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ABSTRACT

Well stimulation is a common practice in petroleum engineering, applied when
the production does not meet expectations. Acid jetting is one of the acid stimulation
methods, used in carbonate reservoirs where formation damage is present. In acid jetting,
an acid solution is “jetted” unto the wellbore surface in the producing zone with the
objective of removing the mud filter cake and bypassing the damaged zone by creating
wormbholes. As for any other stimulation treatments, experimental core studies are
performed to get a better understanding of the process and how it can be controlled to
achieve successful treatments.

Previous experimental studies have revealed a trend in the experimental results of
high velocity acid jetting, namely the formation of a cavity in the vicinity of the injection
nozzle, often followed by wormhole propagation from the cavity, throughout the core.
These observations have raised the need for a thorough study. For this study, more
experiments are run with the objective of qualitatively identify the key parameters
affecting the dissolution pattern observed and compare their relative impact.
Experiments are conducted on Indiana limestone and Winterset limestone cores of
dimension with 15 wt% hydrochloric acid. Different injection rates were used in the
experiments, while holding a constant pressure differential across the core, determined
from a desired initial interstitial velocity. Permeability values of the cores range from

0.70 mD to 11.50 mD with porosity values between 12% and 25%.
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The experimental results show that the key parameters to acid jetting experiments
are interstitial velocity across the core, pressure difference across the core, rock
permeability, rock heterogeneity and/or pore structure, and acid injection rate. The
interstitial velocity across the core appears to be the governing parameter, at all injection
rates used. CT scans of the cores after experiments also suggest the existence of
optimum conditions for the pressure difference, corresponding interstitial velocity and
flux, at which the acid forms a minimal cavity and a less-branched, straight wormhole to

breakthrough. These optimum conditions vary with the acid injection rate.
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CHAPTER I

INTRODUCTION

I-1 Background on Formation Damage and Well Stimulation

Formation damage is a term which refers specifically to impairments occurring in
the near-wellbore region of a well in rock matrix. Formation Damage could be reversed
by suitable matrix stimulation treatments. Matrix stimulation is accomplished by
injecting a fluid, which could be an acid or a solvent, below the fracturing pressure of
the formation (McLeod, 1984). In sandstones, the injection fluid is expected to dissolve
and/or disperse materials causing production impairment in sandstones. For carbonates,
the fluid will create wormholes, which are flow channels extended into the formation
from the wellbore. If properly planned, considerable production improvement can be
achieved with matrix stimulation. While the productivity index, PI, is an indicator of
well performance, the key parameter to quantify the productivity impairment and the
effectiveness of a stimulation treatment is the skin factor “s”. Below is an illustration of
how skin factor can be computed and how it correlates with productivity index.

The productivity index of a vertical oil well evaluated at pseudo steady state
conditions, with no production impairment is given in field units by

_ q _ kh
Pl e = T m I @Igy +rrre (1.1)
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where k is the permeability, r. is the payzone equivalent radius, h is the payzone
thickness, u is the oil viscosity, B is the oil formation volume factor and r, is the
wellbore radius; all in field units.

The Hawkins’ formula in equation 1.2 can be used to determine the damage skin
effect by assessing the relative effect of permeability impairment and the penetration of
damage. In this case the impairment due to damage is reflected as a pressure drop

through skin effect, and the resulting damage skin factor can be computed as

s=(S-1)In= (1.2)
for vertical wells, and
k 1 I's I's
s = (ﬁ - 1) 1n[Iani+1 (r—v‘: + \/(r—:)z +12, — 1)] ............... (1.3)

for horizontal wells, where the subscript s denotes properties in the damaged region, the
subscript H means horizontal, and L,,; is the anisotropy ratio, defined as the square root
of the ratio of the horizontal permeability and the vertical permeability.

The near wellbore region controls productivity; it was observed that damage in
this region can significantly decrease production by restricting flow in the formation.
Formation damage can be natural or induced. Induced damage results from external
factors such as well drilling, completion, workover, stimulation, or injection operation.
Natural formation damage is caused by producing reservoir fluid with effects such as
fines migration, swelling clays, scales and organic deposits (Hill et al., 2000).

In the field, matrix stimulation treatments with injection below fracture pressure

from tubing, drill pipe or coiled tubing usually include a sequence of several fluids,



named stages. A typical minimal treatment schedule will have three stages. The first one
is a preflush stage with a non-damaging, non-reactive fluid, until the desired injection
rate is achieved. The second stage is the injection of the main treating fluid. The third
and last stage is the overflush stage, where the main treatment fluid is cleared out of the

tubing and is displaced into the near-wellbore area. (Economides et al., 2013)

I-2 Background on Acid Stimulation: Carbonate Acidizing

An acid matrix treatment is a technique to stimulate wells in order to improve
well performance. Hydrochloric acid (HCl) is used for carbonate acidizing because it is
highly reactive with calcite and dolomite. The reaction of limestone (calcium carbonate,
CaCOs) with HCl is:

CaCO; + 2HCl = CaCl, + H,0+COy.evveiieee (1.4)
For dolomite (CaMg(CO3),), the reaction is:
CaMg(C0O3), + 4HCl — CaCl, + MgCl, + 2H,0 + 2CO,................ (1.5)

In carbonates, formation damage is bypassed to yield new flow channels
(wormholes), resulting in a reduced pressure drop (decrease in skin effect). The
wormhole configuration is generated because the acid moves in the largest pore throats,
vugs and/or fissures and enlarges them. The number of wormholes show a relationship
with the pore-size distribution (Schechter and Gidley, 1969). Figure 1 illustrates the

matrix acidizing treatment outcome in carbonates for a vertical well.



Figure 1: lllustration of Matrix Acidizing Treatment Outcome in Carbonates
(Akanni, 2014)

In acidizing treatments, the acid solution is injected into the formation below

fracture pressure to increase the permeability of carbonates near the wellbore. Formation

properties such as permeability and porosity determine the characteristic of fluid flow, as

they are continuously altered during acid-rock dissolution.

Acid reaction with carbonate rocks is governed by three mechanisms namely

wormhole propagation, compact dissolution and radial flow. At low injection rates,

compact dissolution occurs as the formation face is dissolved to enlarge the wellbore.

Wormbholes start to form when the flow rate is increased to where the Peclet number is

approximately 1. The Peclet number of a physical quantity is a dimensionless number



comparing the advection rate to the diffusion rate driven by a gradient. For mass

diffusion, the Peclet number is given by

where L is the characteristic length, U is the velocity and D is the mass diffusion
coefficient.

When highly reactive fluids are used, the surface dissolution reaction is
considered instantaneous and therefore the kinetics of wormhole propagation is
dominated by mass-transfer (diffusion), meaning that it depends on how fast the acid is
brought in contact with the rock surface. However, if the acidizing fluid flow rate is too
fast, the fluid would break through the damaged zone before any wormholes have a
chance to form, resulting in a more homogeneous etching pattern. Experiments have
established the existence of optimum conditions at which efficient wormholes are

formed with the least amount of acid injected, as seen in figure 2.



Pore Volumes to Breakthrough

Acid Flux

Figure 2: Wormhole efficiency curve for Indiana limestone with corresponding
high-resolution CT images. (McDuff et al. 2010)

As mentioned in the previous section, the efficiency of the acid treatment is
reflected by the change in skin factor, and it is has been shown that the type of wormhole
has an impact on the skin factor improvement during treatment.

Hung et al. (1989) and Guo et al. (2007) determined that the propagation and
structures of the wormholes depend on four main factors: the flow geometry, the
injection rate (mass transfer rate), the reaction kinetics, and the fluid loss rate. There are

several wormhole propagation models accounting for growth rate, optimum injection



rate and wormbhole structure. A notable model is the semi-empirical approach proposed
by Buijse and Glasbergen (2005). Here the growth rate of the wormhole front is modeled
as a function of interstitial velocity of the acid which itself is a function of acid injection
rate. The model is semi-empirical, and parameters such as permeability, mineralogy,
temperature and acid concentration are not modeled explicitly. These parameters are
rather incorporated in the model in two constants, Weg and Wp, which are determined
experimentally from the results of core flood tests. They are determined from the

optimum values of interstitial velocity (vi.opi) and pore volume to breakthrough (PVy.op)

as
1/3
_ i—opt
Wess PVpeogge 77T (1.6)
4
W = L T TP PP PP PSP PPPPPPPIPPPOOS (1.8)
i—opt
and interstitial velocity is, v; is defined as
Vi S e, (1.9)

1

angore-q)
where, Q is volumetric injection rate in m>/s, deore is core diameter in m, ¢ is porosity.
The breakthrough pore volume is defined as

1/3
Vi V-/

vat:m:m ..................................... (110)

where, vy, 1s the velocity of wormhole front in m/s, and the B-function which describes
the compact dissolution regime at low values of v; is given as
B(vi) = (1 —exp(—Wg. V) 2. ..o, (1.11)

B(v;) is equal to 1 for v; at or above optimum.



Figure 3 shows a typical plot of breakthrough pore volume, PVbt, versus

interstitial velocity, v;, generated by the Buijse-Glasbergen model.
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Figure 3: Core Flood Test Results. Pore Volume to Breakthrough vs Acid
Interstitial Velocity (Buijse-Glasbergen, 2005)

-3 Background on Acid Jetting

Acid jetting is a stimulation technique which relies on both mechanical and
chemical action between the injection fluid and carbonate rock. It is based on carbonate

mechanical integrity and solubility in acids. Acid jetting is the result of a chemical



reaction — dissolution of the carbonate rock in acid, and a mechanical action — injection
of high velocity fluids created through high differential pressure orifices. Figure 4

illustrates a jetting procedure.

Figure 4: Schematic of Acid Jetting in a Damaged Well (Kalfayan, 2004)



Acid jetting is similar to matrix acidizing in that acid is injected below the
formation fracture pressure and the wormholes formed could potentially bypass the
damage zone (Holland, 2014). Additionally, acid jetting could also accomplish the task
of mud filter cake removal, as the high velocity fluid hits the wellbore area (Mikhailov,
2007). The efficiency of the acid jetting treatment, in terms of pore volume to break
through, is considerably reduced by the initial formation of a cavity around the injection
nozzle, prior to wormhole propagation (Holland, 2014). On the other hand, acid jetting
could achieve proper acid placement for matrix stimulation, where thief zones would be
avoided and the acid received in the targeted zones (Sasongko, 2012). Figure 5 shows a

procedure of jetting in a horizontal well.

formation

wormhole
filtrate damage $ 1 1

filter cake

seawater bit
wellbore

Figure 5: Acid Jetting Operation in an Openhole Horizontal Well in a Carbonate
Reservoir (Mikhailov et al., 2008)
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Regular acid jetting treatments in the field are achieved through coiled tubing,
drill pipe or control acid jet. The effectiveness of jetting depends on the stand-off
distance, the fluid velocity, the jet stream profile and the pulsation effect from a rotating
jet as compared to a stationary jet (Aslam, 2000, Holland, 2014). In the field, a rotary
action is required for perforation coverage, as well as screen or openhole coverage.

Figure 6 shows a picture of a rotary jetting nozzle.

Figure 6: Rotating Jetting Nozzle (Tempress, 2014)

Early acid jetting jobs were achieved with simple coiled tubing and a nozzle.
These days, more sophisticated methods are available, to achieve larger jobs and reach

more complex targets. Figure 7 shows a commercial jetting nozzle designed recently.

11



Figure 7: Commercial Jetting Nozzle (Limar, 2013)

A recent application of acid jetting in carbonates is for a combination of chemical
drilling and acid stimulation, called acid tunneling. It is a modified method of the
selective stimulation using coiled tubing. The acid tunneling process involves
constructing some highly stimulated lateral tunnels in the original well. High
permeability drain holes can be constructed in the carbonate formations, without using a
drill bit as shown in figure 8 and 9 (Portman et al. 2002). The technique can be used to
stimulate horizontal and vertical wells, old or new, injector or producer. This method
could provide a greater connectivity to the natural fracture system of the formation and
create stable tunnels inside the formation by jetting the acid at high rates using coiled
tubing. It could also potentially increase the well drainage area by creating tunnels and
creating wormholes in the formation from the tunnels. This process would then bypass
the near wellbore region where the damage is to be located (Siddiqui et al., 2013). The

very first field application of acid tunneling occurred in 2005 in the Mara field of

12



Western Venezuela, as an alternative to both initial new well stimulation and producing
well maintenance. A considerable and sustained improvement in production was

observed (Moss et al. 2006, Rae et al. 2007)

Figure 8: Jetting Nozzle Assembly for Acid Tunneling (Portman, 2002)
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Figure 9: 3-ft Deep Tunnel Made during 2001 Surface Testing in Indonesia
(Stanley, 2010)
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CHAPTER 1I

ACID JETTING EXPERIMENTS

II-1 Objectives

Three related experimental studies were previously performed (Mikhailov, 2007,
Zhang, 2009, Holland, 2014). The first and second studies have shown the effect of low
velocity water and acid injection on mud filter cake removal and wormhole creation
(Mikhailov, 2007, Zhang, 2009). The third study conducted by Holland (2014) initiated
an investigation on how high velocity acid injection affects the core’s surface and the
rock’s dissolution pattern. The study also compared the stimulation results between acid
jetting and matrix acidizing by comparing the PVy,.op and vi_op between acid jetting and
matrix experiments at similar conditions. The objectives of the current study follow the
observations made after all three studies. The purpose will therefore be to:

1- Identify the key design parameters in the formation of cavity and wormhole

during acid jetting experiments.
2- Assess the relative importance of each parameter.

3- Initiate a scientific basis to enable future modeling of this process

15



II-2 Experimental Setup

The experiment setup is identical to the one used by Holland (2014). Figure 10

provides a schematic of the acid jetting experiment setup.

II-2-1 Equipment
The experimental apparatus is composed of:

- A pulse pump: Chem/Meter 800 series pulse pump

- A core holder

- A hydraulic pump: Enerpac Co. Model P392 hand pump

- Two back pressure regulators

- A data acquisition system: a pressure transducer, a weight scale, a National
Instruments signal processing board and a computer with National Instruments
LabView 2012 Software.

- A permeability-measuring device, using a syringe pump, to set a constant flow
rate through the core. Figure 11 presents a general schematic of the permeability
measurement apparatus setup.

- A time recording system: A timestamp smartphone application and an online
computer timer were used to correctly match the pressure and weight data (saved
via Labview using the central processing unit’s time) with the record of acid

injection.

16
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17




5 &
s Pump < ¢ xz
' 4
ER_" .
.ngw,l_ ‘B
i

A

.

j

& e, O

f-' Transducers ;,T_
|

I | N

|

8PR . .
O [ 2hT - | 1B
| . e
]Oann
L Pump
! (v

Q@

oy l =

-
i |

; Injection
Fluid
Heater

.
-

Figure 11: Permeability Test Apparatus Schematic (Grabski, 2012)
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A detailed description of the permeability measurement apparatus can be found
in Grabski (2012) work.

A detailed description of the acid jetting apparatus can be found in Holland
(2014) work. Figure 12, 13 and 14 show the actual setup during acid jetting

experiments.

Figure 12: Experimental Setup - Core Holder and Fluid Collector System
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Figure 13: Experimental Setup - Acid and Waste Tanks
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Figure 14: Experimental Setup - Water Tank and Injection Pump

II-2-2 Rock Samples

The rock samples used for this study were Winterset limestone cores and Indiana
limestone cores. They all were 16 inches in length and 4 inches in diameter. Figure 15
and figure 16 show details of Winterset and Indiana limestone cores respectively. A

summary of all the cores used for this study and their properties can be found in Table 1.
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Figure 15: Winterset Limestone Core Figure 16: Indiana Limestone Core
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Table 1: Description of Cores Used for Study

Core ID Type Perr(nni?;ility Porosity (%) Inject(igtr/lszfceilocity
19-IL 5.44 15.2 107
20-IL 1.69 12.9 107
21-IL 1.52 14.6 107
23-IL 2.40 15.2 107
ILO1 5.86 15.3 150
1L02 . 9.64 15.7 200
1L03 limestone 10.71 15.8 107
1L05 10.50 15.8 150
1L06 11.12 15.8 150
1L07 5.66 15.4 107
WS02 0.76 22.42 200
WS03 Winterset 0.71 23.42 107

Wwso4 | limestone 1.00 22.49 107

Limestone is a sedimentary rock dominantly composed of the calcium-bearing
carbonate minerals calcite (or calcium carbonate, CaCO3). Limestone dissolves readily
and effervescently in strong acids with the generation of carbon dioxide gas, and the
rapidness of the reaction increases with increasing calcite content.

Indiana limestone, a common term for Salem limestone, has been noted to have

the highest quality quarried limestone in the United States. It is very homogenous and is
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made of approximately 99.9 % calcite. Figure 17 and figure 18 show details of Indiana
Limestone cores available from Kocurek industries, with porosity of 18% and 14%
respectively, as described in table 2. The permeability of the Indiana limestone cores

used ranged from 1mD to about 11mD.

Table 2: Indiana Limestone Specifications from Kocurek Industries

Formation Bedford Bedford

3 mD- Brine Permeability; | 9 mD- Brine Permeability;

Permeability 9 mD- Gas Permeability | 17 mD- Gas Permeability

Porosity 14% 18%
Uniaxial Compressive Strength 5,000 psi 5,000 psi
Homogeneous YES YES

Figure 17: Indiana Limestone from Kocurek Industries (9-mD average permeability)
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Figure 18: Fine Indiana Limestone from Kocurek Industries

The Winterset limestone cores used had permeability less than 1mD and a
porosity of about 23%. Figure 19 shows details of a typical Winterset limestone core
available from Kocurek industries with specifications in table 3. Compared to Winterset
limestone, the Indiana limestone acid jetting experiment results were more predictable,

yet some interesting trends were observed.
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Table 3: Winterset Limestone Specifications from Kocurek Industries

Formation Kansas

5 mD- Brine Permeability;

Permeability 15 mD- Gas Permeability

Porosity 19%
Uniaxial Compressive Strength 4,000 psi
Homogeneous NO

Figure 19: Winterset Limestone from Kocurek Industries
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Winterset limestone is different from Indiana limestone in terms of rock
heterogeneity and response to the acid jetting treatment. It is very porous (~20-25%), yet
has a very low permeability (<Imd), therefore requiring high pressure differences across
the core to achieve steady flow or high interstitial velocities during the experiment. From
a geological standpoint, the Winterset limestone is a series of finely crystalline thin-
bedded grayish limestone beds separated by shaly siltstone and claystone partings. It also

contains calcareous fossil fragments.

II-2-3 Chemicals

The chemical solution used for this experiment is 15 wt% hydrochloric acid with
0.5 vol% (25mL) of Schlumberger A262 Corrosion Inhibitor. The solution has to be
made fresh for each new experiment by diluting the 36.46 wt% HCI solution purchased

(Manufactured by Macron Chemical Co.).

II-3 Experimental Procedure

The experimental procedure can be summarized as follows:
- Label the core following a naming convention established for the study.
- Record the core’s dry mass, assuming that the pore space is only occupied by air.
- Saturate the core with water using a vacuum suction pump, which forces water
imbibition and air drainage, during eight hours or more.

- Record the core’s mass after saturation
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Perform a permeability test, using a syringe pump, with the setup as shown in
Figure 11. For more details on the permeability test procedure, please refer to
Holland (2014). For more details on the equipment setup for the permeability
test, please refer to Grabski (2012).

Record the core’s mass after the permeability test, this mass is expected to be
approximately 5% (or less) larger than the recorded weight after saturation, if
that is not the case then the future core water saturation time need to be increased
accordingly. Also note that the permeability test is much faster when the core is
fully water saturated. Therefore, another indication of an inappropriate saturation
time is the duration of the permeability test.

Calculate the core’s porosity using the formula below:

(I) __ Porevol. _ Vol. of fluids forced into the pore space __ saturated mass—dry mass

@.1)

" Totalvol. Total vol. fluid density *total vol.
Once the core permeability and porosity are determined, given a desired average
interstitial velocity, the corresponding average pressure difference across the core

1s determined as

AP =2 2.2)
and for a core 16-inches long, we have
AP=995451% e 2.3)

where | is the viscosity in centipoise (cp), v; is the interstitial velocity in cm/min,
L is the core length in inches, ¢ is the porosity as a fraction, and k is the

permeability in mD. The interstitial velocity v; is defined as:
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V(o) = (2.4)

min Ad
Aem?) =2 (D222 2.5)
o 2.6)

min 96.43uL
Once the average pressure difference across the core is determined, an acid
injection velocity is selected and the acid jetting procedure follows. The injection
velocity is obtained from the fluid flow rate from the pump, the pump capacity,

and the nozzle area as follows:

fty _ 4
(? L LR R TR T TRPPP PP POPRPRPPPPRR (2.7)
For a 0.0225 in ID nozzle:
_Tp2_"T o e\ 6 pp2
4=2p?=2(00225in- L) = 27612 x 10°ft2....... 2.8)
fe3y _ gal . 1ft3 1hr
Q(T) = 16.3 — X.pump capacity X —— al X 38605 (2.9)

The pump capacity is adjusted manually by a micrometer adjustment from 0 to

100%. Table 4 shows corresponding injection velocities and pump capacities.

Table 4: Injection Velocity and Corresponding Pump Capacity

Injection velocity (ft/sec) | Pump capacity (%)
100.19 45.75
106.76 48.75
150.01 68.50
200.38 91.50

The acid jetting process consists of four main stages: the preflush stage with

water to establish a constant pressure difference (i.e. constant flux through the
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core), the acid preparation stage, the acid injection stage which lasts either
twenty minutes or until acid breakthrough, whichever comes first, and the post-
treatment flush stage with water to wash-off the acid from the system before
stopping.

After the experiment is completed, the core is taken out of the core holder,
further rinsed, then weighed to estimate the bulk volume dissolved during the

experiment as follows:

bulk volume dissolved = (1_¢)(msatw;ied_m””“_"emng Weore ... (2.10)
saturated
where
D 2
A T @.11)

With this value, we use the hydrochloric acid volumetric dissolving power y and
mass dissolving power f at the given concentration and temperature assuming
constant acid concentration during the experiment to estimate the total volume of
acid used. The mineral is assumed to be 100% CaCO3. The acid concentration is

assumed to remain constant, at the initial concentration, during the experiment.

__ bulkvolume dissolved

Vacid - dissolving power " TTtTTttiuteeteeseesee (2 12)
Pacid solution
= P 2.13
X ﬁ Pmineral ( )
p = tmineratMWminerat (2.14)

Vacid MW gcid
where v is the species stoichiometric coefficient in the chemical reaction

2HCl + CaC0O3 — CaCl, + CO, + H,0
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where vy equals 2, Veqep,is 1, MWyc is the molecular weight of hydrochloric

acid and is equal to 36.5 g/mol, and MW ,co3 is the molecular weight of calcite
and is equal to 100.1 g/mol.

The mass dissolving power for the reaction between pure HCI and CaCOj is

_ (1)-(100.1) gCacCoO3
Broo = G aer = BT g (2.15)

Therefore for 15 wt% HCI we have

1 gCaCo3

315 == 0.15,3100 == 0.2 gHCL

Since ppcy is 1.07 g/cm3 and pcacos 1s 2.71 g/cm3

Pacid solution gCaCo03 1'07511;3 cm3Caco;
Xis = P15 — =021 =0.0829 ———=-.. (2.17)

Pmineral gHCl 2-7167‘:%3 cm315%HCL™"

CT scan the cores to get images of the wormholes inside the core, it also enables
us to measure some properties such as volumes and lengths of the observed
dissolution patterns in the rock.

Post-jetting permeability test if the core did not break through to determine the

length of the stimulated zone from the relationships below:

Lstimutatea = L — Lunstimutatea = 16 — Lynstimuiated--+++---- (2.18)
L
Lynstimutatea = BPrinar * (APinitial) .................... (2.19)

where, APfipq is the equilibrium pressure difference across the core during the

post-jetting permeability test and AP;,;¢iq: 18 the equilibrium pressure difference
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across the core during the initial permeability test. This length can also be

measured directly from the CT scan images,

[I-4 Experimental Design

[I-4-1 Key Parameters

As stated before, one objective is to assess the key parameters in acid jetting with
respect to dissolution patterns. For that reason the design of the experiment and the
subsequent result analysis have more of a qualitative taste than quantitative. A
quantitative analysis will be included for further analysis of this process, as future work.
Once the core permeability and porosity are determined, an injection rate and an average
interstitial velocity are selected. From the interstitial velocity, a corresponding pressure
difference across the core is calculated, based on previous results and expected outcome.
Important factors during the acid jetting experiment include the differential pressure
behavior, the effluent fluid flow rate behavior and whether or not the acid breaks through
the core, and the time for the jetting experiment. More information is obtained after the

experiment, especially from the CT scan images.

[I-4-2 Observations
a) Constant Pressure differential across the core
It is observed that the set initial differential pressure would fluctuate during the

experiment. The fluctuation is more pronounced for larger interstitial velocities. After
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the experiment, an average pressure difference over the acid injection period is
considered for data analysis. Figure 28 and Figure 29 are respectively pressure responses
for ILO5 and IL06, both at 150 ft/s acid injection rate from the pump. It is observed that
the pressure difference across core ILOS remains steadier than the pressure difference
across core IL06. The average interstitial velocity for core ILO5 ends up being
0.23cm/min, with no breakthrough (20 minutes of acid injection). For core IL06, the
average interstitial velocity is 0.71cm/min, which is more than twice the initial value and
the acid broke through after 15minutes of acid injection.

During the experiment, the variation in pressure difference is also an indication of
whether the core would break through or not. Usually when the core is about to
breakthrough, we observe a repeated series of slight increase in pressure, then a sharp
drop in pressure difference. As soon as breakthrough is observed we should
simultaneously switch to water injection and reduce the pressure difference to zero psi to
stop the flow of acid in the core and prevent further reactions.

For 107ft/s a similar trend 1s observed illustrated here by the pressure difference data
of core IL03 and core ILO7 in figure 30 and figure 31 respectively. Core IL03 has an
initial interstitial velocity of 0.21cm/min and an average interstitial velocity of
0.42cm/min after 17 minutes of acid injection. Core IL07 has an initial interstitial
velocity of 0.17 cm/min and an average interstitial velocity of 0.20 cm/min after

20minutes of acid injection.
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b) Average flux

The flux through the core is observed as the derivative of the effluent fluid
accumulation during an experiment. It is observed that it correlates with the pressure
difference across the core, therefore it also correlates with the dissolution rate and
dissolution pattern inside the core. For low initial interstitial velocities, the flux remains
approximately constant which may be observed as the accumulation (mass) is steadily
increasing with time at a constant or slightly decreasing rate (straight line or concave
down). For higher initial interstitial velocities, the accumulation is increasing at an
increasing rate (concave up). Figure 32 and figure 33 show pressure and weight data for
core ILO5 and core IL06 respectively. The sharp increase in weight observed towards the
end is due to acid breakthrough, where the fluid now follows the wormhole path and

flows freely through the core.

c) Equipment limitations

- Core dimensions

At this time, the experimental apparatus only allows one core size. The length of
the core sample is 16 inches, and the diameter is 4 inches.

- Permeability Requirements and Pressure constraints

The desired interstitial velocity leads to the desired pressure difference across the
core, using equation 2.2. It is observed that permeability is inversely proportional to the
pressure difference for a set value of interstitial velocity and porosity. Our equipment

can currently handle up to 1500 psi of pressure difference across the core holder. For

34



1500 psi of pressure difference across the core, the minimum core permeability values

are found in Table 5.

Table 5: Minimum Permeability VValues Allowed for Desired Interstitial Velocity
and Porosity Values

¢=10% ¢=15% $=20% ®=25%
vi (cm/min) minimum permeability allowed (mD)
0.25 0.17 0.25 0.33 0.41
0.5 0.33 0.50 0.66 0.83
1 0.66 1.00 1.33 1.66
1.5 1.00 1.49 1.99 2.49
2 1.33 1.99 2.65 3.32
3 1.99 2.99 3.98 4.98
4 2.65 3.98 5.31 6.64
5 3.32 4.98 6.64 8.30
6 3.98 5.97 7.96 9.95
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1I-4-3 Experiment Results of Importance
a) Core Mass Before and After Jetting: Volume of Rock Dissolved
As described in I1.3, unlike matrix acidizing, where a known volume of acid is

injected into the core at a constant flow rate in an open system, acid jetting is performed
under constant pressure in a closed system where the spent acid is recycled back into the
system. With the increasing amount of spent acid as the reaction proceeds (especially at
high interstitial velocity and/or high pump injection rate), it is observed that the total
acid concentration changes during the process, hence discarding the assumption of
constant concentration used for stoichiometric considerations to obtain an approximate

pore volume to break through.

b) Cavity Depth and Volume, Wormhole Length and Density
The major part of the analysis is to study the dissolution pattern following an acid
jetting experiment. Generally a cavity forms along the injection path and wormholes
initiate from the bottom of the cavity. Depending on the application of the treatment,
whether it is for conventional acid jetting or acid tunneling, one will be more interested
in the cavity formation, the wormhole propagation or both. Data from the CT scanner

enable us to quantify both the cavity properties and the wormhole properties.

c) Acid Breakthrough

The experiments are designed for a maximum of 20minutes of acid injection. The

experiment is ultimately stopped as soon as we observe acid breakthrough. Achieving
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breakthrough is an initial assessment of the effectiveness of the acid treatments,

especially combined with the injection time.

d) Pressure Difference across the Core
This measurement correlates with the evolution of the interstitial velocity during the
treatment. As explained in the previous sections, a qualitative analysis of the pressure
response during the jetting treatment provides an initial assessment of the quality of the
treatment. A subsequent quantitative analysis could possibly enable us to model this

process.

e) Mass of Effluent (Flux through the Core)
Mass collected at the effluent of the core holder is an accumulative term and it can
be translated into an accumulative rate, by a small accumulation increment divided by a
small enough time increment. This mass accumulation rate can be converted into a fluid
volumetric flow rate by considering a constant density. The fluid volumetric rate is

related to the interstitial velocity by equation 2.4.

II-5 General Laboratory Safety

Only trained and authorized operators are allowed in the laboratory during

experiments. Personal protective equipment is mandatory. It includes: close toe shoes,
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eye protection, face protection, long pants, lab coat, and gloves when working with acid.
There are three major hazards involved with this experiment.
- Working with High Pressure/ High Temperature Equipment:

The equipment must be leak-proof prior to starting the experiment. All the
connections should be checked and double-checked and the loose or worn parts are to be
repaired or replaced immediately. Care must also be taken when unfixing connections to
do it appropriately to avoid explosions or sudden fluid leaks. Pressures should be raised
and released at a slow/controlled pace.

- Working with Heavy Pieces of Equipment:

Appropriate posture should be applied when lifting any large piece of equipment.
When lifting the primary parts (core holder, especially with core sample inside), the
assumption should be that the piece is heavy and should be handled carefully. The
experiment procedure is to be followed carefully without skipping steps.

- Working with Corrosive/Flammable Chemicals:

During the experiments hydrochloric acid and a corrosion inhibitor are used. The
handling of these chemicals should always happen under an operating fume hood with
the appropriate personal protective equipment. Before every experiment, locate the acid
spill kit, the used acid disposal barrel, the eye wash station, and the safety shower
station. Ensure that they can be used for the current experiment. If the acid get on the
skin or eyes, immediately rinse the affected areas with an abundant amount of water for
at least 15-20minutes. If acid is splashed onto clothing, remove the clothing

immediately, before the acid soaks through the clothing and reacts with the skin. In case
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of acid spill, pour the neutralizing solution (pink solution) directly on the spill, then after
the neutralization is complete (pink solution turns white) mop the area with plenty of
water. After the experiment is complete, carefully dispose of the used acid in the used
acid barrel, do not pour used acid down the drain!!! Store the fresh acid gallons in a
corrosive cabinet, if possible, store it on the bottom shelve. Do not breathe acid fumes,
especially when rinsing the graduate cylinders used to prepare the diluted solution.
When preparing the solution, always add acid to water! Never add water to concentrated
acid. Slowly add the acid to the water and stir. Chemical splash goggles must be worn

whenever acids or acid solutions are used. Safety glasses are not appropriate.
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CHAPTER III

RESULTS AND DISCUSSION

II1-1 Overall Results

The overall reaction between hydrochloric acid and calcite rocks comprises three
mechanisms: the high velocity injection (mass transfer) of acid on the rock surface,
followed by the instantaneous surface reaction of H;O" ions and calcite, then the
diffusion of the reaction products back to the remainder of the solution. The overall rate
determining step is the mass transfer step, as it is slower than the chemical reaction and
therefore governs the reaction process. The parameters of interest will therefore be those
parameters affecting the mass transfer rate of acid on the rock’s surface. These
parameters may include: injection rate, fluid flux through the rock’s surface (interstitial
velocity and pressure difference across the core), permeability, porosity, pore
distribution (rock’s heterogeneity), calcite content of the core, temperature, acid
concentration and injection time.

After going through the acid jetting treatment, the rock samples are scanned to
obtain 3-D images of the experimental outcome. For all the rock samples, it was
observed that a cavity, usually ball-shaped, formed first, eventually followed by

wormholes depending on the experiment conditions.
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Holland (2014) compared the depth of the cavity with the injection velocities.
Figure 20 shows a representation of a possible acid flow mechanism during the

formation of a cavity.

: B
Figure 20: Acid Jetting Cavity (Holland 2014)
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The current analysis observed a similar trend with the interstitial velocity and
total acid injection times. Below or at optimum conditions, the higher the injection rate,
the deeper the cavity. For higher interstitial velocities (less than 10min acid injection
time to breakthrough), a different behavior is observed. The dominant mechanism is now
wormhole formation and propagation and the cavity volume is reduced. This trend
indicates the influence of interstitial velocity on both the cavity formation and the
wormbhole propagation.

The acid jetting mechanism may be considered a mass balance limited transport
of fluid in initial turbulent flow through porous media with a chemical reaction at the
interface. Parameters such as temperature, injection rate, pressure difference across the
core (corresponding to the fluid flux through the core and/or the interstitial velocity),
porosity and permeability are determined to be potentially influential in the experimental
outcome. The experiment is observed to go through two processes: a cavity formation
from the high velocity acid being jetted on the rock surface, and the wormhole

propagation.

III-2 Effect of Initial Interstitial Velocity

The initial interstitial velocity is the actual interstitial velocity that can be
measured and adjusted prior to acid injection. Its value is adjusted by changing the
pressure difference imposed across the core from the upstream and downstream

backpressure regulators and allowing the flow to stabilize. It is achieved during the
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initial preflush with water. It is very critical as it determines whether the experiment will
be more oriented towards cavity formation, wormhole propagation or a combination of

these processes.

II1-3 Effect of Temperature

Three experiments have previously been performed at a core temperature of
180F, two of them used a 15wt% HCI solution and the third one used a 28wt% HCl
solution as the injection fluid. The injection fluids were kept at room temperature. Figure
21 and table 6 show the comparison of two acid jetting experiments at different core
temperatures and low interstitial velocity. It is observed that the overall dissolution rate
increases with temperature, which could be due to a reduction in fluid viscosity. This
reduction will improve the diffusion rate of the fluid on the rock surface, as convection

is facilitated by the temperature gradient.

Table 6: Effect of Core Temperature on Acid Jetting Experiments at 200ft/s for
Low Interstitial Velocity

1D CORE-09-IL | CORE-14-IL
Initial Vi (cm/min) 0.10 0.09
Core Temperature 180 °F 71 °F
Permeability (mD) 3.24 2.08
Porosity (%) 15.43 14.18
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CORE-09-IL CORE-14-IL

Figure 21: Effect of Core Temperature on Acid Jetting Experiments at 200ft/s for
Low Interstitial Velocity

Table 7 and figure 22 show a summary of all the experiments run at a core
temperature of 180°F. A general observation is that larger and deeper cavities as well as
bigger and more branched wormholes are observed, indicating that temperature impacts

both the cavity formation and the wormhole propagation mechanisms.
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Table 7: Acid Jetting for Cores at T=180°F

Figure 22: Acid Jetting for Cores at T=180°F
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ID Core 03-IL Core 08-IL Core 09-IL
Initial Vi (cm/min) 0.80 0.24 0.10
Vi_average
(cm/min) 1.17 0.51 0.14
HCI wt% 15 28 15
Injection rate (ft/s) 107 (26minutes) 107 200
Core 03-IL Core 08-IL Core 09-IL




[11-4 Effect of Permeability

Permeability is by definition a measure of the ease with which fluid could flow
through porous media. It implies that for high permeability cores, one would expect less
flow resistance than with low permeability cores. It was observed that permeability has a
considerable impact within a specific setting, low pressure difference across the core
equivalent to low interstitial velocity. The effect becomes very minor when the initial

interstitial velocity and injection velocity get higher as seen in table 8, for injection rate

of 200ft/sec.

Table 8: Acid Jetting at 200ft/sec for Cores with Permeability 9.64mD and 0.76mD

ID CORE ILO2 CORE WS02
Porosity (%) 15.6 22.42
Permeability (mD) 9.64 0.76
Delta p (psi) 55-65 700-800
Injection time (s) 621 578
Vi_average (cm/min) 1 0.71
Initial Vi (cm/min) 0.33 0.33
Estimated PVbt assuming 100% calcite 2.23 2.98
Cavity TVD 3.1 2.9
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CORE 1L02 CORE WS02

Figure 23: Acid Jetting at 200ft/sec for Cores with Permeability 9.64mD and
0.76Md
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III-5 Effect of Porosity or Pore Structure

The porosity has minor impact on the wormhole propagation, as the existence of
large pores would form a stable basis for wormhole propagation. The acid may go in the
largest pores and react with the matrix surface around it and form a wormhole tip which
could propagate following mechanisms presented by Schechter(1992) and Wang (1993).
Table 9 and figure 24 show details of two cores with the same initial interstitial velocity

and a different dissolution pattern potentially due to the porosity difference.

Table 9: Acid Jetting of Winterset Limestone at 107 ft/sec and v; of 0.11cm/min

ID CORE WS03 CORE WS04
Porosity (%) 23.42 22.49
Permeability (mD) 0.71 1.00
Delta p (psi) 180-200 275-290
Vi average (cm/min) 0.16 0.11
Initial Vi (cm/min) 0.11 0.11
Cavity TVD 3.1 2.6
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Figure 24: Acid Jetting of Winterset Limestone at 107 ft/sec and vi of 0.11cm/min
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111-6 Effect of Pressure Difference across the Core

This parameter appears to be one of the governing parameters for the wormhole
propagation and it inversely acts on the cavity formation, when coupled with
permeability and porosity considerations (interstitial velocity). It is observed that no
wormhole forms when there is no flux out of the core and no pressure difference across
the core. Table 10and figure 25 show details of the three experiment results. It is clear

that without differential pressure across the core, only cavities form.

Table 10: Acid Jetting with No Pressure Difference across the Core at 107ft/sec

ID Core 19-IL | Core 20-IL | Core 21-IL
Vi (cm/min) 0 0 0
AP (psi) 3.5 0 3.5
k (mD) 5.44 1.69 1.52
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Core 19-IL Core 20-IL Core 21-IL

Figure 25: Acid Jetting with No Pressure Difference across the Core at 107ft/sec
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I11-7 Effect of Acid Injection Velocity

Three injection velocities were used for the experiments: 107ft/sec, 150 ft/sec,
and 200ft/ft. It is observed that for low initial interstitial velocities, as the injection
velocity increases, the initial interstitial velocity for optimum wormhole propagation
increases as well. In other words, a low initial interstitial velocity which would be
considered too low for effective wormhole propagation at one injection velocity could
lead to an effective wormhole propagation at a lower injection velocity. Table 11 and
figure 26 show details of a case where the for the same initial interstitial velocity, we are
almost at optimum conditions for107 ft/sec acid injection, yet the same initial interstitial

velocity is well below optimum conditions for 150ft/sec acid injection.

Table 11: Acid Jetting at Injection Rates of 150 ft/s and 107ft/s for Vi of 0.14cm/min

ID CORE 13-IL | CORE 17-IL
Permeability (mD) 4.48 2.12
Initial Vi (cm/min) 0.14 0.14

Injection time (min) 20 16.3
Injection velocity (ft/s) 150 107
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CORE 13-IL CORE 17-IL

Figure 26: Acid Jetting at Injection Rates of 150 ft/s and 107ft/s for Vi of
0.14cm/min
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A different observation is made for higher initial interstitial velocities. In this
case, the higher the injection rate the more branching and competing wormholes are
observed, regardless of the injection velocity. It means that for high interstitial velocities,

a similar dissolution pattern was observed at all acid injection rates, as shown in table 12

and figure 27.

Table 12: Acid Jetting at Injection Rate of 150 ft/s and 107ft/s for Vi of 0.28cm/min
and 0.29cm/min

ID CORE 07-IL | CORE IL06
Permeability (mD) 5.04 11.12
Initial Vi (cm/min) 0.28 0.29
Injection time (min) 12.8 15.8

Injection velocity (ft/s) 200 150
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CORE 07-IL CORE IL06

Figure 27: Acid Jetting at Injection Rate of 150 ft/s and 107ft/s for Vi of
0.28cm/min and 0.29cm/min
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It is also observed that for low interstitial velocities, presumably below optimum
wormhole growth conditions, increasing the injection rate would create deeper cavities.
Above the optimum interstitial velocity, as the interstitial velocity increases, the
correlation between pump injection velocity and cavity depth becomes weak. This is

consistent with the observations by Holland (2014).
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CHAPTER 1V

CONCLUSIONS AND RECOMMENDATIONS

IV-1 Conclusion

This study was performed as a continuation of the work by Holland (2014). The
objective was to evaluate the effect and importance of various parameters on the results
of acid jetting experiments. Experiments are designed for a given desired average
interstitial velocity at a specified injection velocity. It was determined that the initial
interstitial velocity is the key parameter as it determines the entire experiment’s
outcome. For a low or intermediate interstitial velocity, the effect of other parameters
becomes noticeable. These parameters include core temperature, injection velocity,
porosity, permeability and pressure difference across the core. For high interstitial
velocities, corresponding to high pressure differences across the core, the injected fluid
is forced through the core, hence resulting in a smaller and shorter cavity, and multiple
branched wormholes.

The acid jetting mechanism may be considered a mass balance limited transport
of fluid in initial turbulent flow through porous media with a chemical reaction at the
interface. The relative effect of diffusion and convection are the limiting factors, on the
overall reaction since the chemical reaction of carbonates and hydrochloric acid is

extremely fast (in the order of nanoseconds)
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IV-2 Future Studies

More experiments will be performed to get a better understanding of the process
and confirm or disprove the many hypothesis that are being brought up in the study so
far. Cavity and wormhole volumes will be computed from the digital data of the CT
scans, to give a better approximation of the PVbt. Some experiments will be run with
fixed injection times ( e.g. Smin, 10min and 20min) at high, low and optimum fluxes,
regardless of the acid breakthrough, to check for correlations between cavity volume and
injection velocity.

After additional experimental work, a theoretical model will be developed to
describe the acid jetting process. The experimental results will be the base of the
modeling work, and it is expected that the model could be used to predict analytically or
semi-empirically the outcome of acid jetting treatments. The transport mechanism will
be studied in depth, with considerations for the respective effects of convection and
diffusion. Also the cavity formation mechanism and the wormhole will be studied
separately and will be later on incorporated as a single coupled process.

The ultimate goal of this project is to produce a work that would find direct
application in the field. Therefore it is suggested to consider upscaling the upcoming
laboratory scale model to field scale applications. It will include considering different
flow geometries (going from linear flow to radial flow) and maybe accounting for the

effect of multiple injection points in the wellbore and three dimensional anisotropy.
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Table 13: Summary of New Experiments Performed at Injection Velocity of 200ft/s

200 phi k Delta | Injection Vi Initial vi | Estimated | Wormhole | Cavity Lwh k after
ft/sec (%) (mD) | p (psi) time (cm/min) | (cm/min) PVbt tip TVD TVD | calculated | jetting
(second) assuming (mD)
100%
calcite
CORE 15.6 9.64 | 55-65 621 1 0.33 2.23 16 3.1 16 N/A
1002
CORE | 2242 | 0.76 700- 578 0.71 0.33 2.98 12.2 2.9 13.89 5.76
WS02 800
Table 14: Summary of New Experiments Performed at Injection Velocity of 150ft/s
150 phi k Delta | Injection Vi Initial vi | Estimated | Wormhole | Cavity Lwh k after
ft/sec (%) (mD) | p (psi) time (cm/min) | (cm/min) PVbt tip TVD TVD | calculated | jetting
(second) assuming (mD)
100%
calcite
CORE 15.3 5.86 | 30-40 | 1209.9 0.2 0.14 2.85 11.48 3.07 10.15 16.02
1L01
CORE | 15.61 9.64 30 1202 0.23 0.24 7.98 4.64 291 6.91 16.97
1L05
CORE | 15.77 | 11.16 45 948 0.71 0.29 242 16 2.56 16 N/A
1L06
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Table 15: Summary of New Experiments Performed at Injection Velocity of 107ft/s

107 phi k Delta | Injection Vi Initial vi | Estimated | Wormhole | Cavity Lwh k after
ft/sec (%) (mD) | p (psi) time (cm/min) | (cm/min) PVbt tip TVD TVD | calculated | jetting
(second) assuming (mD)
100%
calcite
CORE | 1520 | 5.44 3.5 1200 0 0 12.36 No 2.15
19-IL wormhole
CORE | 12.90 1.69 0 1200 0 0 3.25 1.84
20-IL
CORE | 14.60 1.52 3.5 1200 0 0 11.93 2.02
21-IL
CORE 15.6 10.71 | 30-41 1056 0.42 0.21 1.45 16 16 N/A
1L03 2.28
CORE | 1536 | 5.58 30 1204 0.2 0.17 4.11 8.28
1L07 5.70 2.24 5.21
CORE | 2342 | 0.71 180- 1205 0.16 0.11 3.63 1.06
WS03 200 7.35 3.11 5.24
CORE | 22.49 1 275- 1213 0.11 0.11 4.14 1.25
WS04 290 3.77 2.59 3.08
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APPENDIX A

PRESSURE AND WEIGHT DATA DURING ACID JETTING EXPERIMENTS

Pressure Difference vs Time (Core ILO5 Vi_initial=0.24cm/min)
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Figure 28: Pressure Difference Observed during Acid Jetting of Core 1L05 for
20minutes with No Breakthrough at Injection Velocity of 150 ft/s
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Figure 29: Pressure Difference Observed during Acid Jetting of Core 1L06 for

15minutes until Breakthrough at Injection Velocity of 150 ft/s
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Pressure difference vs Time (Core IL07,
Vi_initial=0.16cm/sec)
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Figure 30: Pressure Difference Observed during Acid Jetting of Core 1L07 for
20minutes with No Breakthrough at Injection Velocity of 107ft/sec
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Pressure Difference vs Time (Core IL03, Vi_initial=0.21
cm/sec)
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Figure 31: Pressure Difference Observed during Acid Jetting of Core 1L03 for
17minutes until Breakthrough at Injection Velocity of 107ft/sec
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Figure 32: Weight and Pressure Data during Acid Jetting of Core IL05
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Figure 33: Weight and Pressure Data during Acid Jetting of Core IL06
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Figure 34: Weight and Pressure Data during Acid Jetting of Core 1L03
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Figure 35: Weight and Pressure Data during Acid Jetting of Core ILO7
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APPENDIX B

CORE IMAGES
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Figure 36: Core ILO1 CT Scan after Acid Jetting
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Figure 37: Core IL02 CT Scan after Acid Jetting
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Figure 38: Core IL03 CT Scan after Acid Jetting
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Figure 39: Core ILO5 CT Scan after Acid Jetting
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Figure 40: Core IL06 CT Scan after Acid Jetting
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Figure 41: Core ILO7 CT Scan after Acid Jetting
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Figure 42: Core WS02 CT Scan after Acid Jetting
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Figure 43: Core WS03 CT Scan after Acid Jetting
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Figure 44: Core WS04 CT Scan after Acid Jetting
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