO JOURNAL OF TECHNOLOGY   WINTER 2017     61

only after Eqn. 12 has reached its limiting value. Therefore, as 
∆t increases, Eqn. 12 tends toward a limiting value of log m, 
after which Eqn. 15 takes effect. That is, 
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where m is the stabilization of the IARF derivative 
stabilization.

Figure 3 shows the general form of the plot of Eqn. 12. 
From it, we see clearly that as we approach fine grid simula-
tion (small values of Gs), the unit slope line gets shorter and 
gradually disappears, thereby giving rise to an early onset of 
the IARF slope, m.

From Eqn. 13, Gs is directly proportional to grid size. 
Therefore, as the grid size is reduced, Gs will also be reduced, 
and the y-intercept of Eqn. 12 will approach log m. The im-
plication of this is that as the grid size is reduced, the expected 
unit slope line of Eqn. 12 will disappear, giving way to an ear-
lier onset of the zero IARF derivative slope.

IMPACT OF GRID PERMEABILITY ON DERIVATIVE 
PLOT

Next we will investigate the impact of grid permeability on 
the derivative plot. The basic Darcy equation for linear flow 
of a single-phase fluid in a homogeneous medium is given by:
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By combining Eqn. 3 and Eqn. 17, we can obtain an equa-

tion in terms of the time derivative of pressure as:
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Combining Eqn. 10 and Eqn. 18 gives us:
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Fig. 4. Conceptual simulation model used for proof of concept. 
 
 
 
 
 
 
 
 

 
 
Fig. 5. The log-log plot for three different grid block sizes using permeability = 500 md. 
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From Eqn. 18, we observe that the rate of change of pres-
sure with time is directly proportional to permeability, and 
from Eqn. 19, we observe that Gs is inversely proportional to 
permeability. Therefore, with a high permeability grid block, 
Gs would be smaller and the y-intercept of Eqn. 12 would be 
bigger. A bigger y-intercept implies a shift of the unit slope 
derivative plot toward the left.

PROOF OF CONCEPT

To prove the foregoing concept and show the impact of grid 
size on the derivative plot of the simulated pressure transient, 
we constructed a conceptual simulation model of 10,000 ft by 
10,000 ft by 60 ft.

In all cases, we kept Δy constant at 50 ft (200 cells in 
j-direction), and we kept Δz constant at 20 ft (3 cells in 
k-direction).

We then created three scenarios as follows:

Fig. 6. The log-log plot for three different grid block sizes using permeability = 50 md.
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Fig. 7. The log-log comparison plots showing a time shift and kh mismatch. 
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Fig. 7. The log-log comparison plots showing a time shift and kh mismatch.
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1. Δx = 10 ft (1,000 cells in i-direction).

2. Δx = 50 ft (200 cells in i-direction).

3. Δx = 100 ft (100 cells in i-direction).

Grid and fluid properties for all scenarios were as follows: 

K = 500 mD, φ = 0.15, Fluid = oil, kv/kh = 0.1, µo = 0.594, 

and βo = 1.565.

A producer well, Well-P1, was placed at the point (5,000 
ft, 5,000 ft), Fig. 4. The well was produced at 200 bbl/day for 
5 hours and then shut-in for 10 hours. Figure 5 shows the log-
log plot of the pressure and pressure derivative for the three 
grid block size cases.

To prove the concept of the impact of grid block permea-
bility on the grid block storage phenomenon, we used exactly 
the same conceptual models described earlier, but we changed 

 
 
Fig. 8. The log-log comparison plots showing a time shift. 
 
 

 
 
Fig. 9. History matched log-log plot after applying a time shift. 
 

1

10

100

1000

0.01 0.1 1 10 100 1000

dP
 (d

P'
)

dT (hours)
Observed Data Simulated Data

1

10

100

1000

0.01 0.1 1 10 100 1000 10000

dP
 (d

P'
)

dT (hours)
Simulated Data Observed Data

Fig. 8. The log-log comparison plots showing a time shift.

Fig. 9. History matched log-log plot after applying a time shift.

 
 
Fig. 8. The log-log comparison plots showing a time shift. 
 
 

 
 
Fig. 9. History matched log-log plot after applying a time shift. 
 

1

10

100

1000

0.01 0.1 1 10 100 1000

dP
 (d

P'
)

dT (hours)
Observed Data Simulated Data

1

10

100

1000

0.01 0.1 1 10 100 1000 10000

dP
 (d

P'
)

dT (hours)
Simulated Data Observed Data

 
 
Fig. 8. The log-log comparison plots showing a time shift. 
 
 

 
 
Fig. 9. History matched log-log plot after applying a time shift. 
 

1

10

100

1000

0.01 0.1 1 10 100 1000

dP
 (d

P'
)

dT (hours)
Observed Data Simulated Data

1

10

100

1000

0.01 0.1 1 10 100 1000 10000

dP
 (d

P'
)

dT (hours)
Simulated Data Observed Data

 
 
Fig. 8. The log-log comparison plots showing a time shift. 
 
 

 
 
Fig. 9. History matched log-log plot after applying a time shift. 
 

1

10

100

1000

0.01 0.1 1 10 100 1000

dP
 (d

P'
)

dT (hours)
Observed Data Simulated Data

1

10

100

1000

0.01 0.1 1 10 100 1000 10000

dP
 (d

P'
)

dT (hours)
Simulated Data Observed Data

 
 
Fig. 8. The log-log comparison plots showing a time shift. 
 
 

 
 
Fig. 9. History matched log-log plot after applying a time shift. 
 

1

10

100

1000

0.01 0.1 1 10 100 1000

dP
 (d

P'
)

dT (hours)
Observed Data Simulated Data

1

10

100

1000

0.01 0.1 1 10 100 1000 10000

dP
 (d

P'
)

dT (hours)
Simulated Data Observed Data

 
 
Fig. 8. The log-log comparison plots showing a time shift. 
 
 

 
 
Fig. 9. History matched log-log plot after applying a time shift. 
 

1

10

100

1000

0.01 0.1 1 10 100 1000

dP
 (d

P'
)

dT (hours)
Observed Data Simulated Data

1

10

100

1000

0.01 0.1 1 10 100 1000 10000

dP
 (d

P'
)

dT (hours)
Simulated Data Observed Data

14365araD9R1.indd   63 1/20/18   2:43 PM

creo




64     WINTER 2017  SAUDI ARAMCO JOURNAL OF TECHNOLOGY

 
 
 
 

 
 
 
 
 
 

0.01

0.1

1

10

100

1000

0.001 0.01 0.1 1 10 100

dP
 (d

P'
)

dT (hours)
Simulated Data Observed Data

0.1

1

10

100

1000

0.001 0.01 0.1 1 10 100

dP
 (d

P'
)

dT (hours)
Observed Data Simulated Data

(1) 

(2) 

 
 
 
 

 
 
 
 
 
 

0.01

0.1

1

10

100

1000

0.001 0.01 0.1 1 10 100

dP
 (d

P'
)

dT (hours)
Simulated Data Observed Data

0.1

1

10

100

1000

0.001 0.01 0.1 1 10 100

dP
 (d

P'
)

dT (hours)
Observed Data Simulated Data

(1) 

(2) 
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grid permeability to 50 md. Figure 6 shows the log-log com-
parison plot for different grid sizes at 50 md.

OBSERVATIONS

1. There is a clear unit slope line at early-time, which is re-
lated absolutely to grid block rate decay — there is no 
wellbore storage, so the unit slope line is due to grid block 
storage. Subsequently, as we approach fine grid simulation, 
the unit slope period gradually disappears, as previously 
shown in Fig. 5.

2. There is a shift of the derivative unit slope line toward the 
right (lower y-axis intercept) as the simulation grid size in-
creases and as the simulation grid permeability is reduced.

3. Regardless of simulation grid size, the IARF stabilization is 
similar; the only difference is that the onset of this stabili-
zation is delayed as simulation grid block size increases, as 
previously shown in Fig. 5. This observation is explained 
by Eqn. 13.

4. For any choice of grid block size, as the grid permeability is 
reduced, the unit slope line — the grid block storage domi-
nated period — lasts longer, and therefore the beginning of 
the infinite acting radial flow section is delayed. For the 10 
ft grid block in Fig. 5, IARF generally begins at about 0.01 
hours, while in Fig. 6, it begins at about half an hour after 
shut-in.

TIME SHIFT METHODOLOGY

The current practice of pressure transient history matching is 
to do a local grid refinement around the well prior to simula-
tion of the pressure transient3. As shown earlier, progressively 
reducing the grid block size used for simulation would elim-
inate grid block storage — indicated by the disappearance 
of the early-time unit slope — and shift the derivative of the 
simulated pressure transient toward the left, thereby better 
matching the observed data. But reducing the grid block size 
leads to very long simulation run times. Improving computa-
tional efficiency would necessitate a sector model simulation 
rather than a full-field simulation.

In the proposed TSM approach, we run the pressure transient 
simulation with coarse simulation grid blocks until the onset 
of IARF stabilization and then make a shift of the observed 
data toward the right to overlay the simulated derivative unit 
slope line. This observed data time shift effectively eliminates the 
impact of simulation grid size, and the remaining features can 
then be compared to see if they are matching or not.

In Fig. 7, we simulated the observed pressure transient data 
of Well-1 using a coarse simulation grid block. We saw two 
levels of mismatches between the observed data derivative and 
the simulated data derivative:

1. Derivative stabilization mismatch: As we have shown 

earlier, the derivative IARF stabilization is independent of 
grid size, and based on the Horner’s pressure buildup equa-
tion, Eqn. 14, the only rock property that influences this 
stabilization is kh.

2. Time shift mismatch: This is caused by the use of a coarse 
simulation grid size and also by the kh mismatch.

To improve the kh match, we iteratively multiplied the 
simulation model permeability around Well-1 by different co-
efficients until a multiplier of 3.5 gave us a satisfactory match, 
Fig. 8. The observed data derivative stabilization and the 
simulated data derivative stabilization are now identical (∆P’ 
= 60). There is, however, still a nonalignment issue (time shift 
mismatch).

We addressed that mismatch by shifting the observed data 
rightwards — in a manner analogous to type-curve matching 
— so that the unit slope line of both the observed and sim-
ulated data derivatives are aligned, and thereby removed the 
artifact introduced by simulation grid size, Fig. 9.

We carried out the same sequence for Well-2 as shown in 
Fig. 10 and described below:

1. Comparison plot of observed and simulated derivatives 
showing mismatch due to kh.

2. After the iterative multiplication of permeability, a perme-
ability multiplier of 8 gave good results. This improved the 
match of kh but left the nonalignment issue (time shift) due 
to grid block size.

3. After a time shift was applied on the observed data, we 
obtained a satisfactory history match of the pressure 
derivative.

CONCLUSIONS

The current practice of pressure transient modeling in the 
industry is based on the use of fine grid simulation on sector 
models. We have observed that the IARF stabilization of the 
pressure derivative plot converges to the same value regardless 
of the size of the simulation grid block used. Based on this 
observation, we have proposed to carry out pressure transient 
modeling with a coarse simulation grid and then time shift the 
observed data. This leads to the same results, as well as saving 
the cost of lengthy simulation run times.
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NOMENCLATURE

Rc = Rate decline coefficient
Gc = Grid storativity coefficient
P = Pressure
µ = Viscosity
β = Formation volume factor
K = Permeability
H = Thickness
c = Compressibility
v = Volume
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ABSTRACT 

Downhole oil-water separation (DOWS) systems can reduce 
the costs and environmental impacts associated with manag-
ing large volumes of produced water and also increase well 
productivity. The global need for DOWS systems will there-
fore continue to grow with reservoir maturation and rising 
water cuts in producing wells worldwide. Currently, between 
three to 10 barrels of formation water are brought to the 
surface for every produced barrel of oil. DOWS technologies 
today utilizes hydrodynamic, gravitational, or membrane sep-
aration techniques to separate oil from water downhole. 

These separation systems suffer from a number of mechan-
ical and operational problems, including two important lim-
itations: (1) they are not adjustable to changes in flow rates 
or water cuts, and (2) they are not capable of separating solid 
fines from the fluid stream downhole. Acoustic separation 
techniques not only provide a feasible solution to overcoming 
these limitations, but also have a number of advantageous 
functions. This article introduces a concept for an acoustic 
downhole oil-water fines separation (ADOWFS) tool and de-
scribes its field implementation. ADOWFS is a three-phase 
separation technique that utilizes a sequence of acoustic stand-
ing wave fields with different numbers of loops to simulta-
neously separate oil droplets and solid fines from the water 
stream in the production tube. The oil is directed to the center 
of the production tube, where it can be lifted to the surface, 
while the water, after removal of the acoustically separated 
fines, can be injected downhole into a nonproducing forma-
tion. The ADOWFS tool, therefore, both increases the oil-to-
water ratios in producing wells and reduces the risk of pore 
clogging and formation damage by solid fines in the reinjected 
water. More importantly, ADOWFS allows for instantaneous 
tuning via surface controls to meet changes in flow rates 
and water cuts, and the tool can be integrated into existing 
downhole separation infrastructures, e.g., installed in place of 
hydrocyclones. 

A set of proof-of-concept experiments using direct micro-
scopic visualization in a microfluidic channel demonstrated 
the instantaneous separation of micron-sized oil droplets and 
solid fines from water by exciting the proper acoustic stand-
ing wave fields in the flow channel. The oil droplets and 
solid fines were separated by a distance of 
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 being the 

wavelength of the acoustic wave), which is the expected sepa-
ration between the pressure nodal and antinodal planes of the 
standing wave.

INTRODUCTION

In many oil production operations, it is estimated that be-
tween three to 10 barrels of formation water are brought 
to the surface for every produced barrel of oil. The ratio in-
creases with reservoir maturation. To comply with increas-
ingly strict discharge standards, the produced water must 
be treated before recycling and reinjection in the formation. 
In the 1990s, downhole oil-water separation (DOWS) tech-
nologies were introduced to address the challenges of water 
production and treatment1-3. DOWS systems are techniques 
for separating oil from water downhole and simultaneously 
diverting the water to nonproducing zones in the formation. 
The concept is that the hydrocarbon-rich fluid is pumped 
to the surface while the water-rich stream is redirected and 
injected into the formation, whether through a second well 
leg or into a porous, non-hydrocarbon-bearing part of the 
reservoir. DOWS systems therefore strive to both reduce the 
amount of produced water and at the same time increase the 
oil-to-water ratios in producers with high water cuts. By min-
imizing or even avoiding the entire process of lifting, treat-
ing, and disposing of produced water at the surface, DOWS 
techniques reduce costs and environmental impact. In turn, 
this can free up more field space and capacity to be utilized 
for oil production rather than processing the produced water, 
thereby increasing well productivity1. DOWS systems were 
even credited for additional oil recovery when integrated with 
waterflooding operations1, 2.

Several DOWS systems have been tested and implemented 
in different wells worldwide. While oil production rates in-
creased notably in a number of these wells, the opposite was 
true in other wells3. That is because DOWS systems depend 
on well conditions, such as flow rate, water cut, and the prop-
erties of the emulsified fluids downhole, to perform their sepa-
ration function.

Current DOWS technologies utilize hydrocyclones or rely 
on gravitational separation methods. Hydrocyclones sepa-
rate oil from water by using the difference in their response 
to centrifugal forces when subjected to a vortex motion. The 
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separation efficiency of a hydrocyclone essentially depends on 
its geometry and the flow rate of the fluids entering it. Its ge-
ometry is set, meaning it cannot be tuned to accommodate de-
viations from its intended operation parameters. The only op-
tion is to replace it. To accommodate variations in flow rate, 
special valves and pumping systems must be used1, 2. All this 
makes it uneconomic to sustain its functionality for extended 
operation times. The gravitational method takes advantage 
of the difference in the specific gravity of oil and water in the 
wellbore. For light oils with relatively high specific gravities 
(API < 30), however, these methods become uneconomical 
because it takes such a long time for the oil and water to sep-
arate. This method is typically applied in a horizontal section 
of the well and can only function for wells with low flow 
rates. Finally, an emerging method based on membrane sepa-
ration uses special polymeric membranes to separate the fluids 
downhole1, 2. They are not widely accepted in the upstream 
oil industry owing to the possibility of membrane fouling and 
subsequent pressure drop in the wellbore. None of the current 
technologies are capable of separating solid fine particles from 
water downhole.

The quality of the water separated using the different 
DOWS systems does not always meet the standards for rein-
jection into the formation, either downhole or even from the 
surface after treatment. The presence of fine particles, e.g., 
sand particles, insoluble salts, minerals, and clays, in the wa-
ter poses the risk of plugging and damaging the formation, 
while the presence of hydrocarbon residuum in the water 
risks polluting the subsurface environment if reinjected from 
the surface. These poor results for the produced water have 
hindered the wide acceptance and deployment of DOWS tech-
nologies. Nonetheless, demand for DOWS will only rise with 
increasing water cuts in oil producers across the globe because 
that means ever-larger volumes of produced water. To lower 
the operational costs and environmental risks associated with 
handling, treating, and reinjecting this water, a DOWS tech-
nology is needed that can be implemented in most wells under 
any conditions, including variable flow rate and water cut. 
One way to achieve this goal is to utilize acoustic separation 
techniques. These techniques were successfully employed in 
industrial-scale processes, e.g., food processing and fluid refin-
ing, following their original significant achievements in medi-
cal and pharmaceutical applications4-6. 

Acoustic separation techniques work by creating a stand-
ing wave pattern within a fluid in which a dispersed phase 
exists, e.g., solid particles or immiscible fluid droplets. Time 
averaged, direct acoustic radiation forces, arising from the 
repeating pressure gradients, drive the dispersed phase to ei-
ther nodal or antinodal planes within the acoustic field, which 
depends on the phase’s compressibility and density relative to 
the carrier fluid4-9. Dispersed particles that are less compress-
ible than the carrier fluid, e.g., solid fines in water, are driven 
to the pressure nodal planes; those that are more compressible 
than the carrier fluid, e.g., oil droplets in water, are directed 

toward the pressure antinodal planes. One of the advantages 
of acoustic separation techniques is that the standing waves 
can be excited in the fluid through the walls of its conduit, in 
this case the pipeline, without intervening with the flow. An-
other advantage is that the acoustic parameters — amplitude 
and frequency — can be changed instantaneously and so mod-
ify the characteristics of the standing wave patterns to accom-
modate changes in the well conditions. Furthermore, the tech-
nology and components needed to set up acoustic separation 
systems are readily available, and rapid advancements have 
made them adaptable to various applications involving harsh 
conditions, such as those encountered in oil-producing wells 
and oil pipelines.

This article introduces the novel concept of an acoustic 
downhole oil-water fines separation (ADOWFS) technology 
and presents the proof-of-concept experiments. ADOWFS is a 
three-phase downhole separation method that separates both 
oil and solid fine particles from water in the production well 
before the water reaches the surface. As a result, it not only 
increases the hydrocarbon content in the fluids pumped to the 
surface and reduces the volume of produced water, but also 
enables the downhole reinjection of water into the formation, 
with little to no risk of formation clogging.

BACKGROUND AND THEORY

Acoustic separation of particulates, whether oil droplets or 
solid fine particles, dispersed in a fluid works by generating a 
field of standing waves within the dispersion. A standing, or 
stationary, wave is an oscillating wave that is fixed in space. 
It results from the constructive interference of two waves trav-
eling in opposite directions and having the same amplitude 
and wavelength, 
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. In a conduit with an inner diameter, D, 
a standing wave pattern is generated if an acoustic wave and 
its reflection by the opposite side of the conduit are combined 
constructively, which happens when 
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where n is the harmonic number or number of loops in the 
standing wave pattern7. In a standing wave, an alternating  
pattern of pressure nodes (displacement antinodes) and pres-
sure antinodes (displacement nodes) is created along the 
wave’s axes, Fig. 1. 

The alternating pressure nodes and antinodes, separated 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. An acoustic standing wave pattern (4th harmonic) within a conduit showing pressure and 
displacement nodes and antinodes separated by /4. 
 
 
 

 

                       
 
 
Fig. 2. Representation of the direct acoustic radiation forces acting on particles with a positive contrast 
factor (solid blue circles) and particles with a negative contrast factor (solid red circles). The former 
particles are driven toward the pressure nodes while the latter particles are driven toward the pressure 
antinodes of the acoustic standing wave pattern. (Figure is not to scale.) 
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by a distance 
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/4, generate alternating spatial acoustic pres-
sure gradients. These produce a time averaged, primary direct 
acoustic radiation force (Fp) that is exerted on the dispersed 
particulates according to4, 7, 9:
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 is the acoustic contrast factor given by:
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In these equations, subscript d refers to the dispersed phase 
(particle or droplet) and subscript o refers to the continuous 
fluid phase. Eac is the specific energy density, V is the volume 
of the dispersed particle,  is the compressibility (= 1/
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is the density, k is the wave number (= 2
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), and z is the dis-
tance away from the pressure node. Eac is proportional to the 
square of the pressure amplitude.

The acoustic contrast factor, 
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, is dependent on the 
density and compressibility of the dispersed particles relative 
to the continuous phase, Eqn. 2. As depicted in Fig. 2, when 
these dispersed phase properties lead to a positive contrast 
factor, e.g., solid particles in water, the axial direct acoustic 
radiation force (Fp) drives the particles toward the pressure 
nodes (blue arrows in Fig. 2). Conversely, if the properties 
lead to a contrast factor that is negative, e.g., oil droplets 
in water, the Fp drives the particles toward the pressure an-
tinodes (red arrows in Fig. 2). Therefore, the acoustic standing 
pattern provides a means not only to separate particles from a 
solution, but also to distinguish them based on their acoustic 
contrast factor, 
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.
As the droplets or particles reach the antinodal or nodal 

planes, respectively, they experience further attractive forces 
arising from the sound field scattering created by neighboring 
droplets or particles4, 7. These secondary acoustic radiation 
forces (or secondary Bjerknes forces) are attractive in a di-
rection perpendicular to the sound propagation direction1. A 
simple form for the secondary acoustic radiation force, Fs, is 
given by7:
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In this equation, d is the distance separating the interacting 
particles or droplets, and V1 and V2 are their corresponding 
volumes. Since Fs is always attractive, Eqn. 3, it enhances the 
coalescence of droplets or the clustering of particles in the an-
tinodal and nodal planes, respectively1. As the droplets and 
particles grow in size once they merge together in their respec-
tive planes, both the primary and secondary acoustic radiation 
forces become more pronounced, Eqns. 1 and 3, causing the 
particles and droplets to grow in size even more rapidly over 
time and the acoustic separation process to become more effi-
cient. The coalescence of oil droplets is particularly critical — 
it prevents the oil from re-dispersing back into small droplets. 
These intermingled processes are crucial to the overall separa-
tion process, increasing the system’s separation efficiency over 
time.

ADOWFS TECHNOLOGY CONCEPT

These principles can be implemented down a wellbore to sepa-
rate oil and solid fine particles from the water stream in a pro-
duction tube. The fluid that flows in oil-producing wells with 
high water cuts is typically an emulsion of small oil droplets 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. An acoustic standing wave pattern (4th harmonic) within a conduit showing pressure and 
displacement nodes and antinodes separated by /4. 
 
 
 

 

                       
 
 
Fig. 2. Representation of the direct acoustic radiation forces acting on particles with a positive contrast 
factor (solid blue circles) and particles with a negative contrast factor (solid red circles). The former 
particles are driven toward the pressure nodes while the latter particles are driven toward the pressure 
antinodes of the acoustic standing wave pattern. (Figure is not to scale.) 
 
 

+ 

N 

AN 

N N 

AN 

z/  

Fp on particles 
with negative    

Fp on particles 
with positive    

Standing 
wave   

- 

 

Pressure antinode  
(displacement node) 

Pressure node  
(displacement antinode) 

D 

Pressure node 
(Displacement antinode) 

Pressure antinode 
(Displacement node) 

Fig. 2. Representation of the direct acoustic radiation forces acting on particles with a positive contrast factor (solid blue circles) and particles with a negative contrast 
factor (solid red circles). The former particles are driven toward the pressure nodes while the latter particles are driven toward the pressure antinodes of the acoustic 
standing wave pattern. (Figure is not to scale.)

14365araD10R1.indd   70 1/20/18   2:46 PM

creo




SAUDI ARAMCO JOURNAL OF TECHNOLOGY   WINTER 2017     71

dispersed in water. In many cases, solid fine particles, e.g., 
from precipitation or host rock mineral defragmentation, are 
also present in the water phase. Acoustic separation processes 
can be utilized downhole to simultaneously separate the oil 
droplets and solid fines from this multicomponent fluid stream 
inside the production tube.

Standing waves can be generated in the production tube 
by coupling powerful ultrasonic transducers to the exterior of 
the tube, Fig. 3. The transducers are powered by multichannel 
function generators and power amplifiers located in a surface 
facility near the wellhead. The transducers generate standing  
acoustic waves having different numbers of loops inside the 
main tubular in the direction perpendicular to flow. The 
number of loops (the wave number k in Eqn. 3) and the pres-
sure amplitude (Eac in Eqn. 3) can be adjusted via the surface 
equipment to accommodate the varied flow conditions and 
dispersion phases in the emulsion. 

The primary axial direct acoustic radiation force, Fp, drives 
the oil droplets toward the pressure antinodal planes, while 
the solid fine particles are driven to-
ward the pressure nodal planes. The 
oil droplets get closer together as they 
approach the antinodal planes, at 
which point the secondary acoustic 
radiation forces enhance their coales-
cence into larger droplets. Similarly, 
the solid fine particles cluster into 
larger particles in the pressure nodal 
planes, Fig. 2. The oil droplets and 
fine particles continue moving within 
the antinodal and nodal planes in 
the direction of flow. Each time the 
coalesced oil droplets and clustered 
particles enter another standing wave 
region, the effect of Fp is more pro-
nounced due to the increase in their 
volumes, Eqn. 1. Aligning the trans-
ducers in such a way that the standing 
acoustic waves have a decreasing num-
ber of loops in the direction of flow 
gathers the oil into the central region 
of the production tube, while the solid 
fine particles are pushed close to the 
tube’s wall, Fig. 3. Then a concentric 
auxiliary tube of a smaller diameter 
collects the harvested oil, while the 
water with solid fine particles is driven 
into the annular space and passed 
through a filter screen.

PROOF OF CONCEPT EXPERIMENT

The core concept of ADOWFS is to si-
multaneously separate oil droplets and 

solid fine particles from a stream of water. To prove this con-
cept, experiments were performed in a microfluidic cell, which 
was filled with a mixture of oil droplets and fine particles dis-
persed in water — components with opposite acoustic contrast 
factors. Figure 4 depicts a schematic of the experimental setup 
used in the experiments. Details of the experimental proce-
dures and materials can be found in Vakarelskia et al. (2016)9.

In summary, a parallel-plate glass flow cell (Model 
48/Q/0.1 from Starna Cells Inc., CA, USA) having an aperture 
of 100 μm, a channel width of 8 mm, and a length of 40 mm 
was used. The glass cell allows direct microscopic and mac-
roscopic visualization of particulates in solution and of their 
response to ultrasound. A radial mode, ceramic disc piezo-
electric transducer (PZT) with a 7 mm diameter and a 3 mm 
thickness (Steminc, SMD07T03R411) was fixed to the bottom 
of the cell using an epoxy resin. The PZT has a resonant fre-
quency of 300 kHz and was powered by a HAS 4012 bipolar 
amplifier and function generator (Agilent 33220A). This reso-
nance frequency was selected to ensure that the standing wave 

 
 
Fig. 3. Schematic of the ADOFWS concept. 
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Fig. 3. Schematic of the ADOFWS concept.
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patterns of different harmonics would fit within the cell’s 
channel width.

Oil-in-water emulsion was prepared by mixing 1 wt% to 
5 wt% dodecane oil (99.0+%, Aldrich) with deionized water. 
The emulsion droplets were stabilized by adding a 3 × 10-3 
wt% oil-soluble SPAN 80 surfactant (Aldrich) to the dodec-
ane phase prior to mixing. The resulting water-oil interfacial 
tension was about 7 mN/m. The emulsion was prepared by 
stirring the mixture for 5 minutes at 15,000 rpm with a pro-
peller disperser (IKT T18), resulting in oil droplet sizes in the 
range 2 µm to 10 µm. For the solid fine particles, the exper-
iments used a 5 wt% monodisperse, aqueous suspension of 
silica particles, 7.5 µm in diameter (MicroParticles GmbH). 
The silica particles were washed before use in a multiple step 
dilution with deionized water and concentration to remove 
surfactant traces. The final concentration of silica particles 
was 1 wt%.

The final fluid used in the experiments was prepared by 
mixing the dodecane-in-water emulsion sample and the aque-
ous silica particle suspension within 15 minutes following 
their preparation. Table 1 summarizes the values for the den-
sity, 
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; speed of sound, c; and calculated acoustic contrast 
factor, f (from Eqn. 2), of the mixture’s components. As the 
table depicts, the dodecane droplets and silica particles have 
opposite sign contrast factors, indicating that dodecane drop-
lets will migrate toward the pressure antinodes of a standing 
wave pattern and silica particles will migrate toward the pres-
sure nodes of a standing wave pattern. The density of doecane 

and the speed of sound in dodecane are similar to those of 
crude oil.

The experiment was conducted by injecting the water con-
taining the dodecane droplets and silica particles into the flow 
cell using a syringe pump to control the injection duration 
and rate. The sinusoidal wave’s frequency was adjusted until 
a standing wave pattern of four loops was established in the 
mixture. High resolution microscopic and wide view macro-
scopic imaging with a high speed video camera was employed 
to capture and analyze the responses of the oil droplets and 
solid fines within the standing wave field.

RESULTS

Detailed results of the mentioned experiments are reported in 
Vakarelskia et al. (2016)9. Figure 59 shows snapshots of (a) 
the dodecane-in-water emulsion, and (b) the dodecane-in-wa-
ter emulsion with silica microparticles dispersed in the wa-
ter phase, taken after exciting a four-loop standing wave 
along the channel’s width. As shown in Fig. 5a, the dodecane 
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Fig. 4. Schematic of the experimental setup. 
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Fig. 4. Schematic of the experimental setup.

 [kg/m3] c [m/s]  (Eqn. 2)

Water 1,000 1,497 0

Dodecane 800 1,260 -0.8

Silica 1,800 5,640 +1.6

Table 1. Density, speed of sound and acoustic contrast factors of the components 
used in the experiment

14365araD10R1.indd   72 1/20/18   2:46 PM

creo




SAUDI ARAMCO JOURNAL OF TECHNOLOGY   WINTER 2017     73

droplets are concentrated in five equidistant streams along the 
channel’s length. The distance between the streams is w/4, w 
being the channel width (8 mm). Since the four-loop standing 
wave pattern that was generated satisfies the condition w =  
2

 

 

, 

       

               (1) 

 

                  (2) 

 

2 /  

 ( , ) 

 

                  (3) 

 

μm   

  

2 /   

 

 

                     (4) 

 

                     (5) 

 

 

  

 

 

, these streams are separated by 
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/2, which corresponds 
to the pressure antinode plane positions. This is also obvious 
from the perfect matching of the positions of the streams and 
the antinodes in the standing wave pattern plotted next to the 
snapshot in Fig. 5a. The concentration of dodecane droplets 
in the edge streams is lower than that in the other streams, 
simply because the droplets can only arrive from one side of 
the antinode.

For the case of a mixture of dodecane droplets and silica 
particles in water, Fig. 5b, nine equidistant streams are formed 
along the channel’s length, streaming toward the outlet. Five 
of the streams are dodecane droplets along the pressure an-
tinode positions as in Fig. 5a, and four are concentrated silica 
particles. Clearly, the silica particles are concentrated along 
the pressure node positions inside the channel. The separation 
between the adjacent streams of oil droplets and silica parti-
cles is 
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/4, consistent with the predicted values based on the 
standing wave pattern geometry. It is worth noting that both 
the concentrated oil droplets and the silica fine particles con-
tinued to move with the flow while remaining in their respec-
tive antinodal or nodal planes, even after the acoustic irradia-
tion was terminated.

DISCUSSION

While the laboratory experimental results indeed support the 

ADOWFS concept, some important questions remain. One of 

these questions is whether the primary acoustic direct radia-

tion force, Eqn. 1, is adequate to redirect the oil droplets or 

solid particles to the pressure antinodes or nodes under the 

flow velocities encountered downhole in an oil production 

well. To answer this question, consider an oil droplet of 100 

μm diameter flowing with a production stream at a rate of 

3,000 barrels per day through a 3” inner diameter production 

tube, resulting in a flow velocity of 1.21 m/s. If a standing 

wave with eight loops is generated in the tube, it will have a 

wavelength of 
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 0.019 m, therefore a wave number k = 2
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 330 m-1 and a spacing between each two consecutive an-

tinodes or nodes of about 0.0095 m (~1 cm). If the acoustic 

transducer has a length, l, and delivers an energy density of 

150 J/m3, the amplitude of the primary acoustic direct radi-

ation force, Fp, acting on the droplet can be calculated from 

Eqn. 1 to be about 20 nN. In this calculation, the acoustic 

contrast factor, Eqn. 2, is taken to be -0.8. Since Fp is sinusoi-

dal, the average value acting on the droplet is 2/ × 20 = 12.7 

nN.

As the droplet transverses across the flowing water, it will 

experience viscous drag that can be calculated from7:

Fig. 5. Acoustic separation in a continuous flow, at 5 mm/second fluid flow velocity, of dodecane droplets and silica particles dispersed in water in the microfluidic cell. 
(a) Dodecane droplets are separated into five streams along the antinode plane. (b) A mixture of dodecane droplets and 7.5 μm silica particles in water separates into four 
streams of silica particles along the pressure node planes and three streams of dodecane droplets along the pressure antinode planes.
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In this equation, μw and μo are the dynamic viscosities of 
the water and oil droplet, respectively, and Ro is the droplet’s 
radius and vo is its velocity. Assuming a value of vo of 0.03 
m/s to 0.04 m/s, a drag force in the order of 10 nN to 12 nN 
can be expected to be resisting the droplet’s motion. The net 
force on the droplet, Fnet = Fp – FD, will then be in the order of 
1.0 nN.

If the oil droplet moves vertically in the production tube at 
the same steady velocity as the fluid stream, v ~1.2 m/s, the 
horizontal displacement of the droplet, s, can be calculated as:
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In this kinematic equation, a is droplet acceleration in the 
horizontal direction, which is assumed constant and equal to 
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, m is the mass of the droplet and 
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 is its travel-time 
over the length of the transducer, l. Using a 12” long trans-
ducer, the horizontal displacement of the 100 mm oil drop-
let under the effect of 1 nN net force can be estimated to be 
about 6 cm, or six times the spacing between two adjacent 
antinodes in the standing wave field. 

As Eqn. 5 depicts, s increases with the square of l while it 
decreases with the square of the flow velocity in the production 
tube. In other words, higher flow velocities will require longer 
transducers, unless it is more economic to use shorter transduc-
ers with higher powers to increase Fp.

The above approximate calculations suggest that the acous-
tic standing waves can provide enough force to direct oil 
droplets and solid fines to their anticipated locations in the 
pressure antinodes and nodes under flow velocities similar to 
those encountered in oil production wells. As the oil droplets 
approach other droplets in the pressure antinodes, the sec-
ondary acoustic radiation forces, Fs, will enhance their coales-
cence into larger droplets. Coalesced droplets are harder to 
breakdown and re-disperse, and at the same time are easier to 
separate acoustically. Therefore, the separation process of the 
oil droplets will become more efficient with time. Similarly, 
as the solid fines approach other fines in the pressure nodes, 
Fs will enhance the formation of particle clusters. Because of 
the relatively high water ionic strength in oil production wells, 
the clustering process will most likely be irreversible due to 
the absence of repulsive double layer interactions at high ionic 
strength. Therefore, similar to the oil droplets, the separation 
process efficiency of the solid fines will increase with time.

CONCLUSIONS

This article introduces an innovative method for the sep-
aration of oil and solid fine particles from water streams 
downhole before they reach the surface by utilizing standing 

acoustic waves. ADOWFS has the potential of not only in-
creasing the oil-to-water ratio while decreasing the volume of 
produced water pumped to the surface, but also removing fine 
particles from the water so it can be safely reinjected into the 
formation. The key advantage of ADOWFS is that it can be 
tuned via surface controls to meet changes in flow rate, water 
cut, or the size of the oil droplets or fine particles downhole.

The ADOWFS concept was verified via a set of direct mi-
croscopic visualization experiments in a simple microfluidics 
cell in which an oil-in-water emulsion with solid fine parti-
cles dispersed in the water phase was subjected to an acoustic 
standing wave pattern. The experiments showed that upon ex-
citation of the proper standing wave pattern, the solid fine par-
ticles and oil droplets almost instantaneously migrated toward 
distinguishably different locations within the standing wave 
pattern. The separation between the oil and water locations 
was ~
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 being the wavelength of the acoustic wave), which 
is the expected separation between the pressure nodes and 
antinodes of the standing wave. The solid fines formed linear 
clusters in the pressure nodes, while the oil droplets accumu-
lated in the pressure antinodes of the standing wave pattern. 

Approximate calculations show that the acoustic standing 
waves can provide enough forces to direct the oil droplets 
and solid fines to their anticipated locations in the pressure 
antinodes or nodes, respectively, under flow velocities similar 
to those encountered in oil production wells. In cases where 
very high flow rates are expected, additional engineering and/
or operational measures might be needed to ensure the proper 
performance of ADOWFS. For example, the length, power 
output, and number of the transducers can be increased to  
accommodate higher flow rates.

The ADOWFS method provides both financial and envi-
ronmental benefits by reducing: (a) the need to replace the 
complete separation system or parts of the separation system 
to accommodate changes in well conditions; (b) the volume of 
produced water and the need for surface facilities to handle 
such volumes; (c) the corrosion and scale issues caused by wa-
ter in production pipes; (d) the drilling of disposal wells; and 
(e) the injection of potentially contaminated water into the 
formation.

Recommendations for future studies include: (1) testing the 
concept in larger flow conduits, (2) comparison between hor-
izontal and vertical flow configurations, and (3) quantifying 
the separation efficiency under different temperature and sa-
linity conditions.
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