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Abstract /

Dynamic Study of Spontaneous Imbibition
Test for Fracturing Fluid Uptake Pathways Using
Microscale Radiographic Imaging

Dr. Feng Liang, Jilin Zhang, Dr. Hui-Hai Liu and Dr. Shawn Zhang

Hydraulic fracturing has been widely used in stimulating unconventional reservoirs, including tight
carbonate formations, to improve oil and gas production. The stimulation process requires massive
volumes of fracturing fluid to crack the formation; however, only a small percentage of the fluid is
recovered during the fluid flow back process. Where the remaining fluids reside in the formation is
still not clear. This work strives to use microscale radiographic imaging to study the fluid uptake
pathways.

The spontaneous imbibition of fracturing fluid into organic-rich carbonate source rock was exper-
imentally investigated on the microscopic scale. A thin section sample, with a dimension of 22 X 11
x 3.3 mm (length X width X thickness), was sliced using a trim saw and attached onto a glass slide
with epoxy. This sample was composed of two distinguished zones, an organic matter-rich zone
(OMZ) and a calcite-rich zone (Cal-Z). Iodide containing aqueous-based fluid was used as the source
fluid to treat the thin section rock sample from one end. The spontaneous imbibition test was con-
ducted for 100 minutes with one radiographic image taken per minute to capture the dynamic fluid
front.

The 1odide containing aqueous-based fluid was used in this study to enhance the contrast in mi-
croscale radiographic imaging. Microfractures were observed by radiographic imaging in the thin
section sample with 5.48 um and 2.79 pm resolutions before the fluid treatment, both in the OMZ
and the Cal-Z.

Three fluid uptake features have been revealed in this dynamic fluid imbibition study: (1) the fluid
moved very fast and reached the other end of the sample in less than 4 minutes in the microfractures
within the OMZ; (2) the fluid moved very fast and reached the other end of the sample in less than
4 minutes in microfractures within the Cal-Z; and (3) in a calcite-rich matrix, the waterfront progressed
very slowly, to about 120 um penetration in 100 minutes.

The fast water uptake through microfractures in the OMZ and fracture networks in the Cal-Z
correspond to imbibition controlled transport in the strongly water-wet pore space. The slow water
uptake through the calcite-rich matrix could be a combination of weakly water-wet imbibition and
slow flow process due to large viscous flow resistance (or small permeability) in small-sized pores.

During the slick water fracturing process in unconventional reservoirs, only a small percentage of
fracturing fluids is generally recovered. Where the remaining fluids reside in the formation is still an
open question in the industry. This study experimentally reveals that the imbibition into the rock
matrix is much slower than into microfractures. Therefore, it is very likely that natural and induced
microfractures are the major areas where the fluids remain after the flow back.

Introduction

In the Middle East, carbonate fields are dominant with approximately 70% of oil and 90% of gas reserves'.
Acid fracturing and matrix acidizing are the most common ways for stimulating conventional carbonate res-
ervoirs due to the reactivity with acids*®. Subsequently, acids are not as effective in stimulating carbonate-rich
tight gas or shale formations due to the formation’s significantly lower permeability (nd to pd range) and their
heterogencous pore structures®®.

Hydraulic fracturing is still the most effective stimulation technique to produce natural gas from tight car-
bonate reservoirs. During hydraulic fracturing, massive amounts of fracturing fluids are pumped to crack
open the formation and only a small percentage of the fluids are recovered during the flow back process’!".
Questions, such as where the remaining fluid is located after fluid flow back, and what the remaining fluid

does to the formation, remain unanswered.



Despite extensive previous studies of the interaction
between carbonate rocks and fracturing fluid'* %, there
have been very few microscopic studies documented,
including microfractures, and mineralogic changes of
the fluid and rock interaction. Microfractures refer to
fractures which have lengths of millimeters or less and

apertures that are less than 0.1 mm'™ .

Gale et al. (2014)” noted that sealed microfractures
occur in shales but are uncommon, which might be
because the size of the microfractures possibly fell below
the resolution of the imaging tools used in past studies,
or they were not captured in the small sampling of
rocks analyzed. The authors have concluded that the
role of microfractures in shale production is poorly
understood and should merit further study. Also, during
the hydraulic fracturing process, numerous amounts
of fractures and microfractures are induced.

Given the complexity of the tight organic-rich car-
bonate source rocks and their high heterogeneity, mi-
croscopic studies on the textual, and the effects of the
imbibed fluid on the mechanical, morphological and
flow properties of tight organic-rich carbonate rocks
are very important.

Most recently, Liang et al. (2018)"° and (2019)"" report-
ed that a considerable amount of dissolution and precip-
itation was observed in imbibition tests of rock samples
from an organic-rich, tight carbonate formation in a
neutral pH fracturing fluid in laboratory experiments.
The dissolution of the sulfate and carbonate minerals,
as well as reopening of the filled microfractures, results
in a potential increase of the absolute permeability of
the reservoir rocks, while mineral precipitation tends
to reduce the absolute permeability of the reservoir
rocks. The permeability, after 2 wt% of potassium
chloride imbibition, was about four times higher than
the same rock sample studied prior to the imbibition
test under the documented testing conditions.

This observed stress sensitivity is consistent with the
fact that the permeability of open/barren microfrac-
tures, rather than sealed/cemented microfractures'®,
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zone (Cal-Z). Potassium iodide (KI) was added to the
treatment fluid to enhance the contrast of the images.

Microfractures were present in both zones. The
spontansous imbibition test was conducted for 100
minutes with one radiograph captured at every one
minute interval. The micrographs were analyzed and
the fluid front movement in both zones was captured.

Experimental Methods

Materials

Rock Sample. The tight organic-rich carbonate
source rock samples used in this study were organic-rich
tight carbonate source rocks from a Middle East field.
The total organic carbon of this sample was approx-
imately 8.7 wt%. This sample is laminated by Cal-Z
layers and steaks of high OMZ layers — appearing
in dense deep black color. The mineral content, de-
termined by X-ray diffraction, shows that it is mainly
composed of 94.5 wt% calcite, 0.5 wt% dolomite, 2.5
wt% quartz, 0.5 wt% pyrite, 0.6 wt% gypsum, and
a minor amount of clay — 0.6 wt% kaolinite and 0.8
wt% illitic clay.

Treatment Fluid. KI was used as the contrast agent
in the designed spontaneous imbibition test to enhance
the contrast of images. A 5 wt% KI solution was pre-
pared and used as the treatment fluid.

Preparation Procedure of the Thin Section
Sample. A thin section of the low permeability or-
ganic-rich rock sample with a dimension of 22 X 11 X
3.3 mm (length X width X thickness) was used in this
study, Fig. 1. The rock sample cube was first treated
with liquid resins to ensure the integrity during sample
slicing. After the resin solidified, the rock sample was
sliced using a trim saw, and glued to a glass slide. The
rock surface was then fine trimmed using a Target
surfacing trimmer and polished using a broad triple
ion beam mill.

The Aramco Journal of Technology

Fig. 1 Pictures of the prepared thin section sample. (a) Front view (22 x 11 mm).
The area between the two yellow dash lines contains the OMZ layer.
The lamination of the sample is in a horizontal direction. (b) The side
view (a thickness of 3.3 mm).

are relatively stress sensitive'®?% In these tests, various
components were exposed to the fracturing fluid with
equal chance of exposure, therefore, it is important to
ask whether different laminae are equally exposed to
the fracturing fluids in the reservoir conditions and
whether the fracturing fluid travels with any prefer-
ence to certain laminae of the rock formation in situ.

Also, what is the flow path preference when microf-
ractures are presented? If there is a preferred pathway,
how much difference will be expected among different
flow pathways? It is critical to undertand the dual
continuum flow phenomena in tight carbonate rocks
to design more accurate simulations for the designs
of hydraulic fracturing.

In this study, we designed an experiment for dynam-
ically capturing the fluid pathway through a highly
laminated tight organic-rich carbonate thin section
sample using X-ray radiographic images. The selected
sample was composed of two distinguished zones: (1) an
organic matter-rich zone (OMZ), and (2) a calcite-rich

Glass slide *

(a)
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3D Microscale Visualization of Thin Section Rock
Sample at As-Received State Using X-ray Micro-
Computed Tomography (Micro-CT)

A Nikon HMXST?225 micro-C'T system was used to
image the tight carbonate source rock thin section
sample at 5.48 um and 2.79 pm resolutions, respectively,
using 180 kV X-ray and a 2200 x 2200 pixel detector.
High resolution is made possible with the tungsten
target, the large detector, and optimized positioning of
the sample relative to the source and detector. In total,
3,000 projections were collected and reconstructed
with 16-bit precision.

Dynamic Study of Spontaneous Imbibition Test
Using Microscale Radiographic Imaging

An earlier study has shown that liquid imbibition and
ion diffusion rates parallel to the lamination are higher
than those in the perpendicular direction®. Our imbi-
bition study was conducted using a 5 wt% KI solution
along the maximum fluid imbibition rate direction,
which is parallel to the lamination. To minimize the
gravity effects on the fluid movement rate along the
lamination direction, the experiment was designed
in the way by placing the thin section sample with
lamination in a horizontal direction and the treatment
fluid (5 wt% KI solution) soaked sponge on the left
side of the sample.

In this way, the fluid imbibition direction is in the
horizontal direction, Fig. 2. Then the sample setup
was immediately transferred to an X-ray chamber
and set up for radiographic imaging — within three
minutes. The entire spontancous imbibition test was
conducted for 100 minutes with one X-ray radiograph
image taken at one minute intervals. During the acqui-
sition of the images, the sample remained stationary.
In other words, the sample was not rotated while the
radiographs were taken.

The fluid front of the collected radiographic images
was identified by importing them into an in-house Mat-
lab program to spot and measure the sudden change of
attenuation along the fluid imbibition direction. Then
the distance of fluid front movement was measured/
calculated between the sample edge and the fluid front.

Quantification of Treatment Fluid Penetration in
Different Regions of the Thin Section Sample

At the end of the spontaneous imbibition test, to further

Fig. 2 Schematic of spontaneous imbibition setup for a thin section sample.

i 5
| (TRENE Rock sample i
I

: Sponge Soaked with Swi% KI solution E

— Fuid imbibition direction

validate the presence of the treatment fluid present in
different regions of the thin section sample, scanning
electron microscopy (SEM) and energy dispersive spec-
troscopy (EDS) were used to investigate the elemental
concentration in the identified areas.

To do this, the thin section sample was air-dried and
mounted onto an aluminum stub with copper tape
and imaged. Proper energy (~15 kV) for the electron
beam was selected so that the commonly occurring
elements could be detected. The working distance is
chosen to maximize the signal given the geometry of
the EDS probe and the sample surface.

EDS was performed for relatively larger areas to gain
the general chemical data in certain areas and also for
selected spots with selected elemental concentrations,
such as potassium (K) and iodide (I), which were the
elements present in the treatment fluid.

Results and Discussion

Surface Characterization

X-ray microscale radiographs of the prepared thin
section sample prior to the imbibition test were acquired
using 5.48 um and 2.79 pm resolution, respectively,
and the 3D image for each resolution was reconstruct-
ed. Figure 3 shows one micro-C'T image of the area
between the two yellow dash lines in Fig. la (11 X 7.9
mm) with the thin section sample prepared from the
as-received tight carbonate rock at a resolution of 5.48
pm. It was observed that this area was composed of
two distinguished zones; an OMZ layer, shown as a
dark-gray band in the middle of the image, and a Cal-Z
layer, shown as a light-gray color presented above and
below the OMZ layer in Fig. 3.

The OMZ layer in this particular sample was de-
termined to be approximately 1.2 mm in thickness.
As documented in our earlier studies'™ 7 with tight
carbonate rock samples from the similar field, the Cal-Z
zones contains mainly calcite, while the OMZ zones
contain more organic matter, less calcite, and more
alumino-silicate minerals, such as quartz, feldspar, and

Fig. 3 Micro-CT image at a resolution of 5.48 um for the
highlighted area in Fig. 1a in the as-received sample.
The OMZ layer in this sample is averaged around
1.2 mm.

1000 pm




clay minerals in comparison to the Cal-Z zones. Also,
minor amounts of dolomite crystals were observed
more often in the OMZ zones than in the Cal-Z zones
in samples from this particular field. Microfractures
were present in both the Cal-Z and OMZ zones on
slices of the reconstructed image. Hairlines of microf-
ractures are occasionally seen in the Cal-Z zones and
they appear to be parallel to the lamination direction.
The length of the microfractures can be up to a few
millimeters.

On the other hand, the presence of a higher density
of microfractures was observed in the OMZ zones.
Figure 4 is a micro-C'T image — at a resolution of
2.79 pm. The orientation of these microfractures var-
ies in different directions; some were parallel to the
lamination direction while some were perpendicular
to the lamination direction. For those perpendicular
to the lamination, the microfractures tend to stop at
the boundaries between the OMZ and Cal-Z zones.

Large irregular shaped microfractures were also
abundant within the OMZ zone. Given what was ob-
served in the high-resolution micro-C'T image, it is very
difficult to distinguish whether these microfractures
were naturally occurring, or induced by the coring,
sampling, and thin section sample preparation pro-
cesses. Extra cautionary steps were considered/taken
during the sample preparation steps to minimize the
damage. Consequently, there is no guarantee that there
was no induced damge to the prepared sample. Due
to the fact that large numbers of microfractures will
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scale, can be deployed to automatically process massive
amounts of similar data.

In this study, identified data sets for fractures and
the matrix were used in the training data sets and the
automation for recognizing fractures and the matrix
was conducted for the rest of the data sets. The analysis
data suggested that there were connected microfracture
networks in the OMZ zone.

Figure 5 shows the volume of 3.5 X 1.3 X 2.4 mm (red
box in Fig. 5a) where detailed analysis was performed
in the OMZ. For the data analysis results shown in Fig.
5b, the green color represents the connected fractures
and porosity network while the blue color represents the
disconnected porosity at the 2.79 pm image resolution.

Dynamic Study of Spontaneous Imbibition Test
Using Microscale Radiographic Imaging

As previously mentioned, the imbibition study was
conducted using a 5 wt% Kl solution along the max-
imum fluid imbibition rate direction, i.e., the direction
of sample lamination was parallel to the fluid imbibition
direction. The entire spontanecous imbibition test was
conducted for 100 minutes with one X-ray radiograph
image taken at 1 minute intervals. The fluid imbibition
direction was from the left to right. Since it took a cou-
ple of minutes to set up the experiment and start the
imaging process, the first image was taken 4 minutes

The Aramco Journal of Technology

Fig. 5 (a) A volume of 3.5 x 1.3 x 2.4 mm in the OMZ. (b) A color mapped
fracture and porosity network. The green color represents the connected
fractures in and porosity network; while the blue color represents the
disconnected porosity.

be generated during the hydraulic fracturing process,
especially during slick water treatment, this sample
could be treated as the original state of the formation
sample during the hydraulic fracturing process for the
fluid uptake pathway study.

Further image processing was conducted on the re-
constructed micro-CT images at a resolution of 2.79
um. Artificial intelligence (AI) was adopted during
the micrograph analysis for fracture segmentation
to overcome the challenges with large data set size
and the microstructure complexity** . Supervised
Al can recognize features and patterns within a large
set of data that conventional algorithms fail to find.
The recognized features, once validated on a smaller

Fig. 4 Micro-CT image at a resolution of 2.79 um, showing
large microfractures within the OMZ layer and
vertical fractures terminating at the boundaries.

(b)
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into the imbibition test, Fig. 6a.

The selected images in Figs. 6b to 61 were the ra-
diographs of the fluid imbibed conditions at different
experimental times: 5, 6, 7, 10, 15, 30, 60, and 100
minutes. Due to the high attenuation of the KI fluid,
the zones which contain KI fluid appear bright on
the radiographs.

The first observation to note from Fig. 6a is that the
contrast in the OMZ relative to the Cal-Z was quite
different from the original state shown in Fig. 3. The
OMZ was much brighter than the Cal-Z in Fig. 6a,
which indicates that KI fluid transported very fast in
the microfracture abundant OMZ and even at the 4
minute mark of the imbibition test, the fluid front has
already moved from one end of the sample to the other
side. Throughout the entire experiment, the brightness
of the OMZ remains unchanged.

The second phenomena observed in Fig. 6a was that
the microfracture abundant areas in the Cal-Z zone
are shown as bright strings. This also indicates that the
fluid moved very fast in microfractures containing a
Cal-Z and the fluid front reached the other end of the
sample in less than 4 minutes. While in the calcite-rich

matrix, the waterfront progressed very slowly. As can
be seen in Fig. 6a, the KI soaked sponge shows up as
a vertical bright zone on the left side of the image. At
100 minutes, the KI soaked sponge (very bright) and
a KT fluid invasion zone in the Cal-Zs (less bright)
are shown on the left side of Fig. 6i. The fluid front is
marked in Fig. 61.

To accurately capture the fluid front movement in
the matrix of the Cal-Z, radiograph images at different
testing times are zoomed in on the left side, Fig. 7.

To quantify the distance of the fluid front movement
in the matrix of the Cal-Zs, a Matlab code was used to
automatically pick the brightness change in the images
in Fig. 7 in the OMZ. Figure 8a is the radiograph at
100 minutes with the x- and y-axis units both set as
pixels. Each pixel in Fig. 8a was 5.5 pm. The fluid in-
vasion depth in the matrix of the Cal-Z was measured
by automatic identification of the brightness change
in the Cal-Zs. The average brightness in row 0 to 200
(Cal-Z above OMZ) and 400 to 600 (Cal-Z below
OMZ) was averaged across Fig. 8a and the derivative
of the average brightness was calculated to identify the
imbibition zone in the matrix, Fig. 8b.

Fig. 6 Dynamic study of microscale imaging at different imbibition times: full field of view. (a) t =4 min, (b) t =5 min, (c) t = 6 min, (d) t = 7 min,

(e) t =10 min, (f) t = 15 min, (g) t = 30 min, (h) t = 60 min, and (i) t = 100 min.

1000 pm

1000 pm

1000 pm

1000 pm

1000 pm

1000 pm



Spring 2021 The Aramco Journal of Technology

Fig. 7 Dynamic study of the microscale imaging at different imbibition times: zoomed in section in the fluid contact side. (a) t = 4 min,
(b) t=5min, (c)t=6 min, (d)t=7min, (e)t=10min, (f)t=15min, (g) t =30 min, (h) t = 60 min, and (i) t = 100 min.

500 pm

Fig. 8 (a) An image of the radiograph at a testing time of 100 minutes with the x- and y-axis units both set as pixels. (b) The image process in
Matlab showing the plot of change in brightness vs. distance from left edge (pix).
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Different from the microfracture dominated areas,  of the fluid front movement vs. time was plotted in
Fig. 9. Except at the very beginning of the imbibition
test, the fluid front movement rate in the matrix of
the Cal-Z was calculated to be at about 72 um/hour.

the waterfront progressed very slowly in the Cal-Z ma-
trix, to a penetration of about 120 pm in 100 minutes.
The same process was carried out for all radiographs
collected during the imbibition test. Then the distance From this study, we can see that the fluid flow
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Fig. 9 Distance of fluid front movement in the matrix of Cal-Z during
spontaneous imbibition determined from dynamic radiograph images.
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pathways are dominated in the connected fracture
networks. The fluid flow in the matrix is much slower
than in connected fractures.

Figure 10a is a second electron SEM image of the OMZ
region; Iig. 10b is the backscatter SEM image for the
enlarged area shown in the yellow box of Fig. 10a;

Figs. 10c and 10d show the elemental maps of silicon
(Si) and aluminum (Al) in the yellow framed area in
Fig. 10b. In Fig. 10c, the bright yellow spots show the
high concentrations of Si, suggesting that they might be
quartz gains; the intermediate color shows where the
clay minerals. Similar to what we reported earlier'®",
the OMZ have other minerals such as aluminosilicate
minerals, likely of terrigenous origin, in addition to the
carbonate minerals and pyrite. Whereas the Cal-Zs are
mainly composed of carbonate minerals and pyrite.
It seems that the complexity of mineralogy and the
orientation of clay minerals in the OMZ might make
the zones easy to cleave, 1.c., more fractures tend to
occur in the OMZs.

Besides the direct observation from the radiograph
images for fluid front movement in different regions,
additional EDS analysis was also used to further quan-
tify the elemental concentration of the treatment fluids
at the identified areas after the imbibition test. Fig-
ure 11 shows the location of the selected points where
EDS analysis was done in detail on the concentration
of iodide, from the treatment fluid. Points 1, 4, and
5 were inside the microfracture dominated OMZ,
with point 1 closer to the treatment fluid and point 5
farthest away from the treatment fluid; points 2 and 3
were inside of the Cal-Zs, where point 2 was inside the
invaded zone by the imbibition fluid, whereas point 3

Fig. 10 (a) A secondary electron SEM overview image of an area in the OMZ. (b) The backscatter SEM image of the yellow framed area in
Fig. 10a, showing the bright colored pyrite grains and large irregular shaped pores. (c) An elemental map of Si in the yellow framed
area in Fig. 10b. (d) An elemental map of Al in the yellow framed area in Fig. 10b.




Fig. 11 EDS mapping for selected sites (points 1to 5). (a) A zoomed in section of microscale radiographic image at t = 100 min (same as Fig. 7i);
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(b) A full-field of view for microscale radiographic image at t = 100 min (same as Fig. 6i).

1000 pm

(b)

Table 1 The EDS analysis for the percentage of iodide at points 1 to 5.

Element Site 1 Site 2

lodide (%) 3.54 1.86

Site 3 Site 4 Site 5

1.13 3.23 3.01

was outside the zone.

The iodide concentrations from the EDS analysis
at selected points are listed in Table 1. This shows
that the iodide concentrations at points 1, 4, and 5
(3.54%, 3.23%, and 3.01%, respectively) are higher
than points 2 and 3. The high imbibition rate inside the
microfracture abundant OMZ suggests that connected
fractures were the main fluid flow path. Also, iodide
concentration at point 2 was higher than point 3 since
point 2 was within the fluid invaded Cal-Z matrix zone.

The iodine concentration at point 2 was 1.86%, show-
ing the presence of the treatment fluid. The relatively
lower concentration from the EDS suggests that not
all pores are occupied by the treatment fluid. Point 3
has the lowest iodide concentration as it is outside the
invaded zone by the imbibition fluid.

Conclusions

An experiment was conducted to dynamically capture
the fluid flow pathways in the spontaneous imbibi-
tion test using X-ray imaging for organic-rich tight
carbonate rock samples. Microfractures have been
observed by radiographic imaging in the thin section
sample with 5.48 pm and 2.79 pm resolutions before
the fluid treatment, both in the OMZ, and the Cal-Z.
The imbibition test was performed for 100 minutes
with one radiograph image taken per minute.

Different fluid uptake features were revealed in this
dynamic fluid imbibition study. The fluid traveled very
fast and reached the other end of the sample in less than
4 minutes in microfractures, both within the OMZ
and Cal-Z. The waterfront progressed very slowly in
the calcite-rich matrix. This indicates that the main
fluid flow pathways for fracturing fluid could be within

the connected fracture network, instead of the matrix.
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Abstract /

Extending Squeeze Life through Improved
Interaction between Inhibitor and Rock for Iron
Sulfide Inhibition

Lena Petrozziello, Dr. Christoph Kayser, Dr. Cyril Okocha, Dr. Tao Chen and Dr. Qiwei Wang

Iron sulfide (FeS) deposition is a ubiquitous phenomenon in sour oil and gas wells and presents unique
challenges for its control and management downhole. The majority of current FeS anti-scale chemical
technologies tend to be “reactive” rather than “proactive” for downhole scale mitigation, and current-
ly there are few FeS scale inhibitor squeeze options available.

This article details work performed to modify an existing novel and unique sulfide scale inhibitor
to further enhance its efficacy and to reconfigure the polymer molecule structure for improved ad-
sorption/desorption behavior sufficient to allow the squeeze application for control and mitigation of
FeS scale downhole.

All new polymeric inhibitor chemistries were tailored for high total dissolved solid (TDS) and high
downhole temperature chalk sour gas well application. Further ranking was performed via automat-
ed static adsorption tests, FeS efficacy tests, and high calcium brine compatibility jar tests to identify
the best squeeze applicable candidates for final formation damage coreflood testing.

Introduction of a new anchor group functionality into the polymer resulted in improved adsorption
behavior (identified via the static adsorption test), while having minimal impact on the inhibitor’s
high TDS calcium brine tolerance and also on its FeS scale inhibitor performance. The kinetic ad-
sorption study showed > 2 mg inhibitor/g rock adsorption on field analogous chalk rock, which is
markedly higher compared to the original parent sulfide inhibitor molecule or other new polymeric
variants synthesized without the new anchor groups. FeS scale inhibitor adsorption was further im-
proved by optimizing the ratio of monomer and functional groups on the polymer. Simulated field
squeeze coreflood testing revealed no appreciable formation damage to the outcrop core analogue
under simulated field application conditions, and the new variant inhibitor chemicals also showed
useful adsorption/desorption behavior.

The new polymeric scale inhibitors are suitable for both continuous injection and squeeze applica-
tion for control of the FeS scale in high temperature and high calcium ion sour gas chalk wells. For
the squeeze application, testing revealed a low formation damage potential combined with significant
chemical retention for potentially extended squeeze lifetime in the field. Ultimately, this technology
heralds a new era in downhole scale management for sour producer wells plagued by FeS scale via
reduction of treatment frequency for assured well integrity.

Introduction

Chemical squeeze treatment is currently the oil industry’s preferred mineral scale control technique for preven-
tion of downhole scale deposition from the producer well’s near wellbore formation to the wellhead and topside
process. The bulk of scale inhibitor squeeze treatments performed historically have targeted the sparingly
soluble metal carbonates and sulfates, and more recently halites, and have employed increasingly sophisticated
water-soluble phosphonate and polymeric chemistries and application technologies to achieve this task!.

The sulfide salts of iron, lead, and zinc are also important mineral scales and are typified by their intensly
water insoluble nature. Metal sulfide scales occur across the globe and are becoming of increasing importance
as older oil fields mature and sour, and newer sour oil field developments are brought into production®®. Unlike
carbonate and sulfate scales, the scale squeeze options available for control and mitigation of metal sulfide
scales downhole are limited, and this is due to the poor sulfide scale control performance shown by the greater
majority of conventional commercially available squeeze chemistries.

Recent studies have shown that novel polymeric scale inhibitors offer a highly effective solution for inhibi-
tion control and management of metal sulfide scales’. Following commercial introduction, the new polymeric
sulfide scale inhibitor has been deployed in multifunctional chemical formulations to treat topside flow lines
and is regularly included as a key additive in multiple fracking treatments in sour well completions. To date,



the active polymeric has not yet been deployed as a
stand-alone sulfide squeeze scale inhibitor due to its:
(1) modest retention and release behavior, observed
in coreflood experiments using field analogous chalk
and sandstone cores, and (2) its low loading capacity
for squeeze treatment maintreatment pills.

The distribution of functional groups along the
inhibitor backbone was believed responsible for the
suboptimal retention and release behavior, while its
high molecular weight is implicated in its low main
treatment pill loading potential. The disadvantage of
many polymeric squeeze scale inhibitors historically has
been the lower adsorption/desorption performances of
polymerics compared to phosphonates® % however,
the gap is rapidly narrowing with the introduction of
new and novel polymer/phosphonate hybrid chemistries

into the scale squeeze market!*.

The focus of this article is to present the chemical
synthesis pathway and detail laboratory performance
testing performed to engineer a second generation
polymeric sulfide scale inhibitor capable of effective
scale squeeze application for control and management
of sulfide scale downhole in affected producer wells.
More specifically, the new sulfide scale inhibitor was
configured for enhanced iron sulfide (FeS) scale control
and for squeeze application in high temperature and
high TDS brines in sour chalk gas condensate wells.

The scale inhibitor is suitable for all metal sulfide
scale control issues and can be deployed either as a
stand-alone squeeze inhibitor, or as a component in
multifunctional formulations, or as an additive for
well interventions in sour gas systems.

Experimental Methods and Analysis

The scale inhibitor FeS efficacy laboratory tests used
in this article are either standard or slightly modified
accepted industry test procedures.

Scale Inhibitor Performance Jar Testing

The FeS scale inhibitor performance was assessed
via static jar testing. The iron ion, bisulfide ion, and
polymer test brines were prepared in a deoxygenated
synthetic formation water solvent, Table 1, and con-
tained: (1) 100 parts per million (ppm) FeCl,.4H,O pH
1.5 for the cation brine, (2) 750 ppm Na,S- H, O for
the anion brine, and (3) 10 g/L polymer stock solution,
respectively. The tests were performed under low oxy-
gen conditions (< 20 ppm) and the test brine mixtures
were prepared at room temperature.

The test “blank” was prepared by adding 5 mL of
the cation solution (1) into a tube followed by 5 mL
of the anion solution (2). The test “control” was pre-
pared by adding 5 mL of the cation solution (1) into a
tube followed by 5 mL of synthetic formation water.
Inhibitor performance test solutions were prepared by
adding the inhibitor solution (100 or 150 pL of polymer
solution (3)) to the test tube followed by 5 mL of cation
solution (1) and then 5 mL of anion solution (2). The
final solution pH for all test mixtures was approximate-
ly pH 6 to 7. All solutions were thoroughly agitated
before storing at 2 and 24 hours at 95 °C. FeS scale
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formation was identified by the development of black
solid FeS precipitate. The scale inhibitor performance
was evaluated by analyzing the quantity of dispersed
FeS in solution via inductively coupled plasma atomic
emission spectrophotometry (ICP-OES).

Scale Inhibitor Brine Compatibility Test

The brine compatibility test was performed using
10% polymer solutions prepared in a high calcium
test brine. Table 2 lists the brine composition used
for compatibility and static adsorption tests. The test
samples were heated for 24 hours at 130 °C, and then
evaluated for visual indications of brine incompatibility,
i.e., hazing or precipitation.

Scale Inhibitor Static Adsorption Test

The scale inhibitor adsorption behavior was assessed
via automated static adsorption jar testing. The 500
ppm solutions of the FeS inhibitor was prepared using
the static adsorption test bine. The 150 mesh field

Table 1 The synthetic formation of the test brines prepared
in a deoxygenated synthetic formation water

solvent.
Salt Cation (g/L) Anion (g/L)
NaCl 49,12 49,12
Kl 1.59 —
MgCL,.6H,0 15.65 —
Cacl, 8.96 —
SrcL,.6H,0 1.77 —
BaCl,.2H,0 0.45 —
0.71

FeCLAHO (100 pom Fe2) —

11.2
Na,5.9H,0 — (= 750 pom %)

Table 2 A list of brines used for the compatibility and static
adsorption tests.

Species Composition (mg/L)
Na* 21,500

K 3,513

Mg2* 525

Ca* 19,200

Sr2+ 1,200

Ba%* 4.7

Fe?* 0

cl 51,700

13



Fig. 1 An example of the evaluation of the copolymer FeS scale inhibition efficacy.
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analogous chalk core particles were added in the solu-
tion in a 1:10 solution ratio. The test mixtures were
thoroughly agitated prior to heating to 95 °C. Each
test brine was subsampled at 0 hour, 1 hour, 4 hours,
and 20 hours, and filtered prior to the polymer assay
via ICP-OES.

FeS Scale Inhibior Chemical Development
The goal of the molecular synthesis was to develop a
squeezable polymeric scale inhibitor for FeS mitiga-
tion downhole in high temperature chalk wells. The
inhibitor was engineered for improved interaction with
the formed FeS particle and its stabilization in high
calcium, high TDS produced water. Additionally, the
polymer would incorporate a new anchor group func-
tionality to promote adsorption/desorption behavior
for the squeeze application.

The squeezable FeS scale inhibitor polymer contained
three monomer types: (1) “A” anionic, hydrophilic
monomer for dispersion and stabilization in the for-
mation water, (2) “B” amine functionalized monomer
for interaction with sulfide scale, and (3) “C”” monomer
containing anchoring functionality for adsorption re-
tention onto the formation rock.

A series of lower molecular weight copolymers were
prepared containing different Type B amine function-
alised monomers. The new polymers were then tested
via static jar testing to assess their scale inhibition
potential for FeS with a polymer concentration of 50
ppm, 100 ppm, and 150 ppm after 2 hours and 24 hours.

Figure 1 presents a selection of FeS scale inhibition
test results for copolymers containing different amine
functionalized monomers and are numbered polymers,

P-1 to P-12. Also featured are the results for the refer-
ence sulfide scale inhibitor. In this example, polymers
P-1, P-2, and P-7 were the only three polymers of the
test series that showed appreciable FeS scale inhibitor
performance. The performance of polymers P-1 and
P-2 were comparable to the reference inhibitor, and
both copolymers featured monomers containing 2°
amino groups. Polymer P-7 featured a 4° amine.

Those copolymer variants featuring 1° and 3° amino
and amide group functionalities showed less or even no
interaction and dispersion of the FeS scale particles.
The interaction efficency of the amino group-based
monomers was ranked as: 2° amino group > 4° amino
group > 3° amino group > 1° amido group.

Polymers P-1, P-2, and P-7 provided backbone struc-
tures for the following synthesis stage designed to
identify: (1) the most effective Type C monomer, (2)
its proportion, and (3) distribution for imparting use-
ful adsorption/desorption behavior to the FeS scale
inhibitor.

Figure 2 presents the static adsorption test results
for the top six best ranked inhibitors: A6, A10, B7,
B9, €5, and C8. All showed > 90% FeS inhibition
after 2 hours at 150 ppm, and > 70% inhibition after
24 hours — apart from A10 and B9, which showed <
30% after 24 hours. Besides the new polymer species,
an industry standard “good adsorber” scale inhibitor
and a “poor adsorber” (reference sulfide scale inhib-
itor) were tested. All new variant polymers showed
adsorption behavior profiles between the reference
inhibitor profiles.

Copolymers A6, B7, C5, and C8 showed > 2 mg scale

Em50-2h [150-24h EZ4100-2h [J100-24h [150-2h [J150-24h -O-Mw [kDa]

Mw [kDa]

P-10 P-11 P-12
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Fig. 2 The FeS scale inhibitor adsorption performances on the chalk core analogue.
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—&— Polymer C8
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inhibitor/g rock after 0 hour, 1 hour, and 4 hours. At 20
hours, all test inhibitors showed reduced adsorption, but
were still higher than the reference. Variants A6, A10,
B7, C5, and C8 were therefore considered suitable for
further testing for their squeeze application potential.

Brine Compatibility

The new polymeric scale inhibitors for FeS were gen-
erated for the squeeze application in high temperature,
high calcium, and high TDS environments. Therefore,
all of the new ranked polymer variants from each
synthesis stage were assessed with respect to their
compatibility in synthetic high calcium/high TDS
brine, which is comparable to the formation brine, at
130 °C and 10% concentration, see Table 2 for the
brine compatibility test.

Figure 3 provides a good example of brine com-
patibility tests for five selected polymers identified as
A6-A10. All polymers successfully passed the 10%
brine compatibility test and were then tested under
the same conditions at 20% application concentration.
After 24 hours and 130 °C, only variants A6 and A10
were compatible at a 20% concentration.

Chemical Development Summary

Using the existing polymeric sulfide scale inhibitor
molecule as a basis, the synthesis program identified
three key monomer types, which were optimized with
respect to: (1) the most effective monomer type, (2) the
monomer proportions, and (3) the monomer distribu-
tions for imparting FeS inhibition, adsorption/desorp-
tion behavior and high temperature and high calcium
brine stability. The FeS scale inhibition performance
showed comparable results to the reference sulfide scale
inhibitor polymer, even after introduction of the third
monomer unit for squeeze adsorption functionality.

From the top six inhibitors previously identified and
presented in Fig. 2, new variant polymer products
A6, B7, and C5 were considered best ranked over-
all. These polymers showed the best scale inhibition
performance with good adsorption behavior on the

15 20 25
Time (h)

chalk core analogue and were compatible with high
calcium brine at high temperature.

Polymers A6, B7, and C5 were therefore recom-
mended for final stage selection via formation damage
coreflood testing under simulated field application
conditions.

Formation Damage Coreflood Tests

The goal of the formation damage coreflood test was
to: (1) assess the impact of the application of the FeS
squeeze scale inhibitor variants A6, B7, and C5 on
the chalk field core analogue porosity, permeability,
and matrix integrity, and (2) to provide data on their
retention and release characteristics when the squeeze
scale inhibitor is deployed into a field chalk core an-
alogue under simulated field application conditions.
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Fig. 3 The compatibility test of 10% polymers in high calcium brine before (top)

and after heating (bottom).
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To be considered for field application, the deployed
polymeric FeS scale inhibitor was required to show
minimal deleterious fluid transmissibility impact on the
field analogous chalk substrate, and also demonstrate
useful adsorption/desorption behavior.

Coreflood Plugs

The chalk core analogue outcrop was used in the core-
flood tests in lieu of the field core due to its similar
permeability and porosity characteristics, Table 3.
Test Parameters

Table 4 details the coreflood experiment test parameters.

Gas

Nitrogen gas was used as the gas analogue. The gas
was humidified by flow through a bubble cell at test
temperature and pressure. Humidification was included
to minimize brine evaporation into the gas phase, as
this could result in salt precipitation in the core and
impact the formation damage assessment.

Oil

Isopar™ was used as a synthetic oil phase for the for-
mation damage corefloods as it was considered to be a
good viscosity analogue for field condensate. Measures
were taken to ensure that the Isopar™ viscosity was
maintained at the supplied viscosity.

Procedure

Table 5 lists the coreflood treatment sequence.

Table 3 The chalk core analogue outcrop core characteristics.

Chalk Outcrop
Formation Silurian
Permeability 2mD to 10 mD
Porosity 9% to 10%
Unconfined 9,000 psi to
Compressive Strength 12,000 psi

Table 4 The coreflood experiment test parameters.

Parameter Value
Test Temperature 143 °C
Injection Temperature 143 °C
Pore Pressure 500 psi
Net Overburden 1,500 psi
Pressure

Overburden (confining) 2,000 psi
Pressure

Fluid Flow Rate 4 mL/min
Shut-in 24 hours

Test Brines

Table 6 lists the coreflood brine composition used.
The original formation water brine composition was
adjusted and simplified to comprise sodium, calcium,
magnesium, and chloride only, with NaCl used to adjust
the ion balance for removed cation and anion species.
All test brines were filtered (0.45 pm) and degassed
prior to use.

The scale inhibitor main treatment slug was prepared
in 4% NaCl brine — injection brine solvent equivalent.

Results

Residual Scale Inhibitor (RSI) Profile —
Plateau Phase

For speed and convenience, the residual scale inhib-
itor (RSI) concentration was assessed via inductively
coupled plasma (ICP) — sulfur — of the coreflood
eluate samples for the FeS inhibitors A6, B7, and C5.
Figure 4 shows the RSI decay profile “plateau” or
“working” phase.

The RSI profiles for the individual A6, B7, and C5
corefloods are collectively plotted for comparisons pur-
poses. In Fig. 4 the RSI decay profile plateau phases
for the A6, B7, and C5 corefloods are long and suggest
the potential for significant squeeze lifetime at a high
average. For comparison, a typical decay profile for
the reference sulfide scale inhibitor is overlaid on the
same plot. The reference profile is characterized by
a steep decline across the first 200 PV, and the bulk
of the injected scale inhibitor is returned during this
back flow period.

The inhibitor B7 profile provides the highest resid-
ual average plateau phase RSI return concentration
at approximately 47 ppm to 57 ppm for 2,000 PV
coreflood back flow.

The FeS inhibitor variant A6 provided approximately
30 ppm RSIfor 2,000 PV, however, there was a peculiar
increase in RSI (or ICP sulfur) across the last 400 PV
of the plateau phase profile, suggesting contribution
from another sulfur containing source. It is believed
that the additional sulfur detected originated from
calcium sulfate (CaSO) stringers within the outcrop
core plug, and this was confirmed via ion exchange
chromatographic analysis identification of free sulfate
ion in selected coreflood eluate samples.

The C5 inhibitor variant provided the lowest RSI
across the working/plateau phase of the simulated
squeeze treatment at approximately 21 ppm for the
1,000 PV test period (the coreflood experiment was
terminated at 1,000 PV). The results suggest that all
three scale inhibitors show useful retention and re-
lease characteristics under simulated field application
conditions.

Initial RSI Profile

Figure 5 presents the RSI decay profiles across the
initial 10 PV back flow period for all three candidate
FeS squeeze scale inhibitors A6, B7, and C5.

All inhibitors showed significant retention within
the chalk test core material as demonstrated by the



Table 5 The coreflood treatment sequence.
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Action Medium Measure T (°C) P (psi)
1 Clean core plug, dry N, K,/® RT 1,500
5 Evacuate N, from plug and brine W RT 1,500
saturate
3 Load into coreholder and apply — — RT 1,500 CP
CP and BP — — RT 500 BP
4 Flow brine through core at FW AP 143 1,500 CP
4 mL/min and increase oven 500 BP
from room to test temp
5 Flow oil through core at Isopar™ AP 143 1,500 CP
4 mL/min K,ats,, 500 BP
6 Flow brine through core at FW AP 143 1,500 CP
4 mL/min K, ats, 500 BP
7 Flow 5 PV (brine + 50 ppm Li FW + Li AP PV 143 1,500 CP
tracer) at 4 mL/min 500 BP
8 Flow 5 PV brine at 4 mL/min FW AP 143 1,500 CP
500 BP
9 Maintreatment Slug Application: Scale AP 143 1,500 CP
5PV 1.5% inhibitor in 6% NaCl Inhibitor Pill 500 BP
at 4 mL/min
10 Shut-in core: To soak for 24 hours — AP 143 1,500 CP
500 BP
1 Back Production Phase: FW AP 143 1,500 CP
Flow brine at 4 mL/min 500 BP
(for 1,000 - 2,000 PV)
12 Flow oil through core at Isopar™ AP 143 1,500 CP
4 mL/min K ats, 500 BP
13 Flow brine through core at FW AP 143 1,500 CP
4 mL/min K, ats,, 500 BP

Direction

FWD

FWD

REV

FWD

FWD

FWD

Table 6 The coreflood brine composition used in the test.

Salt Type Test Brine (g/L)
NaCl 637.21
CaCl,2H,0 322.79
MgCL,.6H,0 39.48

highest RSI values determined being approximately
one-fifth of the input scale inhibitor concentration.

Post-Coreflood Core Analysis

After completion of the coreflood back flow period
and final oil and water permeabilities, the coreflood
apparatus was cooled slowly to reservoir temperature
while brine was passed through the core. After room
temperature equilibration, the outcrop core pieces
were recovered from the core holder and examined via
high frequency computerized tomography (HFCT).

Figures 6, 7, and 8 are the HFC'T scans of the A6,

B7, and C5 coreflood cores, respectively. These HFCT
scans span across the entire core length and captures
micro-section images from top to bottom. Viewing
the collected micro-section image series clearly shows
the internal grain structure of the core plug across its
entire length, and the technique can also be used to
identify core faults or other internal irregularities or
unusual solids developments in the core.

Each image set presents a simple 2D HFC'T snapshot
of the coreflood core plug top cross-sectional area (left)
and a longtitudinal view of the plug (right).

HFCT/Inhibitor A6 Core

Figure 6 presents the HFCT image of the core plug
used in the coreflood for inhibitor variant AG. When
viewing the entire 3D image set, the micro cross-sec-
tional scans showed very little evidence of any internal
core irregularities — fractures, cracks or vugs — or
unusual solids development (typified by bright white
spotting or streaking on the HRCT image).

This was an unexpected as the A6 RSI coreflood
profile showed an unusual increase in the latter stage
of the flood flow back from approximately 1,600 PV



Fig. 4 The RSI decay profile showing the “plateau” or the useful “working” phase.
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Fig. 5 The expanded view of the RS| decay profiles across the initial 10 PV back flow period for all three candidate FeS squeeze scale inhibitors.
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onwards, believed to be due to sulfate ion leaching
from CaSO, deposits within the field analogous chalk
outcrop core.

Figure 7 presents the HFC'T image set taken from the
core plug used to coreflood assess inhibitor variant B7.
The HFC'T identified significant mineral or deposit
development across the entire length of the core. The
accumulations may be either calcium inhibitor pre-
cipitate or CaSO, minerals within the core. There

are additional deposits spotted at other points within
the plug.

Figure 8 presents the HFC'T scan results for the poly-
meric FeS inhibitor variant C5 coreflood core. The
images clearly shows evidence of fracturing within
the core body and also the presence of sporadic white
deposits located toward one end of the core plug.

It is unknown whether the fracture developed as a
result of the coreflood experiment or was there at the



Fig. 6 The HFCT scan of the A6 coreflood core.

Fig. 7 The HFCT scan of the B7 coreflood core.

Fig. 8 The HFCT scan of the C5 coreflood core.

beginning. It is also unclear whether the premature
termination of the coreflood experiment was due to
the fracture development or some other cause.

All three polymeric squeezable FeS inhibitor variants
A6, B7, and C5, generated significant and useful core-
flood return profiles under simulated field application
conditions of high temperature, high calcium ion, and
high TDS brine in chalk outcrop field core analogues.
All demonstrated their adsorption and desorption ca-
pabilities under simulated field squeeze application
conditions.

The formation damage impact assessment performed
during the floods provided the necessary performance

data allowing discrimination between the three candi-
date squeeze scale inhibitors. Permeability assessment
for both oil and brine transmissibility performed both
before and after scale inhibitor application showed
that the new variant A6 was the best performing FeS
squeeze scale inhibitor, closely followed by variant B7.
Both the A6 and B7 coreflood permeability assessments
showed very little significant formation damage impact
on fluid transmissibility through squeeze application
of the chemicals into the chalk outcrop cores.

Inhibitor variant C5 was ranked last in the coreflood
series as permeability evaluations performed during
the coreflood experiment identified significant impact
of chemical application on both oil and brine trans-
mission ability.

Conclusions

The synthesis program achieved its goal in recon-
structing an existing polymeric sulfide scale inhibitor
and imbuing it with the capability and characteristics
sufficient to promote it for FeS scale squeeze application
in high temperature, high calcium ion, and high TDS
brine chalk well scenarios.

Use of industry standard scale inhibitor compati-
bility and performance tests assisted in finding the
best performing FeS scale inhibitor candidates. Ad-
ditionally, introduction of state-of-the-art automated
high throughput experimentation applied to static
adsorption testing assisted in the rapid generation of
“ranking” data from the > 100 new polymeric FeS
inhibitor chemical variants created and tested.

The coreflood series provided an excellent technique
for final discrimination between the top three squeeze
scale inhibitor candidates with formation damage as-
sessment providing clear evidence of the suitability of
each candidate for squeeze application in simulated
field application conditions using field analogous out-
crop chalk.

Development product A6 was identified as the best
candidate via its minimal impact on the apparent core
permeability when deployed in a squeeze treatment
into outcrop chalk core under simulated reservoir ap-
plication conditions.

The polymeric squeezable FeS scale inhibitor
A6 is recommended as the best candidate for field
deployment.
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Nomenclature

1e primary

20 secondary

3° tertiary

40 quaternary

K atS, Permeability to oil at residual

water saturation

K, atS_~ Permeability to water (brine)
at residual oil saturation

K, Permeability to nitrogen (gas)
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Abstract /

A New Insight into Friction Reducer Evaluation
for Slick Water Unconventional Fracturing

Prasad B. Karadkar, Mohammed I. Alabdrabalnabi and Dr. Mohammed A. Bataweel

Slick water fracturing has increased over the past couple of decades in the development of shale and
tight formations. Friction reducer is the main component of slick water, which reduces drag in the
tubular. For a successful and economical slick water hybrid fracturing treatment, selection and opti-
mization of friction reducers play a key role. This article presents a new insight into optimizing the
friction reducer using a helical coiled flow loop at high-pressure, high temperature (HPHT) conditions.

Usually, friction pressure is estimated by pumping slick water fracturing fluid through a straight
tube and measuring differential pressure across the tube. This required pilot-scale laboratory setup
and testing at HPHT is a bit challenging. In this article, a small size piece of equipment, a helical
coiled flow loop, was utilized to estimate the friction pressure of a slick water fracturing fluid. Friction
reducers can be rigorously tested for degradation because secondary flow resulting from centrifugal
forces can be caused by the coil curvature. Correlations for a Darcy friction factor, f,, as a function
of the Reynolds number has been developed for the helical coiled fluid loop in both a laminar and
turbulent flow regime.

The present study evaluates different friction reducers in a 4 internal diameter (ID) smooth he-
lical coiled flow loop. The correlations developed for the f, was well validated for water with data
available from literature. Polyacrylamide-based friction reducers with different concentrations were
used in this study. The friction pressure, with and without friction reducers, was compared at differ-
ent flow rates. The percentage of drag reduction at different polymer concentrations was also evalu-
ated using the helical coiled flow loop. Thermal degradation of friction reducers was evaluated by
varying the temperature up to 300 °F.

New correlations to measure friction losses using the helical coiled flow regimes are presented in this
article. Reduced drag reduction, due to secondary flow resulting from centrifugal forces in the helical
coil, can judge friction reducer more thoroughly than a conventionally used straight tube flow loop.

Introduction

In slick water fracturing, a large volume of water is pumped downhole to create an adequate fracture geom-
etry and conductivity to obtain commercial production'. The slick water jobs are generally pumped at a high
rate, which causes high friction pressure. Poor friction reduction limits the operational pressure window while
performing fracturing treatment.

During hydraulic fracturing treatment, to estimate bottom-hole treatment pressure, the friction pressure
needs to be precisely computed for the fracturing fluid®. Palisch et al. (2008)' reviewed the benefits and con-
cerns with slick water fracturing over conventional cross-linked design and published theories related to slick
water fracturing, including fracture width and complexity, proppant transport and settling, and conductivity
requirements. For successful and economical slick water fracturing treatment, selection and optimization of
friction reducers play a key role.

Frictional pressure in pipes can be reduced by adding small quantities of certain long-chain polymers in
water; a phenomenon called drag reduction®. Different factors can affect the polymer drag reduction perfor-
mance such as the polymer type, concentration, shear degradation, and flow geometry. Polyacrylamide-based
friction reducers are commonly used to reduce fluid friction within the pipe. Shah et al. (2018)" tested anionic
and cationic friction reducers, concluding that anionic friction reducers provide better drag reduction char-
acteristics, and that both friction reducers degraded when subjected to high shear rates.

Ibrahim et al. (2016)° tested different salt tolerant copolymers of acrylamides for drag reduction and different
breakers to break these polymers using ammonium persulfate, sodium persulfate, hydrogen peroxide, and
sodium bromate. The mechanism of breaking the polyacrylamide-based friction reducers by oxidative and
radical degradation is discussed by Ke et al. (2019)°. Kamel (2018) studied the effect of ionic strength on drag
reduction characteristics of polymer solution where he tested anionic polyacrylamide copolymers in freshwater,
potassium chloride brines, and synthetic seawater having 3.4% total dissolved salt.
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Table 1 The kinematic viscosity of various fluids measured at different temperatures.

The Aramco Journal of Technology

Temperature (°F) Water
68 1.1
104 0.85
140 0.74
176 0.67

Slick Water (2 gpt Polymer)

3.19 6.63
2.08 4.51
1.62 3.23
1.15 2.11

Slick Water (4 gpt Polymer)

A straight tube flow loop is widely used to evaluate
the performance of slick water for drag reduction char-
acteristics"’. The American Petroleum Institute is in
the process of developing a standard testing procedure
for evaluating friction reducers’. Currently, different
organizations and academic institutions use a straight
tube, where water with a polymer solution is pumped at
different rates and differential pressure across the tube,
and then measured to estimate the friction pressure.

Shah et al. (2018)* published testing methodology
by comparing different straight tube flow loops with
data analysis and correlations for turbulent flow of
Newtonian fluids in smooth pipes. It was also reported
that drag reduction behavior using a single pass and
circulating test was similar. Zhou and Shah (2006)"
developed a new friction factor correlation for both
laminar and turbulent flow of non-Newtonian fluids in
coiled tubing (C'T). The effect of the pipe’s roughness
on friction pressure studied by Shah (1989)* showed
a higher friction as compared to a smooth pipe. The
pipe roughness correction factor showed a generalized
trend, as it increase with the Reynolds number and
decreases with the fluid’s apparent viscosity.

A CT flow loop is rarely used for friction analysis
in the oil and gas industry®?. A pressure drop char-
acteristic in helical C'Ts are widely studied for heat
exchanger designs'’'?. New correlations to measure
friction losses using helical coiled flow regimes have
been developed to study the performance of friction
reducers in slick water fracturing. Friction analysis using
a straight tube has certain limitations like restricted
tube length, temperature, and pressure limit. Ina CT
flow loop, reduced drag reduction due to secondary
flow from centrifugal forces in helical coil can assist in
judging the friction reducer more thoroughly.

As described in this article, small-sized equipment

a smooth helical coiled flow loop — was utilized to
estimate the friction pressure of slick water fracturing
fluid up to 300 °F and at 2,000 psi. The freshwater
data was validated using correlations published in the
literature. Correlations for the Darcy friction factor,
/f,» as a function of the Reynolds number, has been
developed for the helical coiled fluid loop in both a
laminar and turbulent flow regime. Friction reducers
were rigorously tested for degradation over a period
of time. The percentage of the drag reduction with an
increasing concentration of polymer in the slick water
formulation were also compared.

Experimental Methods

Materials

Slick water was prepared by using freshwater, 2
gal/1,000 gal (gpt) surfactant, 2 gpt clay control agent,
and 2 gpt and 4 gpt polyacrylamide-based friction re-
ducer, which measures a 3 cPand 6 cP at 511 1/s shear
rate using Fann 35 with R1-Bl rotor-bob combination
at 80 °F, respectively.

Viscosity Measurement

To perform friction analysis, the absolute viscosity
of water and slick water were measured using a Can-
non-Fenske capillary viscometer. Table 1 shows the
kinematic viscosity of different fluids measured at
different temperatures using a 200-size viscometer.
The kinematic viscosity at high temperature, 200 °F
and 300 °F, was extrapolated using this data. The
density measured using a mass flow controller was
utilized to calculate absolute viscosity. The absolute
viscosity was used to calculate the Reynolds number
for friction analysis.

Friction Measurement Using a Coiled Flow Loop

A circulating loop rheometer having a helical coil, with
a 0.25” internal diameter (ID) and a 10 ft long tube,

was used in this study to analyze friction behavior of
water and slick water at 200 °F and 300 °F.

Figure 1 shows a schematic of the circulating loop

Fig. 1 A schematic of the circulating loop rheometer.
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rheometer. The fluid was charged inside the helical
coiled flow loop using an accumulator, while the 2,000
psi system pressure was maintained. After tempera-
ture equilibration, fluid was circulated at a different
rate through the loop and differential pressure across
the coil was measured. The differential pressure data
was further processed to calculate the friction factor.
The apparent viscosity was calculated using a Pow-
er-law model to study degradation of slick water under
high-pressure, high temperature (HPHT) conditions.

Results and Discussions

Friction Correlations and Validation

Fluid flow in the helical tube has been found in indus-
trial and domestic systems, specifically in the petroleum
industry such as well drilling and stimulation oper-
ations'®. A secondary flow of fluid is developed when
it flows in a curved structure, resulting in centrifugal
forces, creating a significant frictional loss in curved
tubes over straight tubes at the same pressure, tem-
perature, and flow rate''.

The friction factor of a pipe wall can be obtained
by measuring the pressure drop along the pipe. The
following pressure drop equation is used to measure
the friction factor, f, , which is commonly termed as
the Moody friction factor*:

fu = Ap d¢
M= 5 puzL 1

where, Ap is friction pressure drop across the tube
length, L, dt is the tube diameter, p is the density of
fluid, and U is the velocity of fluid.

To validate friction analysis correlations using the
flow loop described, waterflow tests were conducted
at different rates and compared with correlations pub-
lished in the literature. During our analysis, we found
that the f, fits well with published correlation for water
using this experimental setup. The difference between
the two friction factors is that the value of the f, is four
times that of the Fanning friction factor'.

Equation 2 was derived from Eqn. 1 to calculate the
/,,» which was utilized throughout this article.

Ap d¢
p UL

p =2 2

Consequently, the flow characteristics in helical coils
are considerably different than in straight tubes; while
the transition from laminar to turbulent flow happens
at higher Reynolds numbers — the transition in straight
tubes takes place within a Reynolds numbers of 2,500

The critical Reynolds number in Eqn. 3 was utilized
for helical coils to determine the transition of the flow'.
Rec =2100 (1 + 12v5) 3

In Eqn. 3, § is the curvature ratio as defined in Eqn. 4
=&
8= b 4
where, d,1is the tube’s ID and D is the helix diameter.
The circulating flow loop used in this study has a 4,
of 0.635 cm, a D, of 32.51 cm, and the L of the tube

is 304.8 cm. This estimate curvature ratio, 8, 0.0195,
which was utilized to calculate the critical Reynolds

number (Re), 5,622 for this system. To quantify the
magnitude of the secondary flow, a dimensionless num-
ber is named as the Dean Number in Eqn. 5 is used
specifically to characterize the flow in helical coils:

De =2 U dtVs .
n
where, p is the fluid density, Uis the fluid velocity, and
w 1s the absolute viscosity.
The following developed friction factor correlation
in Eqn. 6 is a function of the Re and &, which is the
ratio of the tube’s ID to the coil’s diameter.

f» = C Re™ &" 6

Since § in our case is a constant value, we will simplify
Eqn. 7 to make it as follows:

fo =C'Re™ 7

where = (X §". The friction data generated by using
a helical coiled flow loop was well fitted in Eqn. 7 for
both the laminar flow and the turbulent flow regime
to be discussed next.

Laminar Flow

Manlapaz and Churchill (1980)" proposed the fol-
lowing correlation in Eqn. 8 to calculate the friction
factor within the laminar flow regime (Re < Re) in a
helical coil:

) De 0.5
fa=fa [1+a+d222] .

where £, is the friction factor for the helical tube, and
J, 1s defined in Eqn. 9 as the friction factor for the
smooth straight tube, both at laminar flow'".

64
fsl ~ Re 9

Turbulent Flow

For the smooth tube where Re > Re, the helical coil
friction factor is calculated using the correlation'” as
follows in Eqn. 10:

fer = 4x0.084 Re™02501 10

where £, is the friction factor for a helical tube at tur-
bulent flow. We have multiplied the correlation by
four to convertittoaf,.

Figure 2 shows the comparison of the f, of water
calculated from Eqn. 2 with correlations published
for both a laminar and turbulent region. We have
utilized Microsoft Excel to generate a Power Law fitting
curve from the trend line options by plotting the f, vs.
Reynolds number, Re.

Equation 8 was used to calculate the friction factor
within the laminar flow regime (Re < Re) in a helical
coiled flow loop. The experimental data fits well with
this correlation with an average error of 12%. In a
turbulent flow regime, for a smooth tube where Re >
Re, the helical coil friction factor was calculated using
the correlation' as follows in Eqn. 10. The experimental
data fits very well with this correlation with an average
error of 2.5%. The friction factor correlations for water
developed using Eqn. 7 using a flow loop system are /
=5.0198Re ™" and /= 0.1231Re "% for a laminar



Fig. 2 The f, data of water at 200 °F and 2,000 psi.
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flow regime and turbulent flow regime, respectively.
The value of m, -0.5779 and -0.1366, is close to an
exponent of Eqn. 8 and Eqn. 10. This validates Eqn.
2 to estimate the f, for unknown fluids using a helical
coiled flow loop.

Friction Analysis of Slick Water

The performance of slick water fluid was rigorously
evaluated using a helical coiled flow loop. Two concen-
trations of a polyacrylamide-based friction reducer, 2
gpt and 4 gpt, was evaluated at 300 °F and 2,000 pst
and compared with freshwater.

Figure 3 shows the f, calculated using Eqn. 2 from
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differential pressure across a helical coil flow loop at
different flow rates. The friction factor of water was
decreased with an increase in polymer concentration.
At 300 °F and 2,000 psi, HPH'T, an accurate viscosity
measurement is quite challenging. To measure absolute
viscosity of water and slick water at such conditions,
viscosity at a lower shear rate was measured using the
Power Law Model and then viscosity was extrapolated
backward to zero shear rate.

Equations 11 to 13 describe the correlation for the
Power Law Model":

Shear Stress

Apparent Viscosity = —————— 1

Shear Rate

Fig. 3 The f, data for water and slick water at 300 °F and 2,000 psi.
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Table 2 shows the zero shear viscosity of water and
2 gptand 4 gpt slick water compared with the friction
correlation constant derived from Eqn. 7. As expected,
an increase in viscosity was noticed after adding 2 gpt
and 4 gpt polymer in water in preparing the slick water.
Both correlation constants, (”and m, increased with an
increase in viscosity of the fluid in the Laminar regime,
while in the turbulent region, these constants varied
in a narrow range. With an increase in viscosity, the

/,, curves shifted toward the laminar regime, which
shows the effectiveness of friction reducers.

Drag Reduction
Shah and Zhou (2003)° defined drag reduction using

the following correlation:

oe=1-(3),/(@), z

where (dp/dl)p and (dp/dl)s are frictional pressure

gradients of a polymer solution and the solvent under
the same flow conditions. It was further derived in Eqn.
15 by assuming the density of the polymer solution is
the same as the density of the solvent:

Dp=1-fp/fs 15

where, £, is the friction factor of the polymer solution
and f is the friction factor of water.

Figure 4 shows the percentage of drag reduction by
increasing the polymer concentration in a slick water
formulation from 2 gpt to 4 gpt at 300 °F and 2,000
psi. The percentage of drag reduction was varied in
a narrow range — 10% using a 2 gpt polymer slick
water formulation. The percentage of drag reduction
with a 4 gpt polymer slick water formulation showed an
increased drag reduction with the Reynolds number.

Degradation of Friction Reducer

Friction reducers can be rigorously evaluated at HPHT
conditions by using the flow looped presented in this
article. The secondary flow resulted by centrifugal
forces caused by the coil curvature test friction reducer.

Table 2 The f, correlation constants from Eqn. 7 at 300 °F and 2,000 psi.

Water PolymerZSglrctk Water Polyme:nglrctk Water
Laminar Turbulent Laminar Turbulent Laminar Turbulent
c 3.44800 0.16220 12.036 0.1706 20.678 —
m -0.5420 -0.1720 -0.711 -0.189 -0.787 —
Viscosity (cP) 0.312 0.802 1.676

Fig. 4 The percentage of the drag reduction by increasing the polymer concentration at 300 °F and 2,000 psi.
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Fig. 5 The apparent viscosity degradation of 2 gpt and 4 gpt polymer slick water compared with water at 700 1/5, 300 °F, and 2,000 psi.
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A conventional straight tube limits the length of in-
vestigation; while with helical coil geometry, longer
lengths can be used for better evaluation. Another
limitation of conventional friction loops is HPHT
conditions; they limit analysis of the friction reducer
under a robust environment.

Figure 5 shows the percentage of viscosity degradation
of 2 gpt and 4 gpt polymer slick water compared with
water. This shows thermal degradation of the polymer.
All three fluids were tested in similar test conditions
that were constant, a shear rate of 700 1/s, 300 °F, and
2,000 psi for 3 hours. After temperature equilibration,
water as a baseline was almost constant with time. The
slick water, having a 2 gpt polymer concentration,
degraded up to 3.75% in 3 hours. While increasing
the polymer concentration, the 4 gpt polymer slick
water showed 1% degradation in 90 minutes and then
increased to 3% in 3 hours.

Conclusions

New correlations to measure frictional losses using
a smooth helical coiled flow loop was developed to
evaluate friction reducer performance in slick water
hydraulic fracturing. This flow loop was used at HPHT
conditions, 300 °F and 2,000 psi to generate data for
drag reduction. Based on these investigations, the fol-
lowing conclusions can be drawn:

* The f, for freshwater correlated well with equa-
tions available from literature for both laminar
and turbulent regimes. This validated a helical
coiled flow loop for friction analysis.

¢ The f, decreases with an increase in polymer
concentration in a slick water formulation. The
percentage of drag reduction increased with an
increase in polymer concentration.
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* The secondary flow resulted by centrifugal forces
caused by the coil curvature showed more degra-
dation in viscosity of the 2 gpt polymer slick water

as compared to the 4 gpt polymer slick water under
HPH'T conditions.
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Improving the Operation of Split Flow Sulfur
Recovery Plants with Membrane Technology

Dr. Milind M. Vaidya, Dr. Sebastien A. Duval, Dr. Feras Hamad, John P. O’Connell, Ghulam Shabbir, Ahmed J. Al-Talib,
Dr. Ahmad A. Bahamdan and Dr. Faisal D. Al-Otaibi

Sulfur recovery units (SRUs) are used in gas plants and refineries to convert hydrogen sulfide (H,S)
to elemental sulfur. H,S occurs naturally in natural gas or is formed as a byproduct in refinery and/
or petrochemical processing systems, e.g., hydro-treatment. H S is highly toxic, thereby requiring
removal from the gas stream. Efficient processing of H,S and other sulfur containing compounds i3
vital in reducing emissions to meet increasingly stringent environmental regulations. In a SRU, an
acid gas feed stream containing H S and a source of oxygen, such as air, are fed to a free-flame fur-
nace, followed by multiple catalytié stages to convert most of the H,S into elemental sulfur.

This article introduces a new approach for the operation of split_ﬂow sulfur recovery plants. For
lean acid gas, i.e., low H,S content gas, only a fraction of the acid gas is sent to the reaction furnace
of the modified claus SRU. The remaining acid gas, or bypassed feed, is merged with the outlet of
the reaction furnace stream, downstream of the waste heat recovery unit and upstream of the first
sulfur condenser.

One benefit of bypassing the reaction furnace is the reduction of the formation of carbonyl sulfide
and carbon disulfide within the furnace, due to the high concentration of carbon dioxide (CO,) and
kinetic limitation. A shortcoming, however, is that a fraction of the heavy hydrocarbons, i.e., ben_zene,
toluene, and xylene (BTX), are not destroyed in the furnace reactor as a result of the bypass. BTX
can deposit and rapidly deactivate the catalytic beds. To mitigate this risk, an activated carbon bed
is installed to trap these hydrocarbons upstream of the catalyst bed. The cyclical nature of the oper-
ation of the activated carbon bed (adsorption, regeneration) as well as the risk inherent to the replace-
ment of the contaminated beds call for an alternative approach.

In this article, the improvements discussed relate to the use of membranes that separate BT X along
with H,S. The H,S-rich and BTEX-rich stream is routed to the reaction furnace, unloading the
activated carbon bed and thereby improving the operation of the sulfur recovery plant. An associat-
ed benefit is the possibility to route a larger fraction of the feed H,S within the reaction furnace such
that the risk of O, breakthrough to the catalyst bed is reduced while operating at a large bypass
fraction. _

A series of process simulations with different acid gas compositions and different membrane prop-
erties were evaluated to determine the impact of membrane selectivity on the acid gas composition
sent to the reaction furnace.

The results show a significant reduction of BTX and other hydrocarbons sent to catalytic convert-
ers and an acid gas enrichment with a significant increase in H,S content in the acid gas feeding the
reaction furnace. The ability of the membrane to concentrate BTX along with H,S can lead to a new
operating philosophy for lean acid gas sulfur recovery plants.

Introduction

The focus of this article is to share new options offered by membrane technology to improve the operation of a
split flow sulfur recovery plant affected by the presence of benzene, toluene, and xylene (BTX) in the acid gas.
General Overview of Gas Plant

Raw natural gas is subjected to several processes before sales gas quality is met'. Figure 1 displays the most
frequent processes found in a gas plant, which may include steps to remove condensate and liquid water that
originated from the reservoir or upstream facilities, to remove acid gases (hydrogen sulfide (H,S) and/or
carbon dioxide (CO,)), to reduce water content, to recover heavy hydrocarbons and finally to reduce the inert
nitrogen content in the treated gas if required.

Acid Gas Removal

The acid gas removal step, or gas sweetening, is traditionally performed by contacting the raw natural gas
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Fig. 1 A schematic of the different processes found in a typical gas plant.

with an aqueous alkanolamine (referred to as amine)
solution. In a gas-liquid contactor, H,S and CO, are
absorbed by the amine, and depending on the process,
partially or completely removed from the gas. The
amine is regenerated at a high temperature, approx-
imately 120 °C, by releasing the acid gases.

The design of the gas sweetening unit and the se-
lection of the type of amine for a given application
can be found in many references*. It should be noted
that, along with the acid gases, some hydrocarbons
are co-absorbed since the amine also acts as a physical
solvent for hydrocarbons. Before the regeneration step,
the amine is sent to a flash vessel to remove the bulk
of the dissolved hydrocarbons; however, a fraction of
heavy hydrocarbons, such as BTX, are difficult to
flash out. Consequently, the remaining hydrocarbons
are stripped along with acid gases during the amine
regeneration and sent to the sulfur recovery unit (SRUY’.

SRU

A SRU converts H,S into elemental sulfur. The most
prevalent sulfur recovery process is based on the Claus
reaction®, where H,S undergoes a partial oxidation,
the oxidant being d_ioxygen from air:

3H,S + %02 - %Sx + 3H,0 (Claus reaction)

Originally, the reaction was conducted in one step
over a catalyst bed, but the reaction rate was low, and
recovery lower than 90%. In the late 1930s, a major
modification took place to improve the sulfur recovery
by adding a thermal reaction, which is a free-flame
oxidation of one-third of the H,S into sulfur dioxide
(SO,). Downstream, the reaction furnace produced
sulfur is collected, and in the subsequent catalytic stages,
residual SO, and H,S react to form elemental sulfur.

3H,S + 20, > S0, + 2H,S + H,0

(Modified Claus: reaction furnace)

S0, + 2H,S - 28, + 2H,0
(Modified Claus: catalytic stages)
In addition to an improvement of the conversion

rate, a large amount of heat can be recovered during
the cooling of the gas exiting the reaction furnace.

SulfurRecovery | " i
Unit [+ » Sulfur Unit I .+ Sales Gas
Fos F
I !
mnf c"""'“""l ©°  Sweetening  Dehydaton NGLRecovery  NGLProducts
- Condensate

Several converters in a series, along with elemental
sulfur condensers between each converter can lead to
sulfur recovery above 97%. Depending of the local
regulatory emission requirement, tail gas treatment is
often also implemented to achieve a 99.9+% recovery.

There are different configurations for sulfur recovery
plants. The selection for the most appropriate con-
figuration/mode of operation for SRUs can be found
in numerous references®. Two different designs are
shown in Figs. 2a and 2b. In both designs, the sulfur
recovery plant is equipped with a reaction furnace
and catalytic stages, however:

* In the straight through configuration, the whole
acid gas stream is routed to the reaction furnace
and then enters the catalytic stages.

* In split flow configuration, only a part of the acid
gas is routed to the reaction furnace and the bal-
ance is injected upstream the first catalytic stage.

Arule of thumb is that for a H,S concentration above
55% in the acid gas, a straight through configuration
is normally selected, because the temperature reached
in the reaction furnace is high enough to destroy con-
taminants. For alower H,S concentration — between
20% and 55% — the large amount of inert gas would
prevent the reaction furnace from reaching the desired
temperature, and therefore, a split flow configuration
is preferable.

Alternatives to the split flow are oxygen enrich-
ment, acid gas enrichment and/or fuel gas co-firing.
All options are commercially available, but are either
expensive or have an excessive CO, footprint. For a
H,S concentration between 10% and 20%, a split low
configuration with a preheating of the streams is nor-
mally designed. The overall sulfur recovery process,
including reaction furnace, condensers and catalytic
stages, can be modeled with commercial simulators,
e.g., Sulsim®, that can predict the heat and mass bal-
ance expected throughout the sulfur recovery process.

This article endeavors to illustrate the potential im-
provement with membrane technology for the split flow
configuration operation of a sulfur recovery plant, e.g.,
for lean acid gas or when the H,S content is between
20% and 55% in the acid gas.
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Fig. 2 (a) Straight through sulfur recovery plant configuration, and (b) split flow sulfur recovery plant configuration.
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Sulfur Recovery in Split Flow Mode and
BTX Issue

Along with the oxidation of one-third of H,S into SO,
the reaction furnace of the SRU is also the place for the
destruction of hydrocarbon molecules present in the
acid gases. A complete destruction of the hydrocarbons
requires high temperatures in the reaction furnance®:
methane is completely destroyed at 1,650 °F, xylene at
1,700 °F, and benzene and toluene at 1,920 °F.

For lean acid gas — containing a low amount of H,S
with respect to CO, — a split flow is preferable. A spiit
flow means that a fraction of the acid gas bypasses the
reaction furnace. The main reason for this bypass is
to minimize the amount of inert (CO,) in the reaction
furnace in an attempt to keep the reaction furnace
temperature as high as possible — at least 1,700 °F.

It should be noted that at least one-third of H,S should
be directed to the reaction furnace to ensure that all
oxygen is consumed and no oxygen breaks through
to the catalyst section, which would damage the cat-
alyst bed. To keep an operational safety margin, the
maximal bypass will practically never exceed 60%,
i.e., theoretical maximum is 66.67%.

For low H,S content, indirect air and/or acid gas
preheating is applied to reach 1,920 °F in the reaction
furnace to ensure BTX destruction®. The presence
of BI'X in the bypass stream remains an issue since

this stream is directed to the catalyst stages. At this
point, it is important to stress that BTX concentration
above a few ppm may cause a loss of catalyst activity
within a few hours, and in the extreme range some
tailor-made catalyst can sustain B1TX in the range of
tens of ppm. This results in a drastically shortened life
cycle for a Claus converter of 6 months rather than
the expected 4 years.

Several plants at Saudi Aramco faced lean acid gases
with a high BTX content. A rapid loss of catalyst activ-
ity was observed due to the injection of BT'X, via the
bypass gas going to the catalytic stages. As a remedy,
Saudi Aramco has installed carbon bed adsorption
units to remove BTX from the acid gas’. The acid
gases circulate through the bed and hydrocarbons, in
particular, BT'X is collected by the activated carbon,
avoiding the catalyst deactivation, Fig. 3.

The bed is regenerated with low-pressure steam fol-
lowed by a sweep with dry fuel gas to dry the bed. The
activated carbon bed is replaced when its performance
begins to decline to avoid carry-over of BTX to the
catalyst. The spent carbon is a hazardous waste that
requires specialized and costly handling and disposal.

In this article, membrane technology is introduced
as an option to increase the time between two replace-
ments of the activated carbon used to remove BTX
from the acid gas stream. Ultimately, the membrane
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Fig. 3 The SRU with a split flow configuration and BTX removal unit to avoid introduction of BTX in the catalytic stage.
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can provide enough BTX rejection to eliminate the
need of the activated carbon bed adsorption unit and
its regeneration system. Along with BTX rejection,
membrane technology can significantly increase H,S
(above 55%), the acid gas feeding the reaction furnace
to achieve the desired temperature profile for the de-
struction of BTX.

Membrane-based gas separation depends on the ability
of gas components to permeate through a nonporous
polymeric selective layer at different rates®. The differ-
ence in permeation rates is due to the molecular size of
the gas molecules and/or its solubility in the polymeric
layer. It should be noted that the driving force for the
gas permeation is the pressure difference across the
membrane. The fastest components are concentrated in
the low-pressure outlet stream, named permeate, and
the slowest components remain in the high-pressure
outlet stream, named retentate.

Since CO, molecules permeate much faster than
methane molecules through the polymeric membrane,
CO, content is found concentrated in the permeate

Sulfur Sulfur

stream with respect to the inlet. Membrane technology
for CO, removal has been in use since the mid-1970s,
and has therefore, a long track of successful operation®.

Certain types of polymeric membranes based on
fluorinated chemistries exhibit a high permeability
rate for CO, and a low permeability rate for both H,S
and hydrocarbons (methane and BTX)"!!. This kind
of membrane concentrates H,S from a diluted stream
and delivers a low-pressure GO, concentrate, and a
H,S and hydrocarbon depleted stream.

The purpose of this membrane is to displace BTX
and H,S from the bypass stream and to push them into
the sulfur recovery reaction furnace, thereby enabling a
higher reaction furnace temperature and BTX destruc-
tion, Fig. 4. When the membrane is used, the bypass
flow rate can be increased above 60%, and since more
than one-third of the H,S is directed to the reaction
furnace, there is no risk of oxygen breakthrough.

For some sulfur recovery applications, as used in
petro-chemistry or a refinery, the SRU is also used
to destroy ammonia — from the sour water stripper
— although, ammonia is very stable and requires a
reaction furnace temperature above 2,280 °F° to be

Fig. 4 The SRU with a split flow configuration, CO, selective membrane and BTX removal unit to avoid introduction of BTX in the catalytic stage.
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destroyed. To achieve this temperature, a H,S rich
stream is needed as a feed for the SRU. The mem-
brane technology can generate this H,S rich stream
and enable a complete ammonia destruction.

Application of Membrane for Partial Acid
Gas Enrichment

Membrane Performance Modeling
Membrane-based gas separation was modeled with
the help of a process simulation software PRO II from
SimSci. The main purpose of the membrane simulation
work is to illustrate the possible H,S enrichment and
the level of BTX that can be achieved with membranes.

Different chemistries provided in the open literature'
have demonstrated high selectivity for CO, vs. H,S.
For all of these chemistries, the material is glassy and
prone to reject large molecules like BTX,, as compared
to GO, and H,S. Process simulations were carried
out with membrane selectivity parameters as listed
in Table 1.

In this study, membrane feed pressure was set at
155 psig and membrane permeate at 15 psig. The
feed pressure is to ensure enough driving force for
the membrane operation and can be adjusted by the
end user based on its own cost for installed compres-
sion and membrane. The permeate pressure is set to
ensure enough pressure is used to route the permeate
stream to the sulfur recovery plant and avoid addi-
tional compression on this stream. The compression
of acid gas was achieved by similar equipment to that
used for acid gas injection — either reciprocating or
centrifugal compressors.

The modeling was performed with targeting a con-
centration of H,S in excess of 56% in the reject. The
reject is the stream that was sent to the reaction furnace
to ensure high temperature and complete BTX and
other hydrocarbon destruction.

Table 2 reports the results of the simulation with
emphasis on the BTX content in the permeate stream.
The merits of the membrane are demonstrated, since
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H,S and BTX are simultaneously concentrated. More
than 98% of the BT X present in the acid gas is rejected
into the H,S rich gas sent to the reaction furnace. The
level of BTX present in the permeate CO, rich stream
1s significantly lower than in the acid gas feeding the
membrane.

It is interesting to upgrade the system by changing
the feed of the carbon adsorbent bed with the mem-
brane permeate. Such change will reduce the amount
of BT'X to be removed by the activated carbon and
also reduce the load on the recovery and regeneration
system associated with the carbon adsorbent bed.

The results of the simulations illustrate the potential
benefits of the membrane to reject BTX components to
the reaction furnace along with H,S. The membrane
permeate has a BT'X concentration 50 times smaller
as compared to the original content of the acid gas.
This drastic reduction of BTX flow to the carbon ad-
sorbent bed will increase its service life. Ultimately,
the membrane permeate can be routed directly to
the catalytic converters depending on the achieved
performance, Fig. 5, and catalyst tolerance to BTX.

At this point, it should be stressed that BT X compo-
nents do not have the same deleterious effect on the
catalytic bed. According to Crevier et al. (2007, the
deactivation factors are as follows: xylene is 4.2 times
worse than toluene, and toluene is 17.6 times worse than
benzene for the titanium dioxide catalyst at 310 °C.

A sensitivity analysis was conducted with respect to
the BTX content and membrane selectivity parameters
to assess the potential level of BT'X rejection for normal
performance and degraded membrane performance.
The simulations were performed to assess the ampli-
tude of BTX slippage or concentration increase in
the membrane permeate due to a lower selectivity of

BTX and H,S vs. CO,.

The permeability of the BTX vs. H,S was doubled
as compared to the normal membrane and the H,S
increased by 20% vs. CO,,. The same target of H,S
above 55% was maintained to ensure the reaction

Table 1 Membrane selectivity parameters used in the simulation.

Normal Membrane

Components Selectivity vs. H,S
1 0.90

Q2 0.40

a 0.20

Ic4 0.15

H,S 1

o, 10.00

H,0 17.30

BTEX 0.10

Degraded Membrane
Selectivity vs. H,S

0.90
0.40
0.20
0.15
1
8.00
17.30
0.20

33



34 The Aramco Journal of Technology Spring 2021
Table 2 Membrane feed composition and BTX content in membrane permeate.
BTEX (ppm) 100 200 500 1,000 2,000
in Acid Gas
Membrane feed pressure (psig) 155 155 155 155 155
Membrane permeate (psig) 15 15 15 15 15
C1 (mol%) in acid gas 0.5 0.5 0.5 0.5 0.5
C2 (mol%) in acid gas 0.1 0.1 0.1 0.1 0.1
C3 (mol%) in acid gas 0.05 0.05 0.05 0.05 0.05
IC4 (mol%) in acid gas 0.05 0.05 0.05 0.05 0.05
H,S (mol%) in acid gas 20, 30, 40 20, 30, 40 20, 30, 40 20, 30, 40 20, 30, 40
CO, in acid gas Balance Balance Balance Balance Balance
H,O in acid gas Saturated Saturated Saturated Saturated Saturated
Results:
BTX in permeate (ppm) routed
to catalytic converter (normal 1.7 3.4 8.6 17.2 34.4
membrane)
BTX in permeate (ppm) routed
to catalytic converter (degraded 4.7 9.3 235 47 94
membrane)
H,S (mol%) in membrane reject
stream routed to SRU reaction >55 >55 > 55 > 55 >55
furnace
Fig. 5 The SRU with a split flow configuration and CO, selective membrane (the BTX removal unit is removed).
HP Steam Air,
uel gas

Adid gas

H25 — BTX rich

LPSteam Reheater LP Steam

Reaction  Waste Heat
Furnace Boiler

e |
H25 — BTX lean Catalytic l

Converter

Condenser l Condenser l

Sulfur Sulfur

furnace temperature was high enough to destroy any
BTX. Due to the higher permeability, the rejection
of BTX decreased from 98+% to 95+%. As a result,
higher amounts of BTX were sent to the catalytic
stage. For the case of 2,000 ppm BTX in the acid
gas, a concentration of 94 ppm of BTX is expected
in the bypass stream. This may appear high, but as
previously mentioned, all BTX components do not have
the same deactivation power and focus should be on
the xylene and then the toluene content. The analysis

Reheater

Incinerator

LP Steam Reheater

I Stack
. |
Catalytic l Catalytic l
Converter Converter
Condenser Condenser
Sulfur Sulfur

is, therefore, on a case-by-case basis to decide if the
amount of BT X is an issue or not for the catalyst. Asa
matter of protecting the catalyst, the carbon adsorbent
bed can be maintained to reduce BTX content to the
catalytic stage.

SRU Modeling

The heat and mass balance of the SRU process has
been obtained with Sulsim® software. A split flow
configuration, as previously depicted in Fig. 2b, was
selected due to the lean acid gas composition — 20%
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Table 3 Sulfur recovery split flow operation with and without membrane — illustration of the difference process data for
streams: Acid gas to reaction furnace, bypass and first condenser.

First Condenser

Acid Gas Stream to Liquid Outlet

Reaction Furnace Bypass Stream

Stream

Membrane No Yes No Yes No Yes
Temperature °F 120 120 120 120 345 345
Pressure psig 14.3 14.3 14.3 14.3 6.5 6.5
Molar Flow b mole/hr 504.0 385.8 756.0 813.5 2.9 126.7
Mass Flow lb/hr 20,345.5 14,6271 30,5183  35,143.6 92.0 4,061.4
1 (mol%) 0.50 1.45 0.50 0.09 0.00 0.00
Co, (mol%) 73.43 40.87 73.43 94.34 0.00 0.00
G (mol%) 0.10 0.31 0.10 0.01 0.00 0.00
H,S (mol%) 20.04 56.78 20.04 4.11 0.05 0.03
H,0 (mol%) 5.81 0.20 5.81 1.45 0.00 0.00
a3 (mol%) 0.05 0.16 0.05 0.00 0.00 0.00
c4 (mol%) 0.05 0.16 0.05 0.00 0.00 0.00
BTX ppm 200 647 200 34 0.00 0.00
S_liquid (mol%) 0.00 0.00 0.00 0.00 99.95 99.97

H,S — used for the simulation. Two cases were con-
sidered: one with membrane, Fig. 5, and one without
membrane, Fig. 2b, with the goal to distinguish the
difference due to the presence of the membrane on
the sulfur recovery operation.

The bypass was set at 60% in the absence of the
membrane since a higher value may result in oxygen
breakthrough to the catalytic stage, which is to be
avoided to preserve the catalyst performance and in-
tegrity. When the membrane is used, a higher bypass
is possible while maintaining a large excess of H,S in
the reaction furnace. In the case presented, a bypass
of 64% has been selected. Higher bypass flow rates are
possible since nearly 87% of the H,S to be converted
into sulfur is sent to the reaction furnace.

This is by far exceeding the required one-third of H,S
to be converted into SO,. As a consequence, a large
amount of sulfur (highlighted in Table 3) is already
produced at the reaction furnace/waste heat boiler
and collected in the first condenser. This unloads the
subsequent catalytic stages and condensers. In contrast,
without a membrane and for a 60% bypass, only 40%
of the H,S is sent to the reaction furnace. Since 83.3%
of this H,S will be converted into SO, — one-third of
the overall H,S is converted in SO, in the reaction fur-
nace — only a small amount of sulfur is collected in the
first condenser, which results in loading the subsequent
catalyst converters and condensers. It should be noted
that the reaction furnace temperatures are different
in both cases: without a membrane, a temperature of

2,000 °F is achieved and with a membrane, a tem-
perature of 2,200 °F is achieved.

This higher temperature reflects the H,S enrichment
and reduction in flow rate to the reaction furnace. There
is no expectation in improving the overall recovery
because no CO, was removed from the SRU process
and the same number of catalytic stages and sulfur
condensers were used.

Table 3 displays the process data for the acid gas
stream sent to the reaction furnace or in the bypass,
as well as the flow rate of sulfur.

Conclusions
The main conclusions of this study are:

e The membrane can enrich low content HQS to above
55% and concentrate 98+% of BT X in the stream
sent to the SRU reaction furnace. This H,S enrich-
ment ensures that any contaminants, like BTX,
which are catalyst deactivators, are destroyed in
the reaction furnace of the SRU.

The BTX is rejected from the SRU bypass stream
(split flow SRU operation) allowing it to direct this
gas directly to the catalytic stage or via a signifi-
cantly smaller BTX removal unit as compared to
without use of a membrane.

The large excess of H,S routed to the reaction
furnace guarantees that no oxygen breakthrough to
the catalytic stages will occur using the membrane.

Although the application of partial acid gas enrich-
ment is new for membrane technology, membranes
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have a long track record for bulk CO, removal
from natural gas.

The membrane requires gas compression since the
acid gas leaving the amine unit is at 10 psig to 15
psig, and the membrane operation requires pressure
in the range 50 psig to 250 psig. Safety associat-
ed with wet acid gas compression is addressed in
many plants, especially the ones involved in acid
gas Injection.

Upgrading the split flow operation in the SRU
with a membrane does not require any air control
logic change.

Finally, the membrane technology and split flow
configuration may offer alternatives to the tradition-
al acid gas enrichment with H,S selective amine.
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Abstract /

Integrated Multi-Frequency Characterization
of Sandstone Rocks

Dr. Damian P. San-Roman-Alerigi, Dr. Oliverio Alvarez, Dr. Sameeh I. Batarseh and Bander M. Al-Khaldi

The ultimate goal of our work is to develop an electromagnetic (EM) multi-frequency integrated
system to enable real-time and in situ characterization during high power EM operations, e.g., log-
ging-while-lasing or logging-while-microwaving. The sensing platform should provide information
about the environment, the substrate, the near wellbore (ahead of the beam), and the process.

Real-time sensing is necessary because high power EM operations are faster and avail more control
to target the EM energy to attain a specific purpose. Therefore, the sensing systems must be compat-
ible and operate simultaneously with high power EM radiation. In this context, EM multi-frequency
characterization could provide valuable information to evaluate the near wellbore volume, fluids,
and the environment. This article introduces essential spectrometry components and analytics.

The experiments reported focus on the characterization of tight sandstone rocks from different
reservoirs. The characterization process used various tools: microwave and radio frequency resona-
tors, Fourier transform infrared reflectometry (FTIR), porosimetry, and sonic reflectometry. Five
resonances were measured using a custom-made microwave resonator with measurements at frequen-
cies between 980 MHz to 3.5 GHz. As this comprehensive characterization evolves, it will use machine
learning algorithms to display the correlation between the EM response of the material and other
rock properties, e.g., clay content, saturation, porosity, and mechanical properties.

FTIR and low frequency impedance enable the characterization at the surface and bulk volume,
respectively. The experimental results confirm the correlation between some chemical, mechanical,
and EM properties of materials. These relations could be used to derive clay content, total organic
carbon content, maturity, and saturation, among other material properties. The results of this char-
acterization contribute to the growing database of EM properties of rocks under different configu-
rations. The expectation is that this information can be coupled with statistical and machine learning
algorithms to build edge neural engines for subsurface characterization and high power EM tools.

EM tools and methods for subsurface use allow characterizing the formation with high accuracy
and resolution. The combined results and algorithms could enable the estimation of rock type, po-
rosity, saturation, and other properties while conducting high power EM operations. The information
provided could eventually enable automated systems and logging-while-lasing.

This work presents the foundational blocks to achieve this and guide the development of subsurface
laser technologies.

Introduction

This article presents a summary of some developments in the road to creating a subsurface electromagnetic
(EM) platform for in situ characterization. The primary purpose is to enable comprehensive logging during
high power EM applications, such as lasing and microwaving. The implication is that the sensing platform
would allow the high power EM tools to “see” in front, around, and ahead of themselves, with varying degrees
of resolutions. Real-time sensing is necessary because high power EM operations and subsurface robots are fast
and avail more control. Given the multipurpose goal of the platform, the sensing systems must be compatible
and operate simultaneously with other EM tools, e.g., high power lasers and microwave stimulation tools.

EM multi-frequency sensors are a natural choice; they can provide information to evaluate subsurface fluids',
near wellbore volume?, composition®, and high power EM processes. In the field, the information coming
from these sensors would feed edge neural engines that derive fast predictions, which in turn can be used to
control the high power EM processes, evaluate the outcome, and direct the tools. Consequently, secondary
applications include any subsurface automated and robotic system that may benefit from these features.

The initial work focused on spectral characterization in the microwave and near infrared range for the EM
spectrum. Subsurface spectrometry traditionally measured the dielectric constant of the medium between a
transmitter and a receiver at some given set of frequencies®. Infrared reflectometry has been utilized to char-
acterize in situ crude oils®, carbon dioxide content’, or mineralogy®.



Fig. 1 Experimental setup. The ™,,, cavity (front)
connected to the R&S ZV/A vector network analyzer
(back). Thorlabs translation stages move the antenna
in controlled steps with a minimum resolution of
Tum (left).

Spectroscopy can be combined with machine learning
to conduct in field pressure-volume-temperature’ or

1. In the laboratory, micro-

quantitative gas analysis
wave and Raman spectrometry have been used to
characterize the total organic carbon content and the
composition of complex geomaterials®®. In contrast,
Fourier-transform infrared reflectometry (FT'IR) has
been utilized to characterize the geochemical properties
of subsurface matter, including maturity inference and

total organic carbon content® ' ',

A custom-made microwave resonator was used to
characterize the bulk volume. The resonator measures
discrete points between 980 MHz and 3.5 GHz. The
cavity measures the complex permittivity () of solid

Spring 2021

Fig. 2 Image of the cavity with the sample installed.

core plugs with a diameter between 2 cm to 3.8 cm and
amaximum height of 5.5 cm. The system could study
plugs and cuttings at the surface using a mobile lab.

FTIR was used to characterize the near surface
composition. The FTIR probe is part of a multiprobe
system known as AutoScan, which leverages automa-
tion to map measurements over a dense grid with a
minimum spatial resolution of 100 pm. The device
can characterize plugs, slabs, or any quasi-flat surface.

San-Roman-Alerigi et al. (2019)* combined FTIR and
near infrared reflectometry with machine learning to
reveal the maturation of organic-rich shales subject to
high power laser irradiation.

Fig. 3 Permittivity of six sandstone plugs: (a) The real part of the permittivity, and (b) The imaginary part of the permittivity.

£'(f) - Real Part

£"(f) - Imaginary Part
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Table 1 The calculated permittivity for sandstone rocks for five modes between 0.98 MHz and 3.5 GHz. The results are
separated into real (¢') and imaginary (") components. The symbol de’ denotes the corresponding uncertainty.

Sample Mode f (H2) e oe’ e’ oe’
Mode 1 9.83E+08 4.0648 0.02952 0.0999 0.00500
Mode 2 2.02E+09 4.2198 0.01422 0.0194 0.00097
1 Mode 3 2.20E+09 4.2808 0.00467 0.0184 0.00092
Mode 4 2.82E+09 4.2523 0.71961 0.0223 0.00112
Mode 5 3.40E+09 4.2171 0.86789 0.0183 0.00092
Mode 1 9.78E+08 4.3517 0.05975 0.2012 0.01006
Mode 2 2.00E+09 4.4663 0.00896 0.0977 0.00489
2 Mode 3 2.19E+09 4.5200 0.03540 0.0980 0.00490
Mode 4 2.81E+09 4.4989 0.00445 0.0786 0.00393
Mode 5 3.40E+09 4.4869 0.00449 0.0679 0.00340
Mode 1 9.73E+08 5.4257 0.27646 0.6617 0.03309
Mode 3 2.20E+09 5.3984 0.24822 0.3978 0.01989
’ Mode 4 2.81E+09 4.9192 0.00492 0.1454 0.00727
Mode 5 3.40E+09 2.5885 0.01545 0.0689 0.00345
Mode 1 9.79E+08 4.4220 0.10403 0.2679 0.01340
Mode 2 2.00E+09 45315 0.00453 0.1462 0.00731
4 Mode 3 2.20E+09 4.5847 0.10033 0.1631 0.00816
Mode 4 2.81E+09 4.5659 0.00457 0.1328 0.00664
Mode 5 3.39E+09 4.6385 0.00431 0.1076 0.00538
Mode 1 9.79E+08 4.2749 0.07953 0.2056 0.01028
Mode 3 2.20E+09 4.3898 0.07745 0.1284 0.00642
> Mode 4 2.81E+09 4.4578 0.00446 0.1092 0.00546
Mode 5 3.40E+09 4.3989 0.00455 0.1006 0.00503
Mode 1 9.88E+08 4.0523 0.11845 0.2364 0.01182
Mode 3 2.21E+09 4.2345 0.05195 0.1043 0.00522
° Mode 4 2.82E+09 4.2913 0.00429 0.0874 0.00437
Mode 5 3.43E+09 4.2151 0.00474 0.0759 0.00380
Methods The measurement process is as follows:

Microwave Resonant Cavity

The character used the 7M1, oy cavity described in Alva-
rez (2017)" and Alvarez and Penaranda-Foix (2018)? with
some modifications, Fig. 1. The system was upgraded
to use translation stages to control the insertion of the
antenna and measurement depths with a minimum
resolution of 1 pm. The motion control enables a com-
plete scan of the cavity modes with high precision.
This feature proved essential to scan the depth and
identify the resonant modes, since their positions may
vary depending on the rock type.

1. The vector network analyzer (Rohde and Schwarz
ZNB20 vector network analyzer (VNA)) is calibrated
using an Agilent 85052B calibration kit.

2. The antenna is connected to the VNA usinga VNA

cable (Gore).

3. The empty cavity is closed, and the antenna scanned

along the axis of the cavity to measure the six reso-
nant modes. The data is labeled as “air” and stored.

4. The antenna is returned to the home position. The

cavity is then opened, and the cylindrical sample
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Fig. 4 The FTIR spectra of the sandstone samples from several outcrops (measurement numbered 0 to 11,000) and Berea sandstone blocks
(measurement number 11,001 to 20,000). The spectra were normalized and scaled over the features in preparation for machine learning.
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Fig. 5 The FTIR spectra of the six sandstone plugs from unidentified outcrops. The spectra were normalized and scaled over the features in
preparation for machine learning routines.
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Fig. 6
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Principal component analysis (PCA) of the full spectra. (a) PCA colored by the sample provenance; points corresponding to the Berea
sandstone are shown in yellow, and the outcrops 1 to 3 in pink, light purple, and blue. (b) PCA is colored by corresponding K-means
cluster with the corresponding cluster node shown in red. The cluster number is given from top-left to bottom-right.

PCA with color per rock provenance

PCA with color per K-Means

PCA component 1 (b)

is placed inside, Fig. 2.

5. The cavity with the sample is closed, and the antenna
scanned along the axis of the cavity to identify the
top and bottom resonant modes using the Schmidt
chart as a guide.

6. Measurements are taken every 2 mm between the
top and bottom positions identified in step 5. The
data is labeled with the corresponding sample name
and stored.

7. The stored measurements are processed using
ITACA software. It does a coupling correction,
identifies the resonant frequency, and calculates
the components of the permittivity, Eqn. 1:

e=¢ +je", j=~-1 1

FTIR Scan

This characterization step used the AutoScan platform
to measure gas permeability, ultrasonic compressional/
shear wave velocities, and F'TIR, albeit only the last
is reported in this text. The device performs a 2D
mapping of the measurements in a cartesian grid de-
fined by the user.

The FTIR measurement spectrometer was mounted
on a translation stage. The device measures the absorp-
tion spectrum of the samples in the mid-infrared range.
The diameter of the measurement spot was 3 mm.

This part of the study used the same plug samples as
well as their corresponding slabs. In the plugs, mea-
surements were taken at two positions, top and bottom.
A scan was performed on the slabs using a step size of
0.25 mm in width and length.

PCA component 1

Results

Microwave Resonant Cavity

The tests used six plugs taken from field samples of
unidentified sandstone outcrops. The samples were
unsaturated. All the measurements were done at a
controlled temperature (25 °C) and humidity (~30%).

The compiled results of the measurement are plotted
in I'ig. 3. It shows the real and imaginary components
of the permittivity (Eqn. 1). Table 1 summarizes the
calculated values for both parts with their correspond-
ing error.

All the samples, except for sample 3, exhibit sim-
ilar behavior with almost flat response for the real
permittivity (€ = f - 4.398 F /m) for all frequencies.
Similarly, the loss follows an almost constant trend,
except for sample 3. The loss is highest at 0.98 GHz
and slowly decreases until ~2 GHz; after this point,
the loss flattens at ~0.08 F/m.

Little experimental data has looked at the permittiv-
ity within the range of study in this article. Yet, some
prior results, /< 1 GHz, suggest that the values are
consistent with sandstone samples with low porosity
and mostly composed of quartz'*'°. The results for
sample 3 could be explained by the presence of some
organic matter or other materials. Subsequently, given
the absence of a geochemical analysis for these rocks,
it 1s not possible to provide a satisfactory conclusion
at this point.

FTIR

This test scanned the six plugs used in the microwave
cavity, as well as their corresponding slabs. Also, the
scan was performed in several Berea gray sandstones.
The samples were unsaturated. All the measurements



were done at a controlled temperature (25 °C) and
humidity (~30%). In total, the automated FTIR cap-
tured 20,000 spectra, of which 13,750 were taken in the
slabs and plugs, and 6,250 on various Berea sandstone
blocks. The normalized and scaled F'TIR spectra for
all samples are plotted in Fig. 4.

The spectra corresponding to the Berea gray sand-
stone shows almost no change between samples, which
1s expected given that the samples are uniform. The
outcrop samples show higher variability due to the
presence of different minerals or contaminants.

Figure 5 shows the F'TIR spectra of the six sandstone
plugs. The results show that each plug had a distinct
spectral signature, which would imply variation in
composition. Subsequently, as mentioned earlier in
the discussion, the results need to be complemented
with a geochemical analysis. Yet, it is possible to study
the spectra using machine learning algorithms to un-
derstand how the samples may differ from each other.

Figure 6 shows the plot of the principal component
analysis (PCA) performed over the entire set of spectra.
The results are plotted in two coloring schemes show-
ing the sample provenance and K-means cluster. The
results show that the majority of the Berea sandstone
samples are concentrated in cluster 1 (top right), whereas
the outcrop samples are distributed in the remaining
three groups. Yet, the K-means analysis suggests that
atleast a portion of the outcrops share some similarity
with the Berea gray sandstones. This result could be
due to the high presence of silica.

Figure 7 shows the output of the t-distributed stochas-
tic neighbor embedding (tSNE) on the full data set.
It was calculated using the tSNE Spectral Clustering
routine implemented by using scikit-learn sofware. The
study was repeated with different values of perplexity
but showed significant change. The analysis would

Fig. 7 The tSNE analysis of the full spectral data. The colors
correspond to the K-means cluster for that point.
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cluster the data into a single group. The outcome shows
no discernable clustering within the spectral data. This
outcome contrasts with the result given by K-means;
however, it is consistent with the fact that the samples
are sandstone, and therefore mostly silica.

Conclusions

The tests reported in this article are for tight sandstone
of an unknown origin and Berea gray sandstone sam-
ples. Future work will expand the characterization to
other rock types with diverse oil and water saturations.

Past and current experimental results demonstrat-
ed that EM properties could be proxies to determine
chemical and mechanical properties* 7. These works
suggest that the combination with machine learning
could enable the estimation of the rock type, porosity,
saturation, and other properties while conducting laser
operations. The information provided could eventually

enable automated systems and logging-while-lasing.

The measurements contribute to the growing catalog
of EM properties of rocks under different configura-
tions. The methods will be used in the future to study
other rock types at different conditions. The results
suggest that reflectance spectrometry could be used to
evaluate the effect of high power EM processes, build
predictive models, and support the development of
autonomous subsurface tools.

In the future, these comprehensive characterizations
will be used in conjunction with machine learning
algorithms to reveal the correlation between the EM
response of the material and other rock properties,
e.g., clay content, saturation, porosity, and mechanical
properties.
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Abstract /

Low ECD High Performance Invert Emulsion Drilling
Fluids: Lab Development and Field Deployment

Dr. Vikrant B. Wagle, Dr. Abdullah S. Al-Yami, Michael O. Onoriode, Jacques Butcher and Dr. Nivika R. Gupta

This article describes the results of the formulation of an acid-soluble low equivalent circulating
density (ECD) organoclay-free invert emulsion drilling fluid formulated with acid-soluble manganese
tetroxide (H,Mn,O,) and a specially designed bridging package. The article also presents a short
summary of field applications to date.

The novel non-damaging fluid has superior rheology resulting in a lower ECD, excellent suspension
properties for effective hole cleaning, and barite sag resistance while also reducing the risk of a stuck
pipe in high overbalance applications.

The 95 pcf high performance invert emulsion fluid (HPIEF) was formulated using an engineered
bridging package comprising of acid-soluble bridging agents and an acid-soluble weighting agent viz.
H,Mn,O,. The article describes the filtration and rheological properties of the HPIEF after hot
rolling at 300 °F. Different tests such as contamination testing, sag factor analysis, high-pressure and
high temperature rheology measurements, and filter cake breaking studies at 300 °F were performed
on the HPIEF. The 95 pcf fluid was also subjected to particle plugging experiments to determine the
invasion characteristics and the non-damaging nature of the fluids.

The 95 pcf HPIEF exhibited optimal filtration properties at high overbalance conditions. The low
plastic viscosity values and rheological profile support low ECDs while drilling. The static aging tests
performed on the 95 pcf HPIEF resulted in a sag factor of less than 0.53, qualifying the inherent
stability for expected downhole conditions.

The HPIETF demonstrated resilience to contamination testing with negligible change in properties.

Filter cake breaking experiments performed using a specially designed breaker fluid system gave
high filter cake breaking efficiency. Return permeability studies were performed with the HPIEF
against a synthetic core material, the results of which confirmed the non-damaging design of the
fluid.

The article demonstrates the superior performance of the HPIEF in achieving the desired lab and
field performance.

Introduction

An alternative fluid system was required to meet the increasing challenges presented by certain gas produc-
ing fields. Wells in these fields have to date been drilled primarily with either formate-based fluids or barite
weighted conventional oil-based mud (OBM).

The non-damaging nature of the formate-based fluids have supported the option for an open hole comple-
tion design.

The OBM formulations that have extensive applications present the advantage of lower fluid costs and tight
filtration characteristics compared to the alternative formate fluids. The conventional OBM fluid systems can
present a notable impact on reservoir producibility that can be ascribed in part to the use of barium sulfate
weight materials as well as organoclay and organolignite-based additives. Wells drilled with conventional
OBM systems are completed with a cased hole completion.

The motivation to develop a high performance invert emulsion fluid (HPIEF) would offer improved drilling
performance in maturing fields and the non-damaging nature would present the option to complete wells with
an open hole completion design.

In an organoclay-free invert emulsion drilling fluid, the organoclay is replaced by polymeric viscosifiers
and the organolignite is replaced by a polymeric filtration control agent. The use of a polymeric viscosifier in
the drilling fluid provides a unique gel structure to the drilling fluid, which not only increases the carrying
capacity of the cuttings, but also helps to decrease the sag tendency in the fluid'. As the organoclay-free invert
emulsion fluids are formulated without any organoclay or organolignite, the content of commercial solids in
the fluid is low, compared to an organoclay-based equivalent.



The organoclay-free fluids thereby supports a higher
rate of penetration as compared to the conventional
organoclay-based fluid systems®. Another advantage
of the organoclay-free invert emulsion drilling fluids
is the inherent fragile gel structure®. Organoclay-free
invert emulsion drilling fluids owing to the reduced
solid content show lower plastic viscosity as compared
to the organoclay-based drilling fluid'.

The solids content in the fluid formulation can also
be reduced by changing the weight material from
barite — 4.2 SG — to higher density materials such
as manganese tetroxide (H,Mn,O,) — 4.8 SG. The
reduced plastic viscosity, owing to the reduced solids
content, would further reduce the surge and swab ef-
fects, which in turn would help in better equivalent
circulating density (ECD) management®*.

Afurther reason for using H,Mn, O, instead of barite
is the acid-soluble nature of H,Mn,O,. The acid solubil-
ity of H,Mn,O, can be used to remove the filter cake in
the wellbore by using any conventional acid treatment.
The total acid solubility of the H,Mn,O, weighting
agent makes the fluid non-damaging, especially when
drilling through reservoir zones. In the event of a stuck
pipe incident, conventional acid treatments would break
and dissolve the filter cake, reducing the sticking force
on the assembly and supporting rapid pipe release’.

The advantages associated with the organoclay-free
drilling fluid formulated with H,Mn,O, present the
option for more aggressive well construction designs.
A non-damaging, HPIEF with tight filtration charac-
teristics would support drilling through depleted zones
with a low risk of differential sticking when compared to
the alternative option with formate-based fluid. Longer
lateral sections drilled with a non-damaging HPIEF
would support higher reservoir production with an
open hole completion design.

This article describes the engineering and qualifica-
tion process for an organoclay-free drilling fluid. The
article further summarizes some key performance data
based on the application of the fluid system to date.

Design Considerations for an Acid-Soluble
HPIEF
Formulation Overview: HPIEF for Reservoir Drilling
Applications
The HPIEF discussed in this article will center on
acid-soluble 95 pcf fluids.
The HPIEFs were developed based on the following
considerations:
* Non-damaging nature of the fluid and acid
solubility.
* Slim hole drilling environment with a bottom-hole
temperature (BHT) of ~300 °F.
* Longlateral sections where low rates of penetration
can be observed.
» High static overbalance conditions, 3,000 psi to
4,500 psi.
Registered additives and local diesel (base fluid).

Spring 2021 The Aramco Journal of Technology

* Resilient to potential contaminants and stable over

the expected static periods.

* Ease of use for field applications.

The H,Mn,O, was selected as the weight material
due to its high density (4.8 SG) and its non-damaging
nature. The acid solubility of the H, Mn,O using con-
ventional acid treatment was confirmed®.

The HPIEF were formulated with a 70/30 oil-water
ratio (OWR) and a water phase salinity of 180,000
ppm to 230,000 ppm.

Formulation Overview: PST Fluids for Completion
Applications
The production screen test (PST) fluids were designed
for the completion phase. The main objective of the
PST fluid was to make sure that there would be no
mechanical skin developed on the 4'2” sand screen
while running the completion into the hole or during
the initial well production.

The PST fluids were developed based on the following
design criteria:

* Non-damaging nature and acid-soluble.
Expected BH'T of ~300 °F.

Registered and available additives with a die-
sel-based fluid.

Preferred use of the same additives as the HPIEF
for compatibility and logistics.

Non-impairment characteristics to flow through
and flow back through the pore sizes of the lower
completion.

Formulation of 95 pcf HPIEF and PST Fluids

Two 95 pcf HPIEFs and one 95 pcf PST fluid were
developed. The 95 pcf HPIEFs were based on differ-
ences in the bridging package for laterals of varying
length and overbalance conditions. The longer interval
lengths were expected to present higher mechanical
attrition of bridging materials, which in turn would
impact on the sealing characteristics of the HPIEF.
Considering the high overbalance conditions expected
in the target fields, tight filtration properties would
mitigate the risk of differential sticking.

Asingle emulsifier provided adequate emulsification
of the external phase and wetting of the solids — weight
material, bridging material and low gravity solids.

Assingle polymeric filtration control additive provided
the required filtration characteristics with minimal
impact on the rheology. Two suspension agents were
included in the fluid formulations, with rheology mod-
ifier 2 supporting a higher initial gel structure.

Table 1 lists the 95 pcf HPIEF and PST fluid
formations.

The 95 pcf HPIEF #1 was developed with an engi-
neered bridging package of various sized ground mar-
bles specifically for short laterals and lower differential
pressures. One advantage of the sized ground marble
used in the design was that it had higher hardness and
tighter modality than regular calcium carbonate. The
acid solubility of the sized calcium carbonate bridging
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Table 1 The 95 pcf HPIEF and PST fluid formulations.

i . Unit of 95 pcf 95 pcf 95 pcf PST
Additive Function Measure  HPIEF#1  HPIEF #2 Fluid
Diesel Base Fluid bbl/bbl 0.504 0.504 0.537
Emulsifier Emulsification b/bbl 14.0 14.0 14.0
Lime Alkalinity b/bbl 2.5 2.5 2.5
Polymeric Rheology .

Modifier 1 Suspension b/bbl 0.5 0.5 1.0
Polymeric Filtration . :

Control Additive Filtration Control b/bbl 6.0 6.0 —
Water Internal Phase bbl/bbl 0.234 0.234 0.231
Calcium Chloride Shale Inhibition b/bbl 29.0 29.0 32.2
Rheology Modifier 2 Suspension lb/bbl 15 1.5 0.5
Manganese Weight Material lb/bbl 215.39 215.39 251.14
Tetraoxide

Wetting Agent Wettability b/bbl 0.5 0.5 —
Engineered Bridging -

Material Package 1 Bridging b/bbl 40 - -
Engineered Bridging Bridging Ib/bbl - 40 .

Material Package 2

package was also an additional benefit of the HPIEF
#1 fluid formulation.

An alternative 95 pcf HPIEF #2 fluid formulation,
which included sized ground marble, sized resilient
graphite and fibers, was developed for longer intervals
with higher overbalance conditions. The engineered
bridging package of HPIETF #2 was designed for lon-
ger laterals where increased mechanical attrition of
bridging solids is expected.

The sized resilient graphitic materials used in the
HPIEF #2 bridging material package #2 are not ac-
id-soluble. The low concentration and sizing of graphitic
materials relative to the permeable test media was
considered to present negligible damage potential. The
resilient graphitic materials would form an integral
part of the external filter cake. The inclusion of a fiber
in the bridging material package #2 was considered
advantageous due to the higher aspect ratio of fibers
relative to the other bridging materials utilized in the
bridging package.

The 95 pcf PST fluid formulation detailed in Table 1
included alow concentration of rheology modifiers for
the suspension of the micronized weight materials. A
low rheological profile was desirable to minimize fluid
friction losses during the PST and flow back during
production.

Qualification of Acid-Soluble HPIEF:

Test Methods, Results and Discussion

HPIEF Mixing Procedure

The HPIEFs were mixed according to the following
procedure:

e The HPIEFs were mixed on the Silverson mixer
for a total of 60 minutes in a 2-liter stainless steel
mixing cup at 6,000 rpm in the order of addition
detailed in Table 1.

The mixed HPIEFs were decanted into aging cells
and a 150 psinitrogen header pressure was applied
prior to loading the sealed cells into the roller ovens.

The HPIEFs were hot rolled for 16 hours at 300 °F.
After the dynamic aging had been completed, the

cells were allowed to cool to an ambient temperature
and then depressurized.

The hot rolled HPIEF were decanted into the mix-

ing cup and then mixed on the Silverson mixer
at 6,000 rpm.

HPIEF Laboratory Testing and Evaluation

The candidate HPIEFs were qualified for application
based on industry testing standards and procedures
(RP API-13 B2). Regain permeability studies were
performed at a third party laboratory and are dis-
cussed later. The third party laboratory performed
a micro-computed tomography (micro-CT) scan
analysis on the synthetic core material and is briefly
described later.

Acceptance criteria for the fluids’ development was
determined as part of the project scope.

The HPIEFs were tested and evaluated based on
the following tests.
The 95 pcf HPIEF Properties and Contamination
Testing
Fluid properties were tested and reported as follows:
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* Before hot roll (BHR). contamination tests. The HPIEF that had been hot

« After hot roll (AHR) — The HPIEFs were condi- rolled for 16 hours was contaminated with 10% (vol/
tioned for 16 hours at 300 °F and the fluid properties vol) water and another was contaminated with 35
were determined thereafter. ppb “Rev Dust” (synthetic drill solids). The contam-

« Affer static age (ASA) 24 hours and 48 hours — inated fluids were hot rolled for a further 16 hours
The 16 hour hot rolled fluids (300 °F) were subject at 300 °F before the fluid properties were tested.
to static aging periods at 300 °F. The static aged Specific fluid properties of the 95 pcf HPIELs are
fluids were then tested. detailed in Figs. 1 and 2, as well as Tables 2 and 3.

* The 16 hour hot rolled HPIEFs were subject to two The fluid properties of the 95 pcf HPIEFs are

Fig. 1 The rheology and gel strengths of the HPIEF #1 (Fann 35 at 150 °F).
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Fig. 2 The rheology and gel strengths of the HPIEF #2 (Fann 35 at 150 °F).
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Table 2 The 95 pcf HPIEFs: Filtration properties at 300 °F,

HPIEF
HPIEF #1 35 HPIEF
HPIEF HPIEF HPIEF #1 10% ppb HPIEF HPIEF HPIEF #2 10%
#1 #1 #1 H.O Syn #2 #2 #2 H.O
Unit of . ASA: ASA: 2 yn. . ASA: ASA: 2
Property Measure AHR: 16 hrs 16 hrs Cont. Drill AHR: 16 hrs 16 hrs Cont.
16 hrs 16 hrs  Solids 16 hrs 16 hrs
D/24 D/48 D/24 D/48
D hrs S hrs S D/16 16 hrs D hrs S hrs S D/16
hrs S D/16 hrs S
hrs D
HPHT Cake 1/32" 2 2 2 2 2 2 2 2 2
HPHT Fluid ml 2 2.4 12 2.4 14 2 16 2.4 2.4
Loss
HPHT
Water ml — — — — — — — — —
Breakout
PPA Spurt
(40,
/3,000 psi) ml 0.4 — — — — 1.6 — — —
PPA Total
(40,
A3,000 psi) ml 3 - - - - 48 - - -
PPA Spurt
(10,
13,000 psi) m ! - - - - 0 - - -
PPA Total
(10,
A3,000 psi) ml 3.4 - - - - 0.7 - - -
Table 3 The 95 pcf HPIEFs: Stability properties.
HPIEF #1 ASA: HPIEF #1 ASA: HPIEF #2 ASA: HPIEF #2 ASA:
16 hrs D/24 16 hrs D/48 16 hrs D/24 16 hrs D/48
hrs S hrs S hrs S hrs S
Free Qil (ml) ml 0 0 0 0
Top Density SG 1.47 1.49 1.512 1.522
Bottom sG 1.56 1,579 1,552 1.602
Density
Sag Factor 0.514 0.514 0.507 0.513

discussed in generalized terms as the two formula-
tions are comparable, exclusive of the inert bridging

material selection.

Both the fluid rheology and gel structure are stable
across the BHR, AHR, and ASA range as evidenced in
Figs. 1 and 2. Low plastic viscosity can be attributed to
the size and spherical nature of the micronized weight
material, as well as the selection of the emulsifier and

the inclusion of polymeric low end rheology modifiers.

The low plastic viscosities observed across the static
and dynamic aged fluids infers low circulating pressures
in slim hole applications while drilling. The nonpro-
gressive gel structure would minimize surge and swab
pressures during tripping operations.

The filtration characteristics of the HPIEFs are
extremely tight as evidenced by low spurt and total
filtrate recorded during the particle plugging apparatus
(PPA) tests performed at 300 °F with differential
pressures of 3,000 psi, Table 2. The performance of
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the engineered bridging materials and the polymeric ~ Figs. 1 and 2.
filtration control additive can be Confir.med. with As seen in Table 2, the filtration properties remained
successful PPA tests on 10 pand 40 paloxite discs. — (ight with HPHT filtrate of 2.4 ml when tested at 300
The validation of the sealing performance againsttwo  °F against filter paper. No free water was observed in
different permeable media was based on potentially  the filtrate. The 10% water contamination could be
intersecting formations that exhibit heterogeneity in  treated with additions of Emulsifier 1 and base fluid.
lithology, or potentially wide porosity or permeability - The 95 pcf HPIEF #1 was contaminated with 35
ranges. Drilling formations with uncertainties at high ppb synthetic drill solids (Rev Dust) to simulate con-
overbalance pressure presents the risk of differential  tamination by reactive clays as indicated in Fig. 1. The
sticking events. rheology and gel strengths of the solids contaminated
Emulsion Stability 95 pct HPIEFs increased primarily due to the reactive
The emulsion stability of the HPIEFs is evidenced nature of the sodium montmorillonite addition.
by the all oil filtrate observed in the high-pressure, The HPH'T filtration characteristics of the solids
high temperature (HPHT) tests performed at 300 °F,  contaminated HPIEF can be attributed to the higher
Table 2. The lack of free fluid and the low sag factor ~ rheology and cake building nature of the additional
results can be attributed to the emulsion stability of  colloidal size clay particles. The 35 ppb synthetic drill
the formulations. The emulsion stability of the HPIEF  solids contamination is an extreme solids contamination
is further validated by the fact that there was no free  test for a sandstone reservoir (especially when drilled
water observed in the HPHT test performed on the — at high angle).
10% water contaminated fluid. The elevated rheology and gel strengths resulting
Fluid Stability from the solids contamination could be treated to with-
The stability of the HPIEFs was evidenced by the 11 target specifications with a higher OWR pre-mix
. . volume that is inclusive of increased concentrations
low sag factors and lack of free fluid observed during ¢ Ermulsifier 1
the sag testing on the static aged fluids, Table 3. The =~ @ FUSHHEr -
48-hour static fluids did not exhibit thermal gelation ~ HPHT Rheology of the 95 pcf HPIEFs
tendencies when samples were drawn for the sag tests.  The HPHT rheology of the 95 pcf HPIEFs were de-
The stability of the 95 pcf HPIEFs can be attributed termined using the Fann 75 HPHT rheometer.
to the low settling propensity of micronized weight ma- Test temperatures and pressures were determined for
terial (Stoke’s Law) in combination with the emulsifier  the 95 pcf HPIEF #1 and HPIEF #2 based on points
and rheology modifiers. of interest in a typical well architecture. The test re-
The 10% (vol /vol) water contamination of the 95 pcf sults are detailed in Table 4 and Table 5, respectively.
HPIEF’s increased rheology and gel strengths was a The HPH'T rheology values are consistent between
consequence of a larger internal phase and expected  the 95 pcf HPIEF #1 and the 95 pcf HPIEF #2. There
reduction in relative solids wetting as indicated in  is no significant fluid thickening observed when the
Table 4 The HPHT rheology of the 95 pcf HPIEF #1.
Fann .
Fann 75 Testing
35
Temperature (°F) 150 150 150 150 267 267 311 31 331 331
Pressure (psi) 0 0 1,954 3,457 5,059 7,272 6,628 8,469 7,617 9,733
Rheology at 150 °F
6600 74 74 88 98 53 61 49 54 48 55
6300 45 46 51 57 34 38 32 36 31 34
6200 33 36 40 42 27 30 25 28 25 28
6100 22 25 28 28 19 20 18 20 19 21
06 8 9 10 9 7 7 7 7 8 7
SE] 7 7 7 7 5 5 5 5 6 5
Plastic cP 29 28 37 41 19 23 17 18 17 21
Viscosity
Yield Point b/100 ft? 16 18 14 16 15 15 15 18 14 13
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Table 5 The HPHT rheology of the 95 pcf HPIEF #2.
Fann Fann 75 Testing
35

Temperature (°F) 150 150 150 150 267 267 311 311 331 331
Pressure (psi) 0 0 1,954 3,457 5,059 7,272 6,628 8,469 7,617 9,733
Rheology at 150 °F
6600 79 83 104 115 59 68 52 60 52 57
6300 47 50 61 68 36 42 33 37 33 35
6200 36 38 45 50 30 35 28 30 27 29
6100 23 26 30 32 23 25 20 23 19 20
06 7 9 9 9 10 Il 7 10 7 8
SE] 6 7 6 7 7 8 5 7 5 5
\P/l;‘zg; y P 32 33 43 47 23 26 19 23 19 22
Yield Point b/100 ft? 15 17 18 21 13 16 14 14 14 13

fluids are subject to varying temperature and pressure
regimes. The HPIEFs exhibit satisfactory dynamic
suspension characteristics across the range of defined
HPHT conditions performed in the tests. The test
data indicates that the HPIEF formulations have low
inherent ECD potential for the expected application.

Regain Permeability Test of the 95 pcf HPIEF

An extensive regain permeability study was performed
on Clashach synthetic core using hot rolled 95 pcf
HPIEFs. Formation core samples were not available
and the synthetic core material had minerology, po-
rosity, and permeability comparable to the main target
formation.

The core samples were 100% saturated in simulated
formation brine in a pressure saturator.

The application and drawdown of the 95 pcf HPIEFs
were conducted in the following manner:

* A base permeability measurement with (synthetic)
formation brine was taken in the formation to the
wellbore direction at a low flow rate and with 400
pst confining pressure.

The core samples were then prepared to irreducible
brine saturation using an ultra-centrifuge.

The core samples were loaded into the HPH'T core
holders and the effective pressure was gradually
increased to 11,420 psi.

The base effective permeability measurement was
taken at 300 °F with 5,300 psi pore pressure and
16,270 psi confining pressure (reservoir conditions)
in the formation to the wellbore direction with
CO, flow at 5 ml/min.

The HPIEFs were applied dynamically across
the wellbore face of the core samples at 4,500 psi
overbalance pressure and 3.33 ml/minute for a
24-hour period.

* The drawdown to (simulated) production phase
CO, was performed by flowing the gas through
the sample in the direction of the formation to
the wellbore at 5 ml/minute while recording the
differential pressure measurements. On completion
of the drawdown phase, an effective permeability
measurement to GO, at residual saturation was
made in the formation to the wellbore direction.

The core samples were removed from the core
holders and HPIEF and filter cake remnants were
removed from the core face.

The cores were then reloaded into the test equip-
ment and recalibrated to reservoir conditions (de-
scribed above). An effective permeability to CO,
was established in the formation to the wellbore
direction.

The core samples were again unloaded from the
core holder and spun down with an ultra-centrifuge.

The cores were then re-equilibrated to reservoir
conditions and an effective permeability to CO, at
residual saturation was measured in the direction
of the formation to the wellbore.

Table 6 summarizes the test results for the 95 pcf
HPIEF application and drawdown process.

The low filtrate values recorded at the high over-
balance test conditions validates the efficiency of the
bridging materials and filter cake building additives
within the 95 pcf HPIEFs.

The spin down procedure with the ultra-centrifuge
1s more representative of radial, long-term production
after the back production has swept all the filtrate
and solids from the near wellbore area. In both tests
there was an almost complete regain in permeability
for both the 95 pcf HPIEF #1 and #2.

The only slightly damaging mechanism that caused a
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. . Effective
Total Filtrate Base Spesl.ﬁc Basc:: Effectl\{e_ Permeability
. Permeability Effective Permeability .
Core Pore Fluid Volume Loss . L to CO, Minus
R to Formation Permeability to CO, after —
Sample Volume Applied (ml) (Pore . 2 Drilling Mud
Brine Kw to CO,Kgat Drawdown
Volume) (mD) Swi imD) Kg at Sr (mD) Cake Kg at
9 Sr (mD)
95 pcf
1.383 36.5 37.0
V3 2.873 HiI1EF (0.440) 98.6 91.6 (-60.2%) (-59.6%)
95 pcf
1.648 70.4 83.0
V14 3.046 HzleF (0.574) 131 129 (-45.4%) (-35.7%)

Effective

Permeability
to CO, After
Spindown
Kg at Sr (mD)
Filtrate Out

(mtl)

88.7
(-3.17%)
[0.65]
126
(-2.33%)
[0.40]

reduction in permeability was the residual filtrate and
solids that blocked some pore spaces in the wellbore
face side of the core samples.

The 95 pcf HPIEF #2 does have marginally better
final regain permeability — and higher regain perme-
ability after drawdown and after cake removal — than
the 95 pcf HPIEF #1.

Micro-CT Scan of Synthetic Core Material
The 2D and 3D micro-CT scan analysis was per-
formed on the Clashach core (V3) before and after
the coreflood experiment.

The 2D micro-CT scan image, Fig. 3a, indicated
that within the subsampled region of the wellbore end
of the core sample exposed to 95 pcf HPIEF #1, the
filtrate (white colored areas) invaded just the first few
pore spaces to a depth of ~1 mm from the wellbore
face after spin down. The (black) low intensity features

represent pore spaces in the core sample. The (light)
high X-ray intensity features represent high density
grains or patches of cementation.

The observation of low invasion is also shown by
the 3D visualization of the invaded filtrate in Fig. 3b.
The image indicates the spatial distribution of filtrate
invasion (blue). Note that the rock matrix (with different
CT values) has been removed in this image but the
white boundary lines indicates the core sample outline.

The micro-CT scan supports the results of the regain
permeability study and tight filtration characteristics
of the 95 pcf HPIEFs.

Filter cake breaking studies were performed on the 95
pcf HPIEFs. The study was performed with different
acid formulations with a view to achieving optimal
filter cake removal efficiency. The following procedure

Fig. 3 The (a) 2D and (b) 3D micro-CT scan of the core sample after spin down (95 pcf HPIEF #1).

Subsampled region of the Wellbore End of Core Sample V3,
After Spindown

Wellbore End
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was applied to the cake dissolution study.
1. Filter cake formation with HPH'T apparatus:

* The weight of a dry 55 p aloxite disc was initially
measured before saturating in diesel for 10 minutes.

* AHPHT filtration test was performed on the 95
pcf HPIEF #1 against a 55 p aloxite disc (300 °F,
A500 psi) for 30 minutes.

* After completing the HPH'T test, the aloxite disc
(with filter cake) was carefully removed from the
test apparatus and weighed.

2. The application of acid treatment soaks to dissolve
the filter cake:

* The 55 p aloxite disc with the filter cake was
placed back into the HPHT cell.

* A 100 ml acid treatment fluid was poured slowly
into the cell and onto the filter cake.

e The HPH'T cell was then subsequently shut-in for
24 hours at 300 °F with 200 psi nitrogen header
pressure.

o After 24 hours of shut-in, the acid soak test was
stopped and the cell was allowed to cool-down.

e The 55 p aloxite was subsequently removed from
the HPH'T cell and weighed.

* The filter cake removal efficiency of the acid
treatment fluid was then calculated taking into
account the weight of the filter cake before and
after the experiment.

Two different acid treatment fluids were used to de-
termine the filter cake removal efficiency against the
95 pcf HPIEF #1. The formulation of both acid treat-
ment fluids are detailed in Table 7. The acid treatment
formulated with a combination of 1% (w/w) HCl acid
and 9% formic acid resulted in a filter cake removal
efficiency of 85%. A second acid treatment fluid with
a combination of 2% (w/w) HCI acid and 9% formic
acid had a filter cake removal efficiency of 94.5%.

The acid treatment fluids demonstrated high filter

Table 7 The two acid treatments and removal efficiencies.

cake efliciency against the 95 pcf HPIEF filter cake.

Figure 4 shows the effect of acid treatment fluid #1
on the 95 pct HPIEF #1 filter cake at 300 °F, (a) be-
fore, and (b) after.

Figure 5 shows the effect of acid treatment fluid #2
on the 95 pcf HPIEF #1 filter cake at 300 °F, (a) be-
fore, and (b) after.

PST Fluids Mixing Procedure

The PST fluids were mixed according to the following
procedure:

e The PST fluids were mixed on the Silverson mixer

Fig. 4 The effect of acid treatment fluid #1 on the 95 pcf
HPIEF #1 filter cake at 300 °F.

Fig. 5 The effect of acid treatment fluid #2 on the 95 pcf
HPIEF #1 filter cake at 300 °F.

Acid Treatment #1

Acid Treatment #2

Water 141.8 ml 141.8 ml
HCl Acid 1T wt% 2 wt%
Formic Acid 9 wt% 9 wt%
Mutual Solvent 10 vol% 10 vol%
Water Wetting Surfactant 0.2 vol% 0.2 vol%
Corrosion Inhibitor 2.5 vol% 2.5 vol%
Intensifier 1 4 vol% 4 vol%
Intensifier 2 4 vol% 4 vol%

Filter Cake Removal Efficiency 85% 94.45%




for 60 minutes at 6,500 rpm. A water bath was
used as a heat sink.

» The PST additives were mixed according to the
sequence indicated in Table 2.

* The PST fluid was mixed for a further 60 minutes
on the Silverson mixer at 6,500 rpm to simulate the
effect of extended shearing time expected during
field application.

PST Laboratory Testing and Evaluation

The PST fluids were tested according to RP API-13 B2
and company PST test procedures. Select properties
were evaluated as follows:

* The density, rheology, and gel strengths were de-
termined on fresh mixed PST fluid (BHR) as well
as a sample of the PST fluid contaminated with 50
ppb sized ground marble (simulated bridging solids
contamination arising from inefficient displace-
ment). The solids were mixed into the PST fluid for
10 minutes on the Silverson mixer at 6,500 rpm.

PST testing was performed on 5 X 1 liter samples
of PST fluid against 250 p screen coupons with 10
psi header pressure.

A PST test was performed on the contaminated
PST fluid. The PST test was performed against a
250 p screen with a 10 psi header pressure.

The 95 pcf PST fluids were tested and recorded
properties are detailed in Fig. 6.

The 95 pcf PST Fluid Properties and Contamination
Testing

The 95 pcf PST fluid exhibited appropriate rheology
and gel strength values for the intended application.
The 95 pcf PST fluid was contaminated with 50 ppb
bridging solids and mixed as previously mentioned.
After the addition of solids to the PST fluid density,
the rheologies and gel strengths increased as expected.

PST Test Results

The results of the PST test detailed in Fig. 7 confirms
that the fluid formulation does not blind the 250 p
screen coupons. The full test volume of 5 X 1 liter
PST fluid passed through the same screen coupon
at a comparable time. When the screen coupon was
recovered from the cell there was no residual buildup
on the face of the coupon, Fig. 8.

APST test was also performed on contaminated PST
fluid — 50 ppb bridging materials. The complete PST
test was stopped after 3 X 1 liter samples had passed
through the 250 p screen coupon as the flow through
times were comparable to the PST fluid.

Summary of Field Experience

The HPIEFs have seen extensive use since the fluids
were first developed, with 24 applications to date. Wells
drilled with HPIEF in this period have been applied in
10 different fields and in both vertical and horizontal
57/8” slim hole well designs.

The drilling performance with HPIEFs has been
satisfactory and there have been no stuck events during
drilling or completion operations. The HPIEFs have
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Fig. 6 The test results of the 95 pcf PST fluids and recorded properties.
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to date been used for a number of high overbalance
applications, Fig. 9.

The wells drilled with HPIEF have resulted in a
reduction in invisible lost time when compared to wells
drilled with formate fluids. The practice of performing
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Fig. 9 The static overbalance of HPIEF wells drilled.
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reaming trips (12-24 hour duration) on wells drilled with
formate fluids have been eliminated on wells drilled
with HPIEF. There have been no instances of hole
problems attributable to fluids drilled with HPIEF.

The HPIEF properties have been maintained within
target specifications on the referenced wells. There
have been no instances of fluid properties impeding
drilling or completion operations, e.g., sag, or high
viscosity fluid. Compliance with fluid property targets
also validates the fluid system’s ease of use in the field.

The HPIEF formulations deployed in the field have
been customized for each specific well application utiliz-
ing the fluid additives from the qualified 95 pcf HPIEFs.
The subtle differences between fluid formulations de-
ployed to date have centered predominantly on density
and the bridging/sealing additives and properties. The
HPIEF densities have ranged from 75 pcf to 100 pct.

The 24 wells that have been drilled with HPIEF have
been assessed on a fluids cost/well basis and compared
to the equivalent volume of formate fluids — same
density. The average fluids cost per well drilled with
HPIEY is 41% lower than drilling with formate fluids.

Production from all wells drilled with HPIEF have
exceeded expectations validating the fluid’s non-dam-
aging design and the successful deployment thereof.

Conclusions

The formulation of the HPIEF has proven that reser-
voirs can be safely drilled with non-damaging fluids
at high overbalance. The combination of bridging
materials and polymeric fluid loss additives has pro-
vided the required mitigation to the risk of differential
sticking. The utility of the HPIEF design can support
drilling longer laterals with the potential for higher
mud weights if so required.

The use of a high-pressure shearing unit at the rig
site proved to be useful when preparing initial fresh
HPIEFs. As HPIEF volumes have increased in the
field and liquid mud plant since the initial deployment,
there has been a reduced reliance on the shearing unit
to support fluid mixing.

There have been no instances of notable contam-
ination to the HPIEFs, which can be attributed to
prudent fluid engineering practices at the rig location.

The approach for developing PST compliant fluids
has evolved since the HPIEF and PST fluids were
initially deployed in the field. PST fluids were initially
prepared with fresh mixed fluids. Over time, the PST
fluids have been developed using active HPIEFs and
a refinement of operational practices. The benefits of
using — PST compliant — HPIEFs for displacing into
the open hole includes lower cost and fluid volumes
handled as well as lower conditioning time.

The acid solubility of the filter cake has been ev-
idenced in the article. Acid treatment has not been
required to release the pipe during drilling or com-
pletion operations.
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Abstract /

Self-Destructive Barite Filter Cake in Water-Based
and Oil-Based Drilling Fluids

Zeeshan Tarig, Dr. Muhammad S. Kamal, Dr. Mohamed Mahmoud, and Ayman R. Al-Nakhli

The complete removal of filter cake containing barium sulfate (BaSO,) is a challenging and difficult
task because of the involvement of various issues, such as incompatibility and insolubility. Conven-
tional filter cake removal techniques include the use of chelating agents and are ineflective in com-
pletely removing the barite filter cakes. Barite is completely insoluble in water as well as in various
acids, such as acetic acid, lactic acid, hydrochloric (HCI) acid, and formic acid.

In this study, a novel method is introduced to remove the BaSO, filter cake by introducing a new
formulation of both oil-based mud (OBM) and water-based mud (WBM). The new formulation can
self-destruct the BaSO  filter cake formed with OBM and WBMs. The new formulation is comprised
of encapsulated thermochemical fluids in addition to the conventional additives. These thermochem-
ical fluids can cause a strongly exothermic reaction that can significantly increase the temperature
and pressure. The generated heat and pressure can dissolve or dislodge the filter cake.

The performance of the proposed formulation to self-destruct the filter cake was evaluated using a
filter press cell. The results showed that the new formulation can completely remove the filter cake in
a single stage within 48 hours. The new formulation can be used as a promising formula to remove
the filter cake before the cementing operation.

Introduction

Among the various objectives of the drilling fluids, one of them is to keep the formation pressure under control
by adding various weighing materials. During the drilling operation, the permeable formations allow only
the liquid from the drilling fluids to penetrate inside them leaving behind a layer of residue or solid particles
called filter cake or mud cake.

This mud cake forms on the face of the porous and permeable media and is typically highly impermeable
in nature'. The permeability of filter cake usually lies between 0.01 mD to 100 nD? From the perspective of
drilling, this filter cake has several advantages, e.g., it controls further drilling fluid loss and mitigates solid
invasion in the formation, which ultimately prevents formation damage®.

Formation damage is less significant and critical in vertical wells than in inclined and horizontal wells.
Horizontal wells are exposed to the drilling fluid for longer periods compared to vertical wells'. On the other
hand, in terms of an oil well casing cementing operation and reservoir production perspectives, this filter cake
has various disadvantages. Before a cementing operation, if the filter cake is left untreated, it will cause the
debonding of the cement between the casing and the formation.

During production, if the filter cake is left untreated, it stops or minimizes the production of oil and gas
from permeable formations into the wellbore. Therefore, the removal of filter cake during or after the drilling
operation is necessary.

Barite is the most common weighting material in drilling fluid formulations. Therefore, the resulting filter
cake consists of mainly barite particles. Barite has poor solubility in water and acids such as acetic acid,
hydrochloric (HCI) acid, and formic acid. Barite is partially soluble in chelating agents, which includes eth-
ylene-diamine-tetra-acetic acid (EDTA). The formation of the filter cake on the face of the permeable formation
highly depends on several parameters of drilling fluids such as the weightage of solid particles, the composition,
rheology, additives, differential pressure, and formation mineralogy”.

Weighting materials are the main constituent of the drilling fluids®. The whole filter cake removal program
focused on the dissolution of the weighting material. The filter cake removal program can be done in two
different steps. In the first step, breaking of the polymer coat is achieved, and the second stage is for the dis-
solution of the weighting materials’.

Simultaneous removal of mud cake and the inhibition of formation damage in carbonate formations with
HCI acid is a very expensive and challenging task, especially in a horizontal well. This can be attributed to
the fact that because of the fast reaction, the consumption of acid will be very high. The tortuosity in the
horizontal section and the difficulty of selecting an appropriate location for acid placement cause additional



efforts®. The following reaction can happen when HCI
acid reacts with carbonate rocks.

CaCOs + 2HCI — CaCl2 + H20 1

Tjon-Joe-Pin et al. (1993)° used polymer specific en-
zymes to remove the damage caused by polymers in
drilling, completion, and workover fluids. They con-
ducted core flooding experiments and found a signif-
icant increase in permeability after the deployment
of biotechnology-based polymer enzymes. Acids and
oxidizers can attack the active sites on polymer strands,
the polymer backbone does not react with acids leading
to partial degradation of the polymer strands'.

Mabhadietal. (2014)"" used a new acid precursor (ester)
of an organic acid to remove filter cake. According to
this study, field applications have shown that filter cake
can be removed using an acid precursor.

Howard et al. (2016)"? studied barite solubility in
potassium and cesium formate brines in both buff-
ered and unbuffered solutions. They found that the
barite solubility in formate brines is 3,500 mg/L at
100 °C. They showed that in the buffered formate by
bicarbonate/carbonate, the solubility of barium sulfate
(BaSO,) is very low because the dissolved barium will
convert to barium carbonate (BaCO,). The resulting
BaCO, is soluble in the concentrated formate brines.
They showed that in the buffered potassium formate
brine, potassium sulfate and BaCO, will precipitate.

Many factors, such as the oil type, co-surfactant, sur-
factant, salinity, and temperature, affect the behavior
of the microemulsion phase. In addition, because the
drilled wells are not identical, each well requires a
specific design and the performance of the microemul-
sion fluid must be confirmed in the laboratory before
implementation in the field". Bourrel et al. (1982)"
stated that the microstructure of a microemulsion
should be characterized to determine its potential as

a breaker fluid.

Many researchers have investigated the microstruc-
tures of the microemulsions”. They concluded that
the characterization of microemulsions is diflicult
because of their complexity, the presence of a variety
of structures, and the components involved in building
the microstructures.

Jiao and Sharma (1992)' studied the impact of for-
mation damage with oil-based mud (OBM) in hor-
1zontal wells. They tested new fluids to remove the
filter cake formed with OBM. Davison et al. (2001)"
studied the formation damage associated with OBM
and water-based mud (WBM). They studied the effect
of bentonite concentration, polymer additive concen-
tration, the degree of flocculation, and the particles
in drilling fluids.

The efficiency of the removal of oil-based barite filter
cake using current technologies is less than 60%!".
This can be attributed to the following; low barite
solubility, the complexity of the filter cake constituents,
and the presence of an oil coat. In this study, new for-
mulations that can be implemented in a single-stage
or a multistage approach was introduced. The new
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formulation contains barite solids removers in addition
to oil dissolvers.

Elkatatny and Nasr-E1-Din (2012)" have shown the
successful implementation of a two-stage removal of
filter cake using polylactic acid and enzymes. In their
previous study?, the filter cake formed with calcium
carbonate-based drilling fluid in a single-stage using
glutamic diacetic acid was removed. The removal of
filter cake containing BaSO, or barite is a challenging
and difficult task because of the involvement of incom-
patibility and solubility issues. Conventional removal
treatments comprised of chelating agents and HCl acid
were ineffective in completely removing the barite filter
cakes. Barite is completely insoluble in water as well
as in various acids such as acetic acid, HCI acid, and
formic acid?. Barite is partially soluble in chelating
agents, which includes pentetic acid and EDTA*.

In this work, encapsulated thermochemical fluids
were used in drilling formulations that can self-de-
struct the filter cake. The key objective of this study is
to formulate new OBM and WBM, and evaluate the
efficiency of the encapsulated thermochemical fluids
in the removal of the formed filter cake.

Thermochemical Fluids Application in the

Petroleum Industry

Upon reaction, the thermochemical fluids can cause
a strongly exothermic reaction which simultaneously
generates pressure and heat. For the past few years, the
petroleum industry has witnessed a large number of
thermochemical fluid applications in different areas.
The first application of a thermochemical reaction
in the petroleum industry appeared in 1986 when
it was used to dissolve the paraffin waxes from the
tubing of producing wells. Khalil et al. (1994)* used
thermochemical fluids to dissolve parafhin deposited
in subsea production lines.

Amin et al. (2007)** found a huge increment in the
production profiles of the wells treated with thermo-
chemical fluids for wax and organic scale removal.
Al-Nakhli (2015)* used thermochemical fluids to en-
hance the stimulated reservoir volume (SRV) by in situ
generation of the localized pressure and temperature.
They found that due to chemically induced pressure
pulses, the SRV increases tremendously.

Wang et al. (2018)* used thermochemical fluids for the
first time in the application of enhanced oil recovery.
They generated the in situ foams by mixing surfactants
with thermochemical fluids, and then carried out oil
recovery experiments using a coreflooding setup.

Through their experiments, they reported a 20%
to 34% increment in oil recovery. The other areas of
petroleum engineering where thermochemical reac-
tions have been investigated include thermochemical
fracturing” %, wax removal®, paraffin removal®, filter
cake removal™, organic scale removal®, foam flooding
by mixing thermochemical fluids with surfactants®,
heavy oil recovery®!, sludge removal®?, stimulated res-
ervoir volume enhancement® **, and in situ steam

generation™.
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Materials and Experiments

Materials

Table 1 shows the new and old WBM formulations,
which are implemented in this study. Distilled water
was used as a base fluid in both the old and new formu-
lations. The old formulation refers to the conventional
drilling fluid system commonly used in the industry.
The new formulation of the drilling fluid is comprised
of the two types of encapsulated thermochemical fluids.
In both formulations, barite particles were the main
constituent of the drilling fluid system.

Barite particles weighing 278 g out of the total solids’
weight (552 g to 566 g) comprised of weightage of 50%
of the total solids. Xanthan gum (XC polymer) was
added in the system to improve the cutting transpor-
tation and rheology of the drilling fluids. This were
also added to avoid filtrate loss*. Xanthan gum is
a polysaccharide discharged by the bacteria called
Xanthomonas campestris.

It 1s the calcium, potassium, and sodium salt of a
higher molecular weight polysaccharide. These polysac-
charides contain d-glucuronic, d-glucose, and d-man-
nose acid. It is completely soluble in water and has a
color of the cream powder. It contains at least 1.5% of
pyruvic acid. The caustic soda was added in both the
new and old formulations to maintain the pH of the
drilling fluid. Calcium carbonate with two different
micron-sized particles was used as a bridging agent.
Sodium chloride (NaCl) was used as a clay stabiliza-
tion additive.

Hydroxypropyl starch, which is a derivative of natural
starch, was added in both the new and old formulations
of the drilling fluid system to avoid fluid loss. They
are nonionic and can only be affected by hardness
and salinity of the fluids. In the new formulation, the
amount of encapsulated thermochemical fluids added

Table 1 The WBM formulations used in this study.

was 8.5 gand 5.5 g. The encapsulated size of the pills
was between 25 and 50 microns.

Diesel was used as a base fluid in both the old and new
formulations of OBM. An emulsifier is a chemical added
in both the new and old formulations to lower the oil/
water interfacial tension. This ensured the formation
of stable and small drops. Calcium chloride (CaCl,)
was used as a clay stabilization additive in both the
new and old formulations. In the new formulations of
OBM, the amount of encapsulated thermochemical
fluids added was 8.5 g and 5.5 g. The encapsulated size
of the pills was between 25 and 50 microns.

Thermochemical Fluids

In this study, the thermochemical fluids used were
comprised of salts of nitrogen such as sodium nitrite
(NaNO,) and ammonium chloride (NH,CI). The two
reagents were used in the proportion of one to one. The
solution mixture was prepared at ambient temperature
and pressure conditions. When one mole of NaNO,
reacts with one mole of NH, Cl, a strong exothermic
chemical reaction happens, and NaCl, water (steam),
and nitrogen gas can be released. The release of ni-
trogen gas can become the reason for high-pressure
generation. The thermochemical reaction can be de-

fined by Eqn. 2.

NH4Cl + NaNO2 — [NH/NO; + NaCl.NH4sNO>
Themolabile] — NaCl + 2H20 +N2 (gas)
+ AH (heat) 2

This reaction resulted in the generation of a reaction
intermediate product called “T’hemolabile,” which
immediately transformed into NaCl (brine), nitrogen
gas, and steam.

Experimental

The rheology of drilling fluids’ rheology was evaluat-
ed using a GRACE viscometer (Model M3600). The

Additives i::;‘:l:l Forron:i'ion Forrrl:ljr:tion Units
Distilled Water H,0 241.5 241.5 cm?
Xanthomonas Campestris (XC) ] ] g
Polymer (xanthan gum)

Caustic Soda NaOH 0.25 0.25 g
Sodium Chloride NaCl 22 22 g
Starch (hydroxypropyl) CH.O,, 4 4 g
Calcium Carbonate (25 micron) CaCo, 3 3 g
Calcium Carbonate (38 micron) CaCo, 3 3 g
Barite (60 microns) BasSO, 278 278 g
Encapsulated TCFA (25 to 50 microns) NH,Cl + NaNO, 0 5.5 g
Encapsulated TCFB (25 to 50 microns) NH,Cl+ NaNO, 0 8.5 g




reaction kinetics were evaluated using an autoclave
reactor. To create and remove the filter cake using
the old and new formulations, the high-pressure, high
temperature (HPH'T) API static filter press apparatus
was used. The tests were conducted at a pressure dif-
ference of 200 psi and at ambient temperature.

The size of the ceramic disk on which the filter cake
formed was 25 microns. Figure 1 is a diagram of the
HPHT API filter press. Four different experiments
were performed, two for the old formulation and two
for the encapsulated thermochemical fluids with the
new formulation.

The new formulations were comprised of encapsulated
thermochemical fluids. To evaluate the efficiency of the
proposed formulations, the HPH'T filtration setup was
used. The filter cake was placed in a HPHT cell and
heated up to 100 °C for 48 hours soaking time. The
differential pressure of 200 psi was applied.

Results and Discussions
Reaction Kinetics

Reaction kinetics of thermochemical fluids were inves-
tigated and the reaction parameters such as enthalpy
change, thermal conductivity, and specific heat capacity
were determined. These parameters were determined
to produce the thermal energy required to dissolve filter
cake formed with WBM and OBMs. This reaction can
generate a temperature of up to 371 °C and pressure
up to 3,500 psi.

Figure 2 shows the pressure generation profile from
the thermochemical reactions, after necessary modi-
fications to the available ratio. This figure essentially
shows that increasing the molar concentration of the
reactants could enhance the pressure generation. The
thermochemical reaction was initiated by preheating
a cell to 100 °C. This generated pressure pulse from
the release of nitrogen gas was logged in an aging cell
with a capacity of 20 cc.

Figure 3 shows the sensitivity of the initial reservoir
temperature on the reaction time. The initial reservoir
temperature was varied between 50 °C to 100 °C. As
shown in the figure, the reaction time of thermochem-
ical fluids is a strong function of an initial reservoir
temperature.

Rheological Properties of Drilling Fluids

In Fig. 4, the major properties of the WBM are shown,
and in Fig. 5, the major properties of the OBM are
shown. The basic drilling fluid properties measured
were density, plastic viscosity, yield point, 10 s gel
strength, 10 min gel strength, and pH.

From the analysis of Figs. 4 and 5, it can be observed
that the basic drilling fluid properties were not affected
by the new formulation of drilling fluids. The micro-
encapsulated thermochemical fluids did not affect the
rheology of the drilling fluid, therefore, encapsulated
thermochemical fluids can be considered compatible
with the drilling fluid ingredients and did not have a
significant effect on the properties of the drilling fluid.
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Fig. 1 A diagram of the HPHT API filter press.
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Fig. 2 The effect of a reactant molar concentration on the pressure pulse
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Fig. 4 The WBM properties with the old and new formulations.
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API Static Filtration Experiments

API static filtration experiments were conducted using
a Fann filter press apparatus for all the new and old
formulations. Figure 6 shows the filtration performanc-
es of both the new and old formulations of WBM on
a ceramic disk. Results shown are for a standard test
time of 30 minutes. The WBM with the old formulation
yielded a total filtrate volume of 9.7 cm®. The filter cake

formed on a ceramic disc with a thickness of 1.3 mm.
The WBM with a new formulation yielded a filtrate
volume of 9.5 cm?®. The filter cake that formed on a
ceramic disk was 1.2 mm thick.

Figure 7 shows the filtration performances of both
the new and old formulations of the OBM. The old
formulation of the OBM resulted in the filtrate loss
of 5.1 cm?, while the new formulation of the OBM
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resulted in the filtrate loss of 5.2 cm®. The filtration of
the new formulations in both OBM and WBM were
almost identical with the original formulations without
the encapsulated thermochemical fluids. This can be
attributed to the plugging efficiency of the micro-sized
capsules. The addition of the encapsulated thermo-
chemical fluids in micro-size acted as a plugging agent
and prevented the drilling fluid filtration to the rock.
The ratio used in this study can be optimized based
on the formation rock pore throat distribution. The
capsule size of the thermochemical fluids should be
comparable with the formation rock pore throat size
distribution.

Figure 8 shows the filter cake formed using the old and
new formulation of the WBM. The removal efficiency
in the case of WBM was 70%, by taking the weight
difference between the original weight and final weight
of the filter cake. This confirmed that the encapsulated
thermochemical fluids was an integral part of the filter
cake and once the reaction took place, the generated
pressure and temperature disturbed the filter cake and
removed the majority of the solids to be the bulk of
the drilling fluid. In the case of real field operations,
the efliciency is expected to be higher because the
encapsulated thermochemical fluids that invaded the
formation — once they react — will generate very
high pressure that will push back most of the solids
remaining from the filter cake.

Figure 9 shows the filter cake in the case of the OBM.
The removal efficiency in the case of the OBM reached
85%. This is expected in the OBM because the generat-
ed temperature, in addition to the very high generated
pressure, will dissolve the oil from the filter cake to
the bulk of the drilling fluid. In the case of field condi-
tions, this efficiency is expected to be higher because
of the generated pressure and temperature from the
encapsulated thermochemical fluids that invaded the
formation.

Figure 10 compares the filter cake thickness formed
with the old and new formulation of both the WBM
and OBMs. The thickness of the filter cake formed with

Time (min)

the old conventional WBM was 1.7 mm, and with the
new formulation, because of self-destruction, it was
0.45 mm. Similarly, in the case of the OBM with the
old conventional drilling fluids, the filter cake formed
on a ceramic disk had a thickness of 1.3 mm, while
with the new formulation the filter cake formed with
a thickness of 0.25 mm.

Figure 11 shows the stability time of the encapsulated
thermochemical fluids and the generation of pressure
and temperature, due to a strongly exothermic reaction.
The stability time of the encapsulated thermochemical
fluids was 48 hours. For a normal drilling operation,

Fig. 8 Filter cake formed with WBMs: (a) The old formulation, and

(b) The new formulation.

Fig. 9 The filter cake formed with OBMs: (a) The old formulation, and

(b) The new formulation.
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Fig. 10 The comparison of filter cake thickness with the old and new formulation of WBM and OBMs.
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at least 48 hours are needed for the trip in and trip
out before moving into cementing operations. After 48
hours, the strongly exothermic reaction was initiated,
and the thermochemical fluids reacted. Upon reaction,
the pressure increased from 200 psi to 1,100 psi.

The temperature increased from 100 °C to 180 °C.
The capsules were stable almost for 2 days, therefore
they can be compared with the reaction of the ther-
mochemical fluids without encapsulation as well.

Figure 12 shows the generated pressure and tempera-
ture for the same thermochemical fluids used in the
capsules. The temperature of the reactor was 100 °C,

® Old Formulation @ New Formulation

13

Oil-Based Drilling Fluid

the reaction took place in less than 2 minutes, com-
pared to the 2 days for the encapsulated thermochem-
ical fluids. The generated pressure and temperature
is comparable with that obtained in the case of the
encapsulated thermochemical fluids.

Conclusions
The following major conclusions can be drawn from

the discussion:

1. The new formulation for both the OBM and WBM
comprised of encapsulated thermochemical fluids
are developed.

Fig. 11 The pressure and temperature generation from the encapsulated thermochemical fluids.
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Fig. 12 The pressure and temperature generated from the thermochemical fluids.

1800 250
-@-Pressure
1600
-8-Temperature
1400 200
1200 =2 a ]
- - L]
150 4
8fmm} - g
& —* £
4 800 3
= 100 E
600 5
400 50
200 ¢
(] 0
0 20 40 60 80 100 120
Time, min

2. The new formulation resulted in the self-destruction
of the filter cake formed with both OBM and WBM.

3. The thickness of the filter cake formed was 0.6 mm
and 0.5 mm with the new formulation of the WBM
and the OBM, while with the old formulation the
thicknesses were 1.7 mm and 1.3 mm, respectively.

4. The stability time for the encapsulated thermochem-
ical fluids was enough to carry auxiliary drilling
events before the well completion.
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Abstract /

Modeling of Deep Polymer Gel Conformance
Treatments Using Machine Learning

Mohammed A. Alghazal and Prof. Turgay Ertekin

Polymer gel technologies have been widely employed in conformance control applications to improve
sweep and recovery from high permeability reservoirs. Modeling of polymer gel propagation, gelation
time, and adsorption in the porous media requires a complex full-order computation of diffusivity
equations, heat transfer, and chemical reactions for components partitioning in oleic and aqueous
phases. This article presents a soft computing alternative and data-driven approach to using machine
learning to model deep polymer gel treatments in {ractured reservoirs.

Reference simulation models of various dual permeability systems were used to generate the data
set for the machine learning model, an artificial neural network (ANN). A second-order reaction
scheme for gel formulation was used to describe the chemical reaction between the polymer, poly-
acrylamide, and the crosslinker component, chromium acetate. Viscosities, adsorption properties
and residual resistance factors of the polymer and produced gel were populated based on experimen-
tal data. Various conformance design factors and reservoir properties were parameterized for inclu-
sion in the neural network, including temperature, injection rate, gel concentration, bottom-hole
pressure, drainage radius, porosity, {racture spacing, and permeability.

Feature analysis of the input variables indicated that 10 parameters are sufficient to train the mod-
el and predict the performance of the conformance treatment with indicators, including the oil and
water rate profiles’ improvement after applying the polymer gel treatment. The data set was random-
ly divided into 80% training, 10% validation, and 10% testing sets.

Early stopping and monitoring of the validation and testing set’s errors were used to generalize the
solution and enhance the performance of the neural network. Hyperparameter tuning showed that
using a deep multiple hidden layer neural network was more effective than increasing the neurons in
a single hidden layer. The weights and biases of the model were adjusted using a mean squared error
(MSE) loss function and a gradient descent optimizer.

A correlation of 90% was achieved for the test samples with a mean absolute deviation of less than
10% for all modeled variables. The developed neural network model was able to reduce the complex-
ity of the full-order simulation model by accurately predicting the performance of polymer gel treat-
ments in fractured reservoirs at a speed 200 times faster than commercial simulators with only 10
input variables of polymer gel design and reservoir properties.

This work presents a unique surrogate modeling approach based on machine learning to describe
complex polymer gel kinetics and flow dynamics in deep conformance applications. The presented
neural network model can be used to robustly predict the oil recovery performance of polymer gel
treatments in fractured reservoirs outperforming commercial simulators in terms of computational
complexity and processing speed.

Introduction

Polymer gel treatments are commonly used in the industry to mitigate sweep conformance problems in highly
fractured reservoirs. There are essentially two types of polymers used in the application of polymer flood-
ing: (1) partially hydrolyzed poly-acrylamides, and (2) biopolymer or xanthan gum' % Partially hydrolyzed
poly-acrylamides is most commonly used for conformance treatment processes due to its ability to adsorb on
the rock surface and its economic feasibility compared to biopolymers?.

Polymer solutions are mixed with a crosslinking agent to form an in situ polymer gel that can be used to
treat common reservoir conformance problems®. Such a gel system is often referred to as Cr(III)-carboxylate/
acrylamide polymer?!. The Cr(IIl)-carboxylate/acrylamide polymer gels can be selectively injected within
the region between the injectors and producers to selectively treat and plug fractures with high permeability
anomalies to improve sweep efficiency and oil recovery from the producible matrix*.

Modeling of polymer gel propagation, gelation time, and adsorption in the porous media requires a complex



full-order computation of diffusivity equations, heat
transfer, and chemical reactions for components parti-
tioning in oleic and aqueous phases. Scott et al. (1987)°
provides one of the earliest techniques attempted to
describe in situ gel calculations in reservoir simulation.
Chemical reaction and heat transfer terms are incor-
porated with the mass and energy balance equations
to solve for the changes in saturation, pressure and
temperature per component at each time step inside
the simulator.

There are atleast five fluid components that interact
inside the reservoir media in polymer gel applications,
including oil, water, polymer, crosslinker, and the for-
mulated gel. All, but the oil, are typically assumed to be
partitioning in aqueous phases. Retention, adsorption
and permeability reduction properties for the gel com-
ponents also need to be computed inside the simulator
along the reaction module. Full-order computation
of these modules inside chemical simulators are both
sophisticated and time-consuming. Simultaneously
solving these diffusivity and chemical reaction equa-
tions in a simulation model with hundreds of cells
may take up to several minutes to hours to converge.

Surrogate data-driven models based on machine

learning can be used to approximate the solutions of

the reservoir simulator by reducing its complexity and
computational time. In supervised machine learning,
several statistical and probabilistic models can be used
to map the relation between a certain set of features
to a target variable.

This target can be either a discrete label or a contin-
uous variable, separating two types of common ma-
chine learning problems, classification and regression
models. Classic machine learning algorithms, includ-
ing decision trees, support vector machines, Naive
Bayes, and regression models, are capable of solving
both regression and classification problems. Ensemble
methods are also popular models combining one or
more learning algorithms to improve the prediction
of base estimators, i.e., decision trees®.

In general, these classical models and learning algo-
rithms require handcrafted features to generate a strong
inference model. Additionally, such classic algorithms
are limited to commonly predicting a single target
variable, mapping a set of features, or multiple input
parameters, to a single target variable, or output. In
other regression problems, where more than one target
variable is required to be predicted, multiple output
regression or multivariate target models can be used.

There are two methods that can be used to model
these complex problems in classic machine learning
problems by transformation and algorithm adaptation
methods’. The transformation method transforms the
multiple output regression problem into multiple and
independent single output problems, each to be pre-
dicted by a classical machine learning algorithm. In
algorithm adaptation methods, a single target machine
learning algorithm, such as decision trees or support
vector machines, are used to directly predict the multi-
ple output data set. The latter is a challenging problem
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as the learning algorithm not only needs to map the
features to more than one output variable, but is also
required to interpret the dependencies among these
multiple targets.

Another powerful technique that is also a subset of
machine learning and that can handle complex mul-
tiple variate target problems is the Artificial Neural
Network (ANN). Compared to the aforementioned
classical models, the ANN algorithm can be used to
build deep networks with multiple hidden layers to
predict multiple target variables without handcrafted
features.

The advancement in deep learning has inspired
many applications in computer vision, natural lan-
guage processing, time series prediction, and image
generation via using more sophisticated forms of neural
networks, such as the Convolutional Neural Network,
the Recurrent Neural Network, and the Generative
Adversarial Nets. Nonetheless, modeling using ANN 1s
sometimes referred to as black-box modeling, as deep
learning models can be difficult to understand of how
it can arrive to a certain prediction by summing up the
information coming from different nodes and layers.

In this article, reference simulation models from a
commercial simulator with the objective of modeling
the deep polymer gel model inside a naturally frac-
tured reservoir are generated. Several well design and
reservoir features are extracted from the simulation
models along with multiple target production outputs
to generate a data set to be used for training and vali-
dating an ANN model capable of approximating the
production results from the reservoir simulator.

Reservoir Modeling

A commercial reservoir simulator was used to prepare
the input features and multiple target production data
for the neural network. Detailed reservoir description
of the grid, fluid components, chemical reaction, ad-
sorption modules, relative permeability curves, and
the wells’ configurations used in the simulations are
provided.

Reservoir Grid. The reservoir is a 3D Cartesian
model with three uniform layers of equal thickness.
A grid block sensitivity analysis was performed to de-
termine the optimum number of grids to be used to
construct the model. Cumulative production data and
simulation running time was compared using different
grid sizes from 10 X 10 to 55 X 55, where the number
of grids are the same in the x and y directions for
cach grid size.

Figure 1 is the grid sensitivity analysis showing that
the cumulative production results start to level at a grid
size of 25 X 25. In addition, the simulation time signifi-
cantly starts to increase for larger grid sizes. Therefore,
a grid size of 25 X 25 was used as an optimum grid
size to construct all the models and generate the data
set as it gives accurate production results combined
with a faster running time.

Generally, there are two types of grid models for
naturally fractured reservoirs in modern reservoir
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Fig. 1 Grid sensitivity analysis.
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simulation packages: dual porosity and dual permea-
bility models®. The dual porosity models assume that
the fractures are the essential components responsible
for fluid flow into the wellbore having a low permeable
matrix. Therefore, fluid flows from the discrete matrix
blocks into the fractures, and consequently, toward the
wellbore in dual porosity models. On the other hand,
in dual permeability models, both the fracture and
matrix components provide a means for fluid and heat
transfer within the media and toward the wellbore.

Figure 2 demonstrates the difference between the dual
porosity and dual permeability models in terms of fluid

flow direction as captured in the reservoir simulation.
In our model, we use the dual permeability concept to
represent the natural fractures in the reservoir media.

Fluid Components and In Situ Gel Kinetics.
There are five types of fluid that are injected into the
reservoir: oil, water, polymer, crosslinker, and gel. It
is assumed that all of these components exist in an
aqueous phase except for the oil, where it partitions
into an oleic phase. Fluid component properties were
adopted’, where we use an oil API of 45° and molec-
ular weights of 10,000 Ib/1bmol and 206 1b/1bmol for

the polymer and crosslinker components, respectively.

The in situ gel, which is essentially responsible for
plugging the fractures, is formed by considering a simple
reaction mechanism between the added polymer and
crosslinker, such that a 1 Ibmol of polymer is reacting
with 1 Ibmol of crosslinker to produce 1 Ibmol of in
situ gel’. It is assumed that the gel formation is the first
order in each of the reactions, i.e., second order overall.
Given that the C1° and CG2° are the initial concentra-
tions of polymer and crosslinker, respectively, the gel
concentration at any time can be calculated given a
single rate constant, K = 5x10° day from Eqn. 1°:

_ KC1Co(C1+Cp)t
T 14KCL Gt

Cs

Rock-Fluid Properties (Adsorption and Rela-
tive Permeability Data). Table 1 lists the adsorption
properties for both the polymer and gel components
populated in the model’. Table 2 lists the ratio between
the fluid permeability before and after injecting the gel,
for the formed in situ gel is greater than the polymer,

Fig. 2 Representation of the difference between the dual porosity model (left) and the dual permeability model (right) in terms of fluid flow
direction as captured in the reservoir simulation®.
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Table 1 The adsorption properties for polymer and gel components in a matrix and fracture populated in the model.

Fluid Polymer Gel

Matrix Fracture Matrix Fracture
Adsorption Capacity (lbmol/ft3) 0.01364 x 104 0.0572 x 10 0.0267 x 10+ 0.0575 x 10
Residual Resistance Factor 1.8 2.5 40 80




Table 2 Relative permeability data®.

Water Relative Relative
Saturation Permeability = Permeability
(s,) to Water (k) to Oil (k )
0.25 0 0.9

0.3 0.002 0.69

0.4 0.03 0.33

0.5 0.06 0.13

0.6 0.14 0.04

0.7 0.2 0.005
0.78 0.3 0

causing a significant reduction in effective permeability
in the reservoir system and mainly acting as a plugging
agent for the existing fractures in the reservoir model.

The water-oil relative permeability model was also
adapted after Scott et al. (1987)°. The relative perme-
ability data used in the model assumes a water-wet
system with relatively high permeable layers, as in
the case of this model.

Figure 3 displays the relative permeability data in-

cluded in the model.
Well Configuration. Two vertical wells are included
in the model: (1) a producer, and (2) an injector. The
placement of these two wells is selected to reflect the
position of one-fourth of a five spot injection pattern,
Fig. 4. Therefore, the generated production profiles
could be used to reflect the behavior of a polymer gel
flooding or waterflooding pilot with a five-spot pattern
arrangement.

Fig. 3 Relative permeability curve®.
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Fig. 4 A 3D cross section of the placement of these two wells is selected to
reflect the position of onefourth of a five spot injection pattern.

V.

L.

Data Set Generation

The 12 input features of the reservoir properties
and well design parameters, such as matrix porosity,
fracture permeability, injection rate, etc., were inde-
pendently randomly generated within a predetermined
range. Figures 5 and 6 are examples of the generated
random matrix and fracture permeability data for all
1,000 generated cases, respectively. These ranges were
selected to cover a wide range of dual permeability
reservoirs and sensitivity analyses. Tables 3 and 4 show
the various ranges of input features used to build the
simulation model and generate the data set.

As this is a multiple output problem, for each gen-
erated case, three target variables are collected over
a specified time frequency: (1) oil rate, (2) water cut,

Fig. 5 The distribution of randomly generated matrix permeability data.
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Fig. 6 The distribution of randomly generated fracture permeability data.
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and (3) recovery factor. The results are collected over
a 10-year period. For the first two years, the data is
collected every 15 and 30 days. For the remaining
years, the data is collected every 90 days. It was desired
to have a higher resolution time for the first two years
to better capture the behavior of water breakthrough
occurring at early production.

Table 3 The range of reservoir properties used in the model.

In total, 68 data points were collected over the 10-
year period for each target variable. In addition, an
abandonment rate of 10 stock tank barrels per day
is considered for all cases. Table 5 demonstrates the
nput features that are used to generate two example
cases, case 10 and case 13.

Figures 7 and 8 show the collected results of oil rate,
recovery factor (RF), and water cut for these two cases.
To have a consistent 68 data points and time frequency
for all of the cases, data points after abandonment
condition were set equal to the data point at the aban-
donment time.

Determining the optimum number of data sets for
a given data-driven model requires the developer to
know beforehand the various ranges of features and
different expected trends of the target production data
to avoid training unnecessary large data sets that could
potentially lead to memorization and overfitting. In
this study, initially 500 cases were used to build the
network.

It was observed later that the model always fails to
predict a common trend of production curves regardless
of the ANN structure being used. After further analysis
of these production trends, it was realized that these
trends were mostly associated with a low injection rate
and low permeable systems. Therefore, more cases
within these ranges were generated and augmented
to the original data set. After several investigations

Reservoir Property Min Max Unit
Reservoir Thickness (h) 50 300 ft
Matrix Porosity (@) 0.15 0.4 fraction
Fracture Porosity (@) 0.0001 0.01 fraction
Matrix Permeability (k) 20 300 mD
Fracture Permeability (k) 400 3,000 mD
Fracture Spacing (d) 33 328 ft
Initial Water Saturation (S,) 0.1 0.3 fraction
Table 4 The ranges of project design parameters used in the model.

Design Parameter Min Max Unit
Injection Rate (qg,) 100 5,000 bbl/d
Producer Flowing Pressure (p,) 3,000 3,700 psia
Drainage Area (A) 5 30 acres
Polymer Concentration (PLMR) 1000 5,000 ppm
Cross-linker Concentration (XLKR) 100 500 ppm
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Table 5 The input features for example cases 10 and 13.

Input Features Case 10 Case 13 Unit
Reservoir Thickness (h) 119 107 ft
Matrix Porosity (® ) 0.20 0.16 fraction
Fracture Porosity (@) 0.0002 0.01 fraction
Matrix Permeability (k) 138 124 mD
Fracture Permeability (k) 1,941 836 mD
Fracture Spacing (d) 94 31 ft
Initial Water Saturation (S,) 0.22 0.13 fraction
Injection Rate (q,) 1,700 990 bpd
Producer Flowing Pressure (p,) 3,442 3,033 psia
Drainage Area (A) 22 22 acres
Polymer Concentration (PLMR) 2,296 3,917 ppm
Crosslinker Concentration (XLKR) 214 239 ppm

Fig. 7 An example of the production data collected for case-10.

Fig. 8 An example of the production data collected for case-13

(gel scenario).
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and optimization of the data set, it was found that
using 1,000 generated cases is the optimum number
for this problem.

ANN

Background

ANN is an information processing system that at-
tempts to mimic the functionality and complexity of
the neural biological system”. The information, in the
form of electrical signals, are received by the dendrites,
processed by the soma and then passed to the axon.
Similarly, the artificial neurons are the building blocks
for the ANN. The information comes to the artificial

neuron via inputs, where each input is multiplied by
a weighting function before entering the neuron. The
neuron then sums the weighted inputs and bias, and
processes the sum via an activation or a transfer func-

tion before passing the information to the outputs'.

Figure 9 indicates the difference between the bio-
logical and artificial neurons.

In most cases, using one artificial neural is not suffi-
cient to solve complex problems. Therefore, we often
find neurons combined and arranged in layers. The
arrangement of these layers and connection between
neurons define the ANN architecture.

There are typically two types of networks, a single
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Fig. 9 The difference between a biological neuron (left) and an artificial neuron (right)’°.
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layer network or a multilayer network. A single layer
network contains only one layer, whereas, multilayer
networks could have more than one layer. These layers
are often referred to as hidden layers, as opposed to
the input and output layer of the network.

Figures 10" and 11" demonstrate the difference be-
tween a single layer network and a multilayer network.

Fig. 10 An example of a single layer network™.
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Fig. 11 An example of a multilayer network containing three layers'.
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The following explains the calculation steps occurring
inside the ANN model for generating the output re-
sults. Generally, the ANN model undergoes two major
calculation passes: (1) a forward pass from the features
input to the target output, and (2) a backward pass from
the output target to the features input for updating
the initial weights and biases of the model using an
optimization algorithm, such as the gradient descent.

Forward pass. lor a set of features, x, the predicted
output, y from the network in a forward pass is calcu-
lated by summing the product of weights and biases
of all input features and passing it to an activation
function to get the y, as:

y=2if(Wix; + b;)

where y is the predicted output from the network, W,
is the initial weight for a given feature, b, is the bias
for a given feature, x, is the input feature, and fis the
activation function.

A common fis the sigmoid activation function, which
is used in this article. Given an input, x, the sigmoid
activation function is calculated as:

1

o(x) = (—)

1+e™*

Backward pass. The loss is calculated between the

Third Layer

al =1 (Wip+hbt)

a2 = [2(Wial+h?)

at =13 (Wia2+Db¥)

ad =13 (W3 2 (W2 ' (Wip+Db)+b¥)+b3)



target, y, and the predicted output by the network, y.
A common loss function is to use the sum of the mean
squared error (MSE), as used in this article, which is
defined as:

E = 5,0% =94 4

This error is summed across all output targets and
across all data points (m). The derivative of these loss-
es with respect to the weights are then calculated to
obtain the new weights via an optimization algorithm
to prorogate back the updated weights through the
network, i.e., backpropagation. This study uses the
stochastic gradient descent optimization algorithm,
where the new weights are updated as:

W; =W; + adx; 5

where 8 is the learning rate of the network, and « is
the error term.

The error term is defined as:
8= —-NfEiWix) 6

The derivative of the sigmoid activation function
used in this article is calculated as:

a'(x) =cx)(1— ax)) 7

Given the above procedure, the model will continue
running, updating weights and improving prediction
for all targets until a certain number of iterations or
epochs is reached, which is one of the tuning hyper-
parameters of the network. The model also could be
stopped earlier given a specified validation loss, the
carly stopping technique, to prevent the model from
.memorization and overfitting

Evaluation Metrics

The generated data set was randomly divided into
90% for training, 5% for validation and 5% for testing.
The validation set was monitored closely throughout
training to prevent underfitting or overfitting of the
data. Furthermore, the data sets allocated for testing
are used as a caliber to evaluate the prediction’s accu-
racy of the network for cases outside the training set.
Therefore, the absolute error between the network’s
output (ANN value), and the simulator’s original value
(simulator value), 1s calculated for each data point in
the testing data set as:

Targets; —Output
I getsimulator D ANNI % 100

Error % =
Targetsimulator

8
Furthermore, the average error per testing case can
be used as a performance indicator of the network’s
efficiency and is calculated as:
_ 3N Testing Error %

Average Error % = ET— 9

where N represents the total number of data points
per testing case. The error between the predicted net-
work output and desired target was regularly evaluated
for all testing cases, and progressively improved via
fine-tuning of the network’s hyperparameters, includ-
ing the number of epochs, learning rate, number of
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Table 6 The input, output, and functional link components for the generated

ANN model.

Reservoir
Properties

Design
Parameters

INPUT

Functional
Links

Oil rate,
water cut,
and recovery
factor

OUTPUT

Reservoir Thickness
Matrix Porosity
Fracture Porosity

Matrix Permeability
(Lateral direction-H)

Matrix Permeability
(Vertical direction-V)

Fracture Permeability

Fracture Spacing

Initial Water Saturation

Injection Rate

Producer BHP

Drainage Area
Polymer Concentration
XLinker Concentration

(Injection Rate/Matrix
Permeability)/100

log[(Injection Rate)®> +

(Matrix Permeability)®°]/10

(Fracture Permeability/Injection

Rate)/10
log[(Injection Rate)®* +

(Fracture Permeability)®*]/10

Drainage Area/lnjection Rate
Fracture Spacing/Injection Rate

log[Matrix Porosity/Injection

Rate]*100

log[Fracture Porosity/Injection

Rate]*1000

log[Injection Rate/Producer BHP]
log[Injection Rate/Thickness]
log[Injection Rate/Water Saturation]

log[Thickness * Drainage Area]

log[(injection Rate)®* +
(Thickness)®*]

log[(injection Rate)®® +
(Drainage Area)®]

log[Polymer Concen. +
Xlinker Concen.]/10

log[(Injection Rate) *° +

(Polymer + Xlinker Concen.)?%]

68 data points for each; time
frequency as follows: 15 days for year
1, 30 days for year 2, 90 days for

years 3to 10
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hidden layers, and the number of neurons inside the

hidden layers. The ANN model was run for over 3,000 epochs. The
validation loss, using the MSE, was monitored to en-

An ANN model is developed to predict and gener- ~ SUre that the model is not overfitting. Figure 12 shows

ate production profiles of the oil rate, water cut, and the training, validation, and testing losses against the

recovery factor for a given specified set of dual per-

meability reservoir properties and polymer gel design

parameters that were described in the data generation ===

set. The input features and output production targets Fig. 13 The ANN prgd/‘crlon vs. target correlation coefficient

were normalized prior to training to a value of 1 and for the training, validation, and testing sets.

-1, using Eqn. 10:

Training: R=0.98528

X = x—min(x)
x-max (x)

where x represents the original input feature or target
value, and x'represents the transformed scaled values.

This scaling was performed to improve the network’s
learning rate. Additionally, some extra features, called
functional links, were added, which helped to improve
the performance of the network.

Output ~= 0.97*Target + 0.0093
o

There are no generalized forms of these functional
95 0 05 1

links and they could be a random combination between
Target

different input or output parameters'. In this model,
the injection rate was found to be an important fea- Validation: R=0.98149

ture that can help the network estimate the initial oil

rate of the well, and therefore, was used to link and

connect other features.

Table 6 shows the various inputs and outputs that was
used to build the network. The input layer contains
29 features, 16 of which are functional links between
the reservoir properties and design parameters in the
input layer. For each case, the output layer contains

Output ~=0.96*Target + 0.017

a target vector with 204 neurons, representing the

associated targets of the oil rate, water cut, and re- 4 95 0 05 1
covery factor per case, with a total frequency of 68 Target

data points for every target variable collected over a Tesi: ReD 41048

10-year period, given the time frequency provided in

©  Data

the data generation section. i

Fig. 12 The performance of the ANN network showing the training, testing,
and validation losses for the data set.

Output ~= 0.95*Target + 0.016
o

Best Validation Performance is 0.0082627 at epoch 3164

102
Train | 4 05 o0 05 i
¥:‘:‘t"’“"” : Target
......... = 5
Goal | All: R=0.98482

Mean Squared Error (mse)

Output ~= 0.97*Target + 0.01

o 500 1000 1500 2000 2500 3000
3190 Epochs




number of total epochs or model’s iterations.

Figure 13 shows the correlation coeflicients obtained
for the training, validation, and testing data set, ex-
ceeding 0.97. This model was generated using a total
of six hidden layers. There is no single rule of thumb
to determine the number of hidden layers or neurons
required to fit a data set. Determining the number of
hidden layers and neurons in a neural network is a heu-
ristic process. In this study, an iterative algorithm was

Table 7 The final hyperparameters used to construct the

ANN model.
Hyperparameter Value
Number of epochs 3,164

Optimization algorithm Gradient Descent

Learning rate 0.001
Loss MSE
Activation function Sigmoid
Neurons in hidden Layer 1 90
Neurons in hidden Layer 2 95
Neurons in hidden Layer 3 110
Neurons in hidden Layer 4 150
Neurons in hidden Layer 5 110
Neurons in hidden Layer 6 115

Table 8 The input features for some of the selected test cases.

Spring 2021

developed to automatically fit several initial network
structures to the data set by assigning a random num-
ber of neurons and layers to each structure. Then, the
performance of these structures are compared against
cach other to estimate the best possible combination
of total hidden layers and neurons that would yield the
least MSE for all testing cases, as previously mentioned.

Table 7 shows a summary of the hyper parameters
used to generate the model. Table 8 shows the input
features for some of the selected test cases, and Figs.
14 to 17 show the production profiles generated by the
ANN model matching the results of the simulation
model for these cases. As can be seen from these plots,
the addition of polymer gels improves the production
profiles by arresting early water breakthrough and
sustaining a higher plateau oil rate during the first 20
to 40 months of production. For all 50 test cases, the
mean average error were 2.46%, 10.31%, and 8.01% for
the recovery factor, oil rate, and water cut, respectively.

Figures 18 to 20 shows the MSE distribution per test
case for each target variable. The maximum error
observed was less than 25% for all cases.

Conclusions

This work presents a unique surrogate modeling ap-
proach based on machine learning to describe complex
polymer gel kinetics and flow dynamics in deep con-
formance applications. The presented neural network
model was used to robustly predict the production and
oil recovery performance of polymer gel treatments
in fractured reservoirs outperforming commercial
simulators in terms of computational complexity and
processing speed. The following conclusions are derived
from this study:
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Input Feature

Case 53
Reservoir Thickness (h) 18.19
Matrix Porosity (@, ) 50.79
Fracture Porosity () 0.38
Matrix Permeability (k) 0.01
Fracture Permeability (k,) 283.03
Fracture Spacing (d,) 2,481.36
Initial Water Saturation (S,) 2,241.36
Injection Rate (q,) 3,040.62
Producer Flowing Pressure (p,) 0.27
Drainage Area (A) 52.74
Polymer Concentration (PLMR) 3,956.79
Cross-linker Concentration (XLKR) 233.74

Testing Cases

Case 227 Case 589
15.27 20.02
41.77 88.91
0.52 0.18
0.01 0.01
117.44 160.46

2,440.62 2,084.87

2,200.34 4,262.43

3,625.07 3,553.94
0.26 0.14

277.35 177.53

2,528.83 2,756.47

145.15 293.17

Case 801
18.58
94.80
0.43
0.00
75.50

1,668.80
1,753.73

3,456.19
0.22
214.71

4,266.55

421.14
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Fig. 14 The comparison of the polymer gel production profiles
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Fig. 16

generated by the ANN model matching the results of the
simulation model for these cases (Test Case-53).

The comparison of the polymer gel production profiles
generated by the ANN model matching the results of the
simulation model for these cases (Test Case-589).
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Fig. 15 The comparison of the polymer gel production profiles Fig. 17 The comparison of the polymer gel production profiles
generated by the ANN model matching the results of the generated by the ANN model matching the results of the
simulation model for these cases (Test Case-227). simulation model for these cases (Test Case-801).
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* The ANN models can be used to fit multiple output
regression problems as shown in this study. For
a given 29 input features and functional links of
reservoir and well parameters, the model was able
to accurately predict 204 outputs representing the
oil rates, water cuts, and recovery factor production
profiles over a 10-year period for polymer gel con-
formance treatments in the fractured reservoirs.
Therefore, the ANN model was able to generate
a time series forecasting of multiple target vari-
ables offering an advantage over classic machine
learning algorithms commonly limited to a single
target variable.

Hyperparameter tuning indicates that using a sig-
moid activation function and updating the model’s
weights using a MSE loss and a gradient descent
algorithm are the best combination to train the

neural network with total iterations of 3,142.

» Optimization results also indicate that generating a
deep network with six hidden layers yields the best
prediction results for this problem. The mean aver-
age error for all testing cases were 2.46%), 10.31%,
and 8.01% for the recovery factor, oil rate, and
water cut’s target variables, respectively.



Fig. 18 The MSE distribution per test case for the recovery
factor.
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Fig. 19 The MSE distribution per test case for the water cut.
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Fig. 20 The MSE distribution per test case for the oil rate.
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Physical Performance Testing of a Prototype
Gerotor Pump Operating in Liquid and Gas-Liquid
Conditions

Dr. Chidirim E. Ejim, Dr. Jinjiang Xiao and Dr. Olanrewaju M. Oshinowo

Gerotors are positive displacement pumps and potential artificial lift options in the oil and gas indus-
try. This study presents the performance characteristics from physical testing of a unique one-stage,
equal-walled gerotor pump design operating in oil and oil-air mixtures. The pump was tested at
various rotational speeds in a flow loop. The performance results were obtained to ascertain potential
design optimizations of the pump before embarking on manufacturing and testing of the field proto-
type pump.

A physical prototype of a one-stage 400 series gerotor pump, suitable for application in a 5%”
casing, was designed, manufactured, assembled, and tested. Mineral oil and air were used as the
operating media. For given pump outlet valve settings, the pump rotational speeds were set to 200,
250, 300, and 350 revolutions per minute (rpm). The gas volume fractions (GVF) at the pump inlet
were varied from 0% to the maximum the current pump design could handle. For each test point,
the corresponding pump parameters were measured. Dimensionless performance plots were estab-
lished for obtaining pump performance at other flow conditions.

The results showed that pump flow rate decreased with increasing differential pressure, typical of
positive displacement pumps. At 200 rpm and 350 rpm, maximum pump delivery is approximately
190 barrels per day (bpd) and 330 bpd of oil, respectively, at zero differential pressure. The pump
can supply flow against a differential pressure of up to approximately 5.5 psi at 200 rpm and 15 psi
at 350 rpm. For the 200 rpm to 350 rpm speed range, volumetric efficiencies varied from 30% to
73%, whereas the electric power input varied from 145 watts (W) to 191 W. When pumping oil-air
mixtures, the current gerotor pump design can handle a maximum of 15% GVF, at 250 rpm, 300
rpm, and 350 rpm.

For certain pump outlet pressures, the total fluid flow rates decreased as the GVI increased to 15%.
The volumetric efficiencies at 15% GVF varied from 32% to 53%, for the 300 rpm to 350 rpm speed
range, whereas the motor’s electric power input decreased with increasing the GVF up to 15%. In-
creasing the pump’s rotational speed improves the volumetric efficiency and the gas handling capa-
bility of the gerotor pump. These observations will aid in the required design optimization to enhance
the performance of the future field prototype gerotor pump.

This study presents the capabilities of gerotors as potential artificial lift alternatives to handle liquid
and gas-liquid mixtures for boosting applications in oil field operations. The technology with addi-
tional design optimization can be readily integrated into oil field equipment architecture. The me-
chanical simplicity of gerotors and their compactness provides a promising artificial lift substitute
that may be implemented for downhole or surface production of liquid or gas-liquid mixtures in the
oil and gas industry.

Introduction

Oil field operations involve the production of liquids (oil, water, condensate, etc.) and gases from a downhole
reservoir to the wellhead at the surface and onward to production facilities. Artificial lift systems are typically
installed in wells to either sustain or boost hydrocarbon production from reservoirs. These artificial lift systems
can be of different types, e.g., rotordynamic, positive displacement, gas lift, hydraulic lift, or can utilize the
reservoir fluid energy to produce the well.

The presence of gas in the well depends on the properties of the reservoir fluid and the pressure in the well.
When the downhole pressure decreases below the bubble point pressure, gas within the oil comes out of the
solution. When this occurs, the gas, which occupies more volume than the oil, reduces oil production to the
surface. Therefore, the volume of gas to total liquid and gas at a given pressure and temperature, or gas
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volume fraction (GVF), is an important parameter
when producing gas-liquid multiphase flows.

A majority of artificial lift systems operate satis-
factorily when handling pure liquids; however, their
performance deteriorates when they produce gas-lig-
uid multiphase flows. Handling gas-liquid multiphase
flows using artificial lift systems can include the use of
helicoaxial pumps, centrifugal multiphase pumps, twin-
screw pumps, and progressing cavity pumps (PCPs)'.
PCPs are a type of positive displacement pump that
typically has an elastomeric stator and a metal rotor.

Typical GVF handling capabilities for these pumps
is approximately 33%, and is due to a 120 °C tem-
perature limitation of the stator’s elastomer?, as the
pump compresses the gas in the gas-liquid mixture.
PCPs with metallic stators and rotors are now being
developed. These have temperature limitations of 350
°C, and the capability to handle GVFs up to 60%°.

Gerotors are positive displacement pumps with rel-
atively simple components, fewer moving parts, and
compact size. The major components are an inner metal
rotor, which is enclosed by an outer metal rotor. The
inner rotor, which has one tooth less than the outer
rotor, also drives the outer rotor. Gerotors have been
used 1n oil field liquid applications with temperature
capabilities up to 300 °C*. They have also been used in
predominantly gaseous applications in thermal cycles
of gas compression engines, where temperatures can
exceed 350 °CP.

A simulation study has also been performed to as-
certain gerotors as alternatives to handle gas-liquid
multiphase flows®. Literature related to physical tests
of multiphase gas-liquid behavior of gerotors in oil field
applications are not common. A closer comparison can
be previous physical test results related to the PCPs
with a metallic stator and rotor.

Experimental tests on a three-stage PCP with a me-
tallic stator and rotor was conducted’ using oil and air
as the operating media for pump speeds of 100 to 400
revolutions per minute (rpm), and GVFs from 0% to
80%. They found that for the pure liquid tests (GVF
= 0%), the liquid volume flow rate decreased linearly
with the increasing differential pressure. A similar trend
was cited® for PCPs with a metallic stator and rotor, as
well as in the catalogue curve for the gerotor pump™.

Olivet et al. (2002’ also observed that the volumetric
efficiency increased with an increasing rotational speed
for GVF = 0%. In their gas-liquid tests, increasing the
GVT increased the volumetric efficiency, for certain
differential pressures and rotational speeds. The volu-
metric efficiency increased with increasing rotational
speed, but decreased at 80% GVT.

This work involves the testing of a one-stage, equal-
walled prototype gerotor pump using oil and air as
the operating fluids. The tests were a first step toward
understanding the behavior of the pump under gas-lig-
uid conditions to enable further optimization of the
system for eventual field installation. The successful
optimization of the gerotor pump and subsequent field
installation will create multiphase gas-liquid handling

options for field production operations. This will be
beneficial to operators as these pumps can serve as
alternative or substitute multiphase pumping systems to
improve the economic bottom line from the field asset.

Pump Performance Test Terminologies
Some pump terminologies such as displacement, slip,
and volumetric efficiency are associated with positive

displacement pumps. These are defined here per the
rotary pump test standard ANSI/HI (2016)°.

Displacement (D): The maximum theoretical flow
rate that can be delivered by the pump. This may be
obtained from either pump geometry or tests. Pump
displacement may be expressed as in® per revolution.

Slip (S): The amount of fluid that leaks through in-
ternal clearances per unit of time. The equation for
the slip, expressed in barrels per day (bpd) is:

h) i} 1

In Egn. 1, O is the volume flow rate delivered by
the pump (in bpd), and VN is the rotational speed of
the pump’s driving rotor (in rpm). The first term in
the equation is the maximum theoretical volume flow
rate from the pump (in bpd).

Volumetric Efficiency (7, ): This is the ratio of the
volume flow rate delivered by the pump to the max-
imum theoretical volume flow rate from the pump,
expressed as a percentage. This can be calculated
from Eqn. 2:

Ll 2

GVF: This is the ratio of the gas volume flow rate to
total volume flow rate at a given pressure and tem-
perature for a given location. This can be calculated
from Eqn. 3, in which Q .and Q , are the volume flow
rates of the gas (air) and liquid (o1l), respectively, at the
measurement location.

)

e, . Litil 3

Overview of the Gerotor Pump Tested

Figure 1 shows the machined and assembled prototype
equal-walled gerotor pump tested in this study. The
pump has an intake, pumping, and discharge section,

Fig. 1 The assembled prototype of the equal-walled
gerotor pump showing the main components.

Intake Section

Discharge Section

Motor

Shaft Coupling

Pumping Section



with a motor coupled to the pumping section. The
pumping section consists of an inner and outer rotor
with six and seven teeth, respectively.

The gerotor is said to be equal walled because the
outer rotor has a nearly equal thickness throughout,
unlike conventional gerotors. The prime mover, was an
electric motor, which provides the mechanical power
to rotate the pump shaft and drive the inner rotor,
which is keyed to the shaft. The inner rotor, which is
enveloped by the outer rotor, drives the outer rotor.
The pumping section is designed to fit into a housing
with a 4” outside diameter, which is typical of the
400 series pumps in oil field artificial lift applications.

The displacement volume of the pumping section,
formed from the cavities between the inner and outer
rotors, is 6.41”%. This is equal to a maximum theoret-
ical volume flow rate of approximately 0.95 bpd of
fluid per revolution of the cavities. Figure 2 shows the
cross-section of the pumping section of the prototype
equal-walled gerotor as adopted and described in detail®.

Test Methodology

The schematic layout of the facility used to test the
gerotor pump is shown in Fig. 3, whereas Fig. 4 shows
the pump installed on its mounting foundation within
its test rig. Mineral oil and air were used as the oper-
ating fluids, with the mineral oil fed by gravity from
the liquid tank to flood the pump inlet line. In Fig. 3,
the gate valve, G, just downstream of the pump, was
set to a given position and the pump was ramped up
to the required rotational speed using the variable
frequency drive (VFD), Fig. 4.

In the liquid-only pump test, oil flows through the flow
meter, check (or one-way) valve and static mixer into
the gerotor pump. The gerotor pumps the fluid against
the pressure/resistance posed by the downstream gate
valve, and through a return line and back into the
liquid tank. The liquid flow rates and the differential
pressures across the pump are measured by the liquid
flow meter and differential pressure gauge, respectively.

As an alternative, the differential pressure across the
pump can also be measured by subtracting the pressure
readings of the discharge pressure gauge from those of
the intake pressure gauge. A temperature gauge was

Fig. 2 A cross-section of the pumping section of the equal-
walled gerotor pump®.

Sleeves
Inner Rotor

Outer Rotor
Gap
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Fig. 3 A schematic of the test layout.
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Fig. 4 The prototype of the gerotor pump installed in the test rig.
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installed at the inlet to the pump for measuring the
pump intake temperature.

In the tests involving gas, pressurized air was supplied
by the air compressor, and fed into an air storage tank,
or accumulator, to mitigate, or prevent, any fluctu-
ations and provide a steady flow of gas supply. FFor
air delivery, the air outlet pressure is adjusted using
the pressure regulating valve, and an air flow meter
measures the volume flow rate of air supplied. The
air pressure and temperature just downstream of the
air volume flow meter were measured by a pressure
gauge and temperature gauge, respectively.

The combination of the air volume flow meter, pres-
sure gauge and temperature gauge was used to deter-
mine the mass flow rate of air supplied to the system.
A check (or one-way) valve was also installed in the
air line to prevent any back flow of the operating fluid.

The differential pressure gauge, although used for the
liquid tests, was not capable of measuring the differen-
tial pressure across the pump during the oil-air tests.
For the oil-air tests involving higher rotational speeds,
and therefore higher volume flow rates, it was difficult
to measure the inlet pressure due to the restricted height
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of oil supply in the liquid tank above the pump inlet.

To obtain the pump differential pressures during
the oil-air tests, a correlation of mass flow rate as a
function of differential pressure and rotational speed
was obtained using the liquid test data. For a given
rotational speed, and using the total mass flow rate
of gas and liquid, measured by the flow meters, the
corresponding differential pressures were computed
using the correlation previously described. The corre-
sponding pump intake pressures were then computed
by subtracting the computed differential pressures from
the measured pump discharge pressures.

In running the test for a given operating speed and
setting of the gate valve, liquid was first introduced
into the system and allowed to circulate for some time.
Compressed air was then introduced into the system,
which combines with the liquid and flows through
the static mixer, where the two fluids are mixed to
attain a more homogenized fluid mixture. Based on
the instrument readings, the amount of liquid and air
were adjusted. Then, based on the pump inlet pressure,
the GVF at the pump inlet was computed.

The gas volume flow rate used to calculate the GVF
was obtained using the ideal gas equation. The pump
inlet GVF was increased until the pump could not
deliver any flow at the highest allowable rotational
speed of the pump shaft. After flowing through the
pump, the oil-air mixture was discharged into the
return line and flows back into the liquid tank. The
oil 1s recirculated through the system, whereas the
air was vented to the ambient surroundings since the
liquid tank was open to the atmosphere.

Table 1 The average fluid properties during the tests.

In both the oil only and oil-air tests, the correspond-
ing voltage, current, and real electrical power input
supplied to the VFD were also measured using a power
meter/analyzer. The average air and pump inlet tem-
peratures, as well as the average density and absolute
viscosity of mineral oil during the test are provided in
Table 1. The liquid is considered incompressible and
the overall test condition can be considered isothermal
based on the relatively large mass flow rate of liquid
compared to gas. The list of the test and measurement
equipment, as well as the test matrix during this study
are presented in Tables 2 and 3, respectively.

Results and Discussion

The test results are divided into two sections, namely
oil tests and oil-air tests. The observations are dis-
cussed next.

Oil Tests

Flow Rate vs. Differential Pressure

Figure 5 presents the variation of the oil volume flow
rate with the differential pressure across the one-stage
gerotor pump. For each rotational speed, the liquid flow
rate decreases linearly as the differential pressure across
the pump increases. This trend is typical of positive
displacement pumps* ¢4, For this gerotor design, and
at a rotational speed of 200 rpm, the liquid flow rate
decreased from 120 bpd to 56 bpd when differential

pressures were 2.5 psi and 4 psi, respectively.

As the rotational speed increased up to the maximum
test speed of 350 rpm, the same linear relationship
between the liquid volume flow rate and the differential
pressure was maintained. At 350 rpm, the flow rate

Average Oil and Air
Temperature at Pump
Inlet

22°C(71°F)

Average Air
Temperature

22°C(71°F)

Oil Absolute

Oil Density (or Dynamic) Viscosity

829.1 kg/m? 6.73 cP

Table 2 A list of the test and measurement equipment used.

Equipment

Oil Flow Meter

Air Flow Meter
Compressor (Screw Type)
Differential Pressure Gauge
Pressure Gauge
Temperature Gauge

Power Meter/Analyzer

Capacity
2 — 150 U.S. gallon per minute
4 - 60 actual ft* per minute
8.5 Bar
0-1,000" H,0
0 - 50 psig
0-100°C
1-600 Vrms; 0.1 - 6,000 Arms




Table 3 The test matrix for the gerotor pump performance

measurements.
Discharge Pump.Shaft Pump
Valve Setting Rotational Inlet,
Speed (rpm) GVF (%)
200
Position 1 250
0, 10, 15
(~8% Open) 300
350
200
Position 2 250
0, 10, 15
(~17% Open) 300
350
200
Position 3 250 0 10 15
(~26% Open) 300 o
350
200
Position 4 250 0 10 15
(~33% Open) 300 o
350

is 245 bpd at 6 psi differential pressure, and 140 bpd
at 10 psi differential pressure. The pump is therefore
able to deliver more flow against a higher differential
pressure when the rotational speed is increased.

Further analysis of the plots shows that each slope is
less steep as the rotational speed increases. This implies
higher pump rotational speeds increase the magnitude
of flow per unit increase in differential pressure.

Slip vs. Differential Pressure

Figure 6 shows the variation of the slip with differential
pressure. For a given rotational speed, the magnitude of
the slip increases with increasing differential pressure.
This increase in loss of volume flow rate through the
pump clearances with increasing differential pressure
implies a lower amount of liquid is delivered by the
pump as differential pressure increases. This is in line
with the trend of the flow rates discussed previously
for Fig. 5.

As the rotational speed increases to 350 rpm, the slip
increases with a corresponding increase in the differ-
ential pressure. A closer observation in the variation
of the slip is that the slope of each line decreases as the
rotational speed increases from 200 rpm to 350 rpm.
This suggests that as the pump speed increases, the
amount of fluid leakage through the pump clearances
decreases per unit increase in differential pressure.
Again, this 1s in line with the increase in volume flow

Spring 2021

rate per unit rise in differential pressure highlighted
carlier for Fig. 5.

Volumetric Efficiency vs. Differential Pressure

Figure 7 shows the variation in volumetric efficiency,
7, with pump differential pressure. For the 200 rpm
plot, m,, decreases from approximately 63% to approx-
imately 30% with increasing differential pressure. The
decrease in the m, , with differential pressure, is in line
with the discussions presented earlier, where a reduced
amount of oil is delivered by the pump as the differ-
ential pressure increases, for a given rotational speed.

As the rotational speed increases to 350 rpm, the 7,,

decreases from 73% to 42% with increasing differential
pressure. Similar to the trend for the slip in Fig. 6, the
reduction in 7, with increasing differential pressure
decreases as the rotational speed is increased.

Electric Power Input vs. Differential Pressure

Figure 8 shows the variation of the electric power input
to the VID, with pump differential pressure. For each
rotational speed, the common trend is that the input
power decreases with decreasing differential pressure.
Given that for a specific rotational speed, the flow rate
increases with the decreasing differential pressure, as
previously shown in Fig. 5, it implies from Fig. 8 that
the reduction in electric power input occurs as the
volume flow rate increases.

Comparing across rotational speeds, the 200 rpm
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Fig. 5 The variation of the liquid flow rate with differential pressure.
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Fig. 6 The variation of the slip with differential pressure.
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Fig. 7 The variation of the liquid volumetric efficiency with differential pressure.
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Fig. 8 The variation of electric power input to VFD with differential pressure.
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data shows that average input power is approximately
147 watts (W). As the rotational speed increases toward
350 rpm, the input power increases gradually to an
average value of approximately 179 W, an increase
of approximately 22%. The increase in input power
implies an increase in energy demand by the system
needed to perform a greater amount of work on the
fluid as the rotational speed increases.

One of the benefits of testing pump prototypes is the
capability of obtaining performance information and
establishing some similarity relationships to determine
pump performance at other operating conditions. Sim-
ilarity rules are well documented in open literature,
e.g., in centrifugal pumps'. Given the variation of
the parameters in Figs. 5, 6, and 7, the data were
scaled to obtain a universal relationship for each pump
parameter.

Figures 9, 10, and 11 show the scaled plots for liquid
flow rate, slip, and liquid volumetric efficiency, respec-
tively, with scaled differential pressure. The liquid flow
rate and the slip is scaled with the rotational speed,
whereas the differential pressure is scaled with the
square of the rotational speed. Each plot shows that
through this scaling, the data points in each plot all
collapse or overlap one another. Table 4 is a summary
of the parameters for the regression fit line for each
of the plots, as well as the scaled differential pressure.

From Table 4, assuming dynamic similarity, one can

estimate the potential pump flow rate, slip, and liquid
volumetric efficiency at a given field scale differential
pressure and rotational speed. For instance, typical
operating speeds of some downhole pumps can be up
to 3,500 rpm. Differential pressure can vary depending
on the back pressure at a given well site.

For a pump differential pressure of 600 psi, the cor-
responding liquid volume flow rate, slip, and liquid
volumetric efficiency for this design of the one-stage
gerotor pump is estimated as 2,488 bpd, 842 bpd, and
75%, respectively. The capability of using the scaling
plot from the prototype pump oil tests to estimate field

Fig. 9 The scaling plot between the liquid volume flow
rate and differential pressure.
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Fig. 10 The scaling plot between the liquid slip and
differential pressure.
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Fig. 11 The scaling plot between the liquid volumetric
efficiency and differential pressure.
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Table 4 A summary of the regression results from the scaled plots.

Y-Intercept Slope R? Value
Scaled Liquid Flow Rate, Q /N (bpd/rpm) 1.1297 -8,554.3 0.9772
Scaled Liquid Slip, S//N (bpd/rpm) -0.1784 8,554.3 0.9772
Liquid Volumetric Efficiency, n,, (%) 118.75 -899,130 0.9772

operation parameters will aid in the optimization of
the current pump design to reduce the amount of slip,
and therefore, increase the pump throughput and liquid
volumetric efficiency.

Oil-Air Tests

The results discussed next are for each rotational speed
studied during the test using mineral oil and air. The
plots show a variation of the total fluid volume flow
rate, total slip (maximum theoretical volume flow rate
less flow rate of gas and liquid), total volumetric effi-
ciency and total electric input power to the VFD with
differential pressure at GVIs of 0%, 10%, and 15%,
respctively. For the test at 200 rpm, only one reading
for the test point at 10% GVI and an almost closed
valve setting could be obtained. The pump could not
support the flow for the remaining tests at a rotational
speed of 200 rpm at 10% and 15% GVF.

Figures 12, 13, and 14 present the variation of the total
volume flow rate with a differential pressure at 250 rpm,
300 rpm, and 350 rpm, respectively. For all speeds and
GVF > 0%, the general trend in the plots is a decrease
in total flow rate with increasing differential pressure,
which is similar to the trend observed for the oil only
(single-phase) tests. Furthermore, for GVIF > 0% and
at a specific differential pressure, the total volume flow
rate increases with the increasing rotational speed,
similar to observations in the oil only (single-phase)
tests. For each rotational speed, and comparing results
at a given differential pressure, the total volume flow
rate increases with the increasing GVF for the range

Fig. 12 The total volume flow rate vs. differential pressure
at 250 rom (GVF: 0%, 10%, and 15%).
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Fig. 13 The total volume flow rate vs. differential pressure at 300 rpm
(GVF: 0%, 10%, and 15%).
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Fig. 14 The total volume flow rate vs. differential pressure at 350 rpom
(GVF: 0%, 10%, and 15%).
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Fig. 15 The liquid volume flow rate vs. differential pressure at 300 rom
(GVF: 0%, 10%, and 15%).
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of differential pressures during the test.

This trend was more evident with increasing rota-
tional speeds and also shows that at 350 rpm, the plots
for GVF > 0 will tend to fall below that of GVF =0
beyond a differential pressure of 10 psi. Higher total
volume flow rates with increasing GVF over certain
ranges of differential pressures have been observed
for metal-to-metal PCPs”®. Such trends persisted for
higher rotational speeds and GVFs up to 50%, and
was not evident for lower rotational speeds.

In Ejim et al. (2020)°, a linear decrease in the liquid
volume flow rate with differential pressure was observed
for the different GVFs studied at a rotational speed
of 300 rpm. A similar trend was also observed in this
test, Fig. 15. For a given valve setting, the volume flow
rate of liquid decreased with an increasing GVF. This
is consistent with the flow physics, whereby as the gas
occupies more volume in the flow, the volume flow
rate of the liquid decreases.

Total Slip vs. Differential Pressure

The variation of total slip with differential pressure is
shown in Figs. 16, 17, and 18. The trend in the figures
1s opposite those observed for the total volume flow
rates previously discussed. The figures show that for
all the GVTs, the total slip increases with an increasing
differential pressure. For the same differential pressure,
the total slip decreases with an increasing GVF. In
addition, increasing the speed reduces the magnitude
of the total slip.

Total Fluid Volumetric Efficiency vs. Differential
Pressure

The change in total fluid volumetric efficiency with
increasing differential pressure is presented in Figs. 19,
20, and 21. Similar to the plots for the total volume flow
rate, the general trend in the plots is a decrease in total
volumetric efficiency with an increasing differential
pressure. In addition at a given differential pressure,
the total fluid volumetric efficiency increases with an
increasing rotational speed. At each rotational speed
and a given differential pressure, the total volumetric
efficiency increases with an increasing GVF for the
differential pressures tested. For instance, at 300 rpm
and a differential pressure of 7 psi, the total volumetric
efficiency varies from approximately 47% at GVF =
0% to approximately 57% at GVF = 15%. The increase
in total volumetric efficiency with an increasing GVF
over certain ranges of differential pressures has also
been observed”®.

For GVF > 0, comparing the liquid volumetric ef-
ficiency variation with differential pressure (at 300
rpm) with those obtained®, also at 300 rpm, a similar
negatively sloping trend was observed, Fig. 22. For
a fixed valve setting, the liquid volumetric efficiency
decreases with an increasing GVF. This is consistent
with a decrease in the liquid volume flow rate with an
increasing GVF as observed and highlighted in Fig. 15.

Total Power Input vs. Differential Pressure

Figures 23, 24, and 25 show the variation of the elec-
tric power input to the VI'D, with pump differential

Fig. 16 The total slip vs. differential pressure at 250 rpm
(GVF: 0%, 10%, and 15%).
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Fig. 17 The total slip vs. differential pressure at 300 rom
(GVF: 0%, 10%, and 15%).
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Fig. 18 The total slip vs. differential pressure at 350 rom
(GVF: 0%, 10%, and 15%).
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pressure. For each rotational speed and GVF > 0%,
overall, the input power decreases with a decreasing
differential pressure, similar to the oil tests. For a given
rotational speed and given differential pressure, the
input power decreases with an increasing GVF. For
example, at 300 rpm, and approximately 7 psi differ-
ential pressure, the input power is approximately 176
W for GVF = 0%, and decreases to approximately
158 W as the GV increases to 15%.

The lower input power with an increasing GVF im-

plies a decrease in energy requirement of the pumping
operation as more gas is introduced into the system.



Fig. 19 The total fluid volumetric efficiency vs. differential
pressure at 250 rom (GVF: 0%, 10%, and 15%).
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Fig. 20 The total fluid volumetric efficiency vs. differential

pressure at 300 rom (GVF: 0%, 10%, and 15%).
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Fig. 21 The total fluid volumetric efficiency vs. differential

pressure at 350 rpom (GVF: 0%, 10%, and 15%).
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Increasing the rotational speed for each GV condition
shows that the electric power input to the VFD also
increases. For the GVF = 15% and approximately 7
psi, the input power varies from approximately 156
W at 250 rpm to approximately 175 W at 350 rpm.
Similar to the oil tests, the increase in input power
implies higher energy demand by the system to work
on the fluid as the rotational speed increases.

Conclusions
This study was about the physical testing of a prototype

equal-walled gerotor pump to ascertain its performance
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characteristics when pumping oil (GVF = 0%) and
oil-gas mixtures (GVF = 10% and 15%).

The performance parameters presented were vol-
ume flow rate delivery, slip, and volumetric efficiency
at rotational speeds of 200 rpm, 250 rpm, 300 rpm,
and 350 rpm. The capability of the pump to follow
scaling relationships based on some of the operating
conditions was also investigated. These tests were part
of the process toward determining the physical perfor-
mance of the pump to ascertain areas of improvement
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Fig. 22 The liquid volumetric efficiency vs. differential pressure at 300 rpm

(GVF: 0%, 10%, and 15%).
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Fig. 23 The total power input vs. differential pressure at 250 rom

(GVF: 0%, 10%, and 15%).
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Fig. 24 The total power input vs. differential pressure at 300 rpm
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Fig. 25 The total power input vs. differential pressure at 350 rom
(GVF: 0%, 10%, and 15%).
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before ultimately a field prototype is designed and
manufactured.

Results from the oil tests showed that the volume
flow rate and differential pressure had a negatively
sloping linear relationship. For GVF > 0, the total
volume flow rate increased with an increasing GVF,
for certain differential pressures. The total volume
flow rate increased with an increasing rotational speed
for all GVFs. This trend was also observed for the
volumetric efficiencies, and the inverse was the case
for the variation of the total slip with an increasing
differential pressure. The total electrical input power
to the VIFD increased with an increasing rotational
speed for all GVFs. For a given GVI and differential
pressure, the input power decreased with the increasing
GVTF. This was consistent with a reduction in the energy
required by the pumping operation as additional gas
enters the system.

Pump performance scaling was observed from the
oil tests. The volume flow rate and slip scaled with
the rotational speed, whereas the differential pressure
scaled with the square of the rotational speed. The data
points in the corresponding scaling plots overlapped
one another. This indicates that a single universal plot
can be used to estimate the pump performance at a
higher rotational speed at a given flow rate or volu-
metric efficiency and differential pressure.

Opverall, the performance trend of the prototype
equal-walled gerotor pump is similar to those in the
cited references. From the results and observations
during the test, there are different components of the
pump with room for optimization. The plan going
forward is to incorporate the optimized features in
the next generation of the gerotor pump.
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Nomenclature
D = displacement, L*/rev, inch® per revolution

N = rotational speed of the pump shalft, t!, rpm
Q = volume flow rate, L/t, bpd

S =slip, L3/t, bpd

n = efliciency, %

Subscripts
G = gas phase
L = liquid phase

V' = volumetric
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Abstract /

The permeability of rock fractures and its variation with effective stress is of considerable interest in broad energy and
environmental applications, such as enhanced oil and gas from hydrocarbon reservoirs, geothermal energy extraction,
and geological carbon storage, among others. The permeability of a rock fracture is a complex function of various
static parameters, including mechanical aperture, surface roughness, and fracture contact areas, all of which are the
function of effective stress acting on the fracture walls.

Advanced Resistivity Modeling to Enhance Vertical and Horizontal Well Formation Evaluation
Mohamed S. Mahiout, Dr. Chengbing Liu, Ralf Polinski and Moshood Kassim

Abstract /

Accurate formation evaluation relies on, among other inputs, the correct true formation resistivity (Rt). The common
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Unfractured wells results in locked and unproduced potential gas.
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