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ABSTRACT

An experimental program was conducted to study a proposed approach for oil reintroduction in
the Strategic Petroleum Reserve (SPR). The goal was to assess whether useful oil is rendered
unusable through formation of a stable oil-brine emulsion during reintroduction of degassed oil
into the brine layer in storage caverns. An earlier report (O’Hern et al., 2003) documented the
first stage of the program, in which simulant liquids were used to characterize the buoyant plume
that is produced when a jet of crude oil is injected downward into brine. This report documents
the final two test series. In the first, the plume hydrodynamics experiments were completed using
SPR oil, brine, and sludge. In the second, oil reinjection into brine was run for approximately
6 hours, and sampling of oil, sludge, and brine was performed over the next 3 months so that the
long-term effects of oil-sludge mixing could be assessed.

For both series, the experiment consisted of a large transparent vessel that is a scale model of the
proposed oil-injection process at the SPR. For the plume hydrodynamics experiments, an oil
layer was floated on top of a brine layer in the first test series and on top of a sludge layer
residing above the brine in the second test series. The oil was injected downward through a tube
into the brine at a prescribed depth below the oil-brine or sludge-brine interface. Flow rates were
determined by scaling to match the ratio of buoyancy to momentum between the experiment and
the SPR. Initially, the momentum of the flow produces a downward jet of oil below the tube end.
Subsequently, the oil breaks up into droplets due to shear forces, buoyancy dominates the flow,
and a plume of oil droplets rises to the interface. The interface was deflected upward by the
impinging oil-brine plume.

Videos of this flow were recorded for scaled flow rates that bracket the equivalent pumping rates
in an SPR cavern during injection of degassed oil. Image-processing analyses were performed to
quantify the penetration depth and width of the oil jet. The measured penetration depths were
shallow, as predicted by penetration-depth models, in agreement with the assumption that the
flow is buoyancy-dominated, rather than momentum-dominated. The turbulent penetration depth
model overpredicted the measured values. Both the oil-brine and oil-sludge-brine systems
produced plumes with hydrodynamic characteristics similar to the simulant liquids previously
examined, except that the penetration depth was 5-10% longer for the crude oil. An unexpected



observation was that centimeter-size oil “bubbles” (thin oil shells completely filled with brine)
were produced in large quantities during oil injection.

The mixing experiments also used layers of oil, sludge, and brine from the SPR. O1l was injected
at a scaled flow rate corresponding to the nominal SPR oil injection rates. Injection was
performed for about 6 hours and was stopped when it was evident that brine was being ingested
by the oil withdrawal pump. Sampling probes located throughout the oil, sludge, and brine layers
were used to withdraw samples before, during, and after the run. The data show that strong
mixing caused the water content in the oil layer to increase sharply during oil injection but that
the water content in the oil dropped back to less than 0.5% within 16 hours after injection was
terminated. On the other hand, the sediment content in the oil indicated that the sludge and oil
appeared to be well mixed. The sediment settled slowly but the oil had not returned to the
baseline, as-received, sediment values after approximately 2200 hours (3 months). Ash content
analysis indicated that the sediment measured during oil analysis was primarily organic.
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EXECUTIVE SUMMARY

Hydrodynamics and emulsification experiments have been performed to provide data needed to
assess a proposed approach for reinjecting degassed oil into caverns of the Strategic Petroleum
Reserve (SPR). Unlike earlier experiments using simulant liquids (O’Hem et al., 2003), this
experimental series used real SPR materials. Flow visualization quantified the penetration depth
and width of the oil jet as a function of oil flow rate for oil injection into brine, with and without
a sludge layer present. An unexpected observation was that centimeter-size oil “bubbles” (thin
oil shells completely filled with brine) were produced in large quantities during oil injection.

Adding sludge to the flow system did not have a significant effect on the plume characteristics.
However, adding sludge increased the volume of a foamy emulsion layer at the sludge-brine
interface. The results indicate that the crude oil gave the same overall hydrodynamic
performance as the simulant fluids previously reported but that the penetration depth was 5-10%
longer for the crude oil.

Finally, flow experiments were performed in which SPR oil, brine, and sludge were initially
mixed by oil injection into brine, and the properties of the oil, sludge, and brine were
subsequently monitored by sampling over time. Sampling probes were used to extract oil, sludge,
and brine samples at different elevations within the various liquid layers before, during, and after
the oil injection. The data show that strong mixing caused the water content in the oil layer to
increase sharply during oil injection but that the water content in the oil dropped back to less
than 0.5% within 16 hours after injection was terminated. On the other hand, the sediment
content in the oil indicated that the sludge and oil appeared to be well mixed. The sediment
settled slowly but the oil had not returned to the baseline, as-received, sediment values after
approximately 2200 hours (3 months) after the mixing was terminated. Ash content analysis
indicated that the sediment measured during oil analysis was primarily organic.
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INTRODUCTION

An experimental program was conducted to study a proposed approach for oil reintroduction in
the Strategic Petroleum Reserve (SPR). The goal was to assess whether useful oil is rendered
unusable through formation of a stable oil-brine emulsion during reintroduction of degassed oil
into the brine layer in storage caverns (see Figure 1). The first phase of this work, involving
transparent, benign simulant materials, was documented in O’Hern et al. (2003). This report
describes and provides data for oil injection tests performed with brine, crude, and sludge
provided by the SPR. First, plume hydrodynamics were performed using the SPR oil and brine
(no sludge) and the results compared to the earlier simulant tests. Second, plume hydrodynamics
and mixing experiments were performed in which SPR crude oil was pumped directly into a
layer of SPR brine in the presence of a layer of SPR sludge. In both cases, the experiment
consisted of a large transparent vessel that was a scale model of the proposed oil-injection
process at the SPR.

For the first plume hydrodynamics experiments with SPR liquids, a layer of crude oil was floated
on top of a brine layer. The oil was withdrawn from the oil layer by a pump and injected
downward through a 1-inch-OD injection tube into the brine at a prescribed depth below the oil-
brine interface. Flow rates were determined by scaling to match the ratio of buoyancy to
momentum forces between the experiment and the SPR cavern. Initially, the momentum of the
flow produces a downward jet of oil below the tube end. Subsequently, the oil breaks up into
droplets due to shear forces, buoyancy dominates the flow, and a plume of oil droplets rises to
the interface. The interface was deflected upward by the impinging oil-brine plume. Videos of
this flow were recorded for scaled flow rates that bracket the equivalent pumping rates in an SPR
cavern. Image-processing analyses were performed to quantify the penetration depth and width
of the oil jet. The measured penetration depths were in agreement with penetration-depth models
that predict the flow is buoyancy-dominated, rather than momentum-dominated. The results
indicate that the simulant fluids gave the same overall hydrodynamic performance as the crude
oil but that the penetration depth was 5-10% longer for the crude oil. Although the interface
deflections could not be viewed while using crude oil and therefore were not measured, it is
expected that the interface deflections should be similar to those in the simulant fluids. One
interesting observation was the formation of brine-filled oil “bubbles™ during the jet reinjection.
These bubbles were much less buoyant than pure oil droplets and impact the interface more
gently. This could cause the interface disturbance to be less than that measured with the simulant
fluids.

In the second test series, a layer of SPR sludge was added between the oil and brine layers. Oil
was injected downward through a 1-inch-OD injection tube into the brine at a prescribed depth
below the sludge-brine interface at a velocity which scales to approximately the nominal SPR
reinjection flow rate. Plume hydrodynamics were again examined using flow visualization and
optical measurements. The results indicate that adding sludge did not have a significant effect on
the plume characteristics. Mixing and possible oil degradation during reinjection of degassed oil
into brine were investigated including the longer-term time evolution of the reinjected oil.
Reinjection was run for approximately 6 hours. The data show that strong mixing caused the
water content in the oil layer to increase sharply during oil injection but that the water content in
the oil dropped back to less than 0.5% within 16 hours after injection was terminated. On the
other hand, the sediment content in the oil indicated that the sludge and oil appeared to be well
mixed. The sediment settled slowly but the oil had not returned to the baseline, as-received,
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sediment values after approximately 2200 hours (3 months) after the mixing was terminated. Ash
content analysis indicated that the sediment measured during oil analysis was primarily organic.

SCALING

Oil-Injection Flow

The flow produced by injecting a buoyant liquid (oil) downward into an immiscible liquid
(brine) breaks up the oil into droplets and transports them to the oil-brine interface. In the “near
field” within several diameters of the pipe end, the oil flows downward into the brine until
buoyancy forces overwhelm its momentum. The oil then begins to float upward toward the oil-
brine interface. The flow is expected to be turbulent because of the large length and velocity
scales in the system. As a result, the turbulent stresses are expected to break apart the oil into
smaller and smaller droplets until a size limit is reached below which the interfacial tension
between oil and brine prevents further reductions in droplet size. The turbulence also acts to
disperse the oil droplets throughout the brine, decreasing the volumetric concentration of the oil
while increasing the lateral extent of the droplet-laden brine as the oil floats upward. The
buoyant flow produced by the dispersed oil droplets has a large amount of brine entrained as
well. It is this large-scale upward flow, rather than the terminal-velocity motion of oil droplets
within brine, that is primarily responsible for transporting oil from the pipe end to the oil-brine
interface.

After being produced, dispersed, and transported to the oil-brine interface, the oil droplets
interact with any materials present at this layer (e.g., an emulsion or sludge). These interactions
depend on the size and concentration of the droplets, on the flow properties beneath the layer,
and on the physical/chemical properties of the materials.

The proposed oil-reintroduction approach can be described as the downward injection of a
buoyant liquid into an immiscible liquid. As discussed in O’Hern et al. (2003), the buoyancy-
dominated flow pattern was found in plume hydrodynamics experiments with simulant liquids.
Based on this, the flow is modeled as a turbulent buoyant plume from a small source (the pipe
diameter is much less than cavern length scales), in which the concentration of oil (present as
small, dispersed droplets) is analogous to temperature for a single-phase flow. This model is
based on the Boussinesq approximation (Turner, 1979), in which buoyancy is considered to be
the only important effect of density differences, and thus is appropriate for describing only the
“far-field” flow (i.e., many pipe diameters away from the pipe end). For this approximation to be
valid, the oil droplets must be small compared to flow length scales, they must remain dispersed
in the brine rather than forming a connected flow path to the interface, and their terminal
velocities must be small compared with buoyancy-induced velocities so that turbulent flow and
mixing are the dominant transport processes. These constraints appear to be satisfied, as
discussed below.
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Figure 1. Schematic diagram of the proposed approach for oil reintroduction into an SPR
cavern. The diagram is not to scale: in particular, vertical heights are greatly reduced.

Penetration Depth Model

To determine whether the flow is initially momentum-dominated or buoyancy-dominated in
typical cavern conditions, the penetration depth of the downward oil plume is estimated. If the
penetration depth is found to be much smaller than the distance from the pipe end to the cavern
bottom, then the buoyancy-dominated flow regime is obtained. Turner (1979) provides a
similarity-solution estimate of the penetration depth z,, for a downward-directed turbulent jet of
buoyant liquid into a miscible liquid:
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where p, and p, are the mass densities of the brine and oil, respectively, g is the gravitational
acceleration, (0 is the volumetric flow rate of the oil, D, is the inner diameter of the pipe, and U,
is the oil average velocity exiting the pipe end (0.73 and 4.54 m/s for the minimum and
maximum flow rates for an SPR cavern, as in Table 2). The small penetration-depth values
predicted by Equations (1) and (2) for standard cavern reinjection conditions indicate that the
momentum of the jet is negligible compared to buoyancy and that the buoyancy-dominated
regime is obtained (O’Hern et al., 2003). These equations provide a reasonable estimate of the
penetration depth, indicating that this buoyant model applies to the present case with immiscible
liquids.

EXPERIMENTAL SETUP AND PROCEDURES

The laboratory-scale oil-brine injection hydrodynamics experiment was described in O’Hern
et al. (2003). The differences in the experiments described in this report are that real SPR fluids
were used and that the lid was modified with multiple penetrations for the oil sampling
experiments and to provide a gasket seal to minimize vapor release from the tank. In addition,
the galvanized steel drainpipe at the bottom of the tank was replaced with a brass one for
corrosion resistance, and a drain pan was added below the pump to direct any pump leaks into a
secondary containment. The SPR fluids were from Cavern 112 at the Big Hill site. SPR supplied
700 gallons of brine, 50 gallons of sludge, and 160 gallons of crude oil for this experiment.
Table 1 lists some of the properties of the SPR crude oil and brine used in this experiment.

Vessel and Flow System

Figure 2 shows a schematic diagram of the experimental setup. The vessel was an acrylic tube
with an inner diameter of 0.889 m (35 inches), a wall thickness of 1.27 cm (0.5 inch), and a
height of 2.44 m (96 inches or 8 feet). A square base plate with an inflatable O-ring gasket forms
the bottom of the vessel. This base plate was held 0.61 m (2 feet) above the floor by a Unistrut®™
frame. A penetration through the base plate allows draining of the liquids for storage or disposal.
A square metallic top plate covers the upper opening of the vessel. This top plate was tethered by
cables from each of its four corners to the corresponding corners of the base plate. These cables
are under sufficient tension to prevent the cylinder from “floating”, which could otherwise occur
because the force from the liquid hydrostatic pressure on the cylinder base edge exceeds the
cylinder weight (the liquid is on average denser than the material comprising the cylinder).

A continuously operating flow loop was installed in the vessel to drive the oil injection. A
Viking H32 pump driven by a ¥-HP Baldor Industrial Motor M3542 was used to pump oil from
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the oil layer through the injection tube and into the brine layer. The injected oil breaks up into
droplets that float up to the oil-brine or sludge-brine interface and merge into the oil layer above.
The pump intake was a 2.54-cm (l-inch) diameter pipe positioned within the oil layer. The
injection tube and the oil intake both pass through the square top plate on the vessel. Table 2
shows that the experimental injection velocities bracketed the nominal value corresponding to an

SPR injection of 125,000 barrels/day (O Hern et al. 2003).

S ; Absolute Kinematic :
S#rynppele Sample ID V\:;:)er %ﬁit::;: D(?:‘l:;y Visqosi_ty Visgosity Sec:g’:;ent s?;f:;r
. (centipoise) | (centistokes)
Crudeoil | 11-4-03D 1T 0 0.852 0.851 13.5 15.9 0.30 1.05%
Crude oil | 11-4-03D 1B 0 0.858 0.857 Tl 15.8 0.80 1.04%
Crude oil | 11-4-03D 2T 0 0.853 0.852 13.5 15.8 0.40 1.05%
Crude oil | 11-4-03 D 2B 0 0.853 0.852 13.8 16.2 0.48 1.03%
Crudeoil | 11-4-03 D 3T 0 0.853 0.852 13.5 15.8 0.30 1.04%
Crude oil | 11-4-03 D 3B 0 0.853 0.851 13.5 15.9 0.30 1.03%
Crude oil | 11-4-03 D 4T 0 0.854 0.852 13.8 16.2 0.24 1.03%
Crude oil | 11-4-03 D 4B 0 0.851 0.849 13.8 16.2 0.24 1.03%
Sludge 11-4-03 S-B 0.1 0913 0.911 703.6 7721 59.6 1.66%
Sludge 11-4-03 S-T | 0.025 0.913 0.911 470.4 516.2 47.9 1.76%
Brine 11-4-03 Brine X 1.186 1.184 6.3 53 X X
Table 1. Properties of SPR crude oil and brine. “X” indicates test was not applicable.

Sample ID lists barrel ID as received, with T indicating a sample drawn from the top of
the barrel and B indicating a sample drawn from the bottom of the barrel.

Lab Flow Rate Lab Oil Exit
Flow | Oil Exit | Oil Exit | Scaled to Cavern | Velocity Scaled
Motor Rate | Velocity | Velocity Conditions to Cavern
RPM | (GPM) (ft/s) (m/s) (bbl/day) Conditions (m/s)
104 1.282 0.568 0.173 15388 0.56
145 1.850 0.820 0.250 22214 0.81
208 2.850 1.264 0.385 34228 1.24
270 3.604 1.598 0.487 43277 1.57
416 5.274 2.338 0.713 63327 2.30
583 7.361 3.263 0.995 88393 3.21
624 7.875 3.491 1.064 94559 343
729 9.234 4.093 1.248 110887 4.03
854 10.727 4.755 1.450 128807 4.68
1020 12.765 5.659 1.725 153286 5.57
Table 2. Test conditions for oil injection experiments with 1-inch injection tube.

Oil flow rates were measured and logged with an ultrasonic flow meter (Controlotron
Stormmeter 1010, Uniflow, Universal Portable Flowmeter). This flow meter provides a simple
clamp-on flow rate measurement. Table 2 summarizes the flow conditions examined and
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includes their scaled values for use in the SPR. The laboratory flow conditions were chosen so
that the laboratory value of the Froude number matches the cavern value.

oil Air gap
withdrawal
tube SPR crude oil
12-inch layer

Stainless Steel Tube

(1)3(2)8 incﬁ oD 48 inches

5 ne Qil/Brine Interface
Wall Thickness To end of injection tube
0.960 inch ID

; Qil
SPR brine injection
T6-inch laver tube

Figure 2. Experimental setup with 1-inch straight tube (1:10 scale) with no sludge present. Oil
injection and withdrawal tubes pass through openings in lid.

Hydrodynamics-Visualization Experiments with SPR Oil and Brine

Figure 2 shows the experimental setup. No sludge was used in these experiments. There were
three reasons for this. First, the focus was on the plume hydrodynamics, so sludge was not
needed. Second, the interaction of pure brine with crude oil is a bounding case, or control, for the
later sludge experiments. Third, the sludge was kept in its pure form for the later sampling
experiments.

Hydrodynamics-Visualization Experiments with SPR Oil, Brine, and Sludge

Figure 3 shows the experimental setup. Differences from the previous experiment are that a 6-
inch layer of sludge was pumped in using a hand-cranked gear pump. The sludge was pumped in
through the oil injection tube and allowed to rise to form a layer between the brine and the crude
oil layers. Wide ranges of viscosities and physical appearances were observed in the sludge,
ranging from a viscous oil to almost solid tar-like clumps. In addition, the amount of brine was
reduced in order to keep the oil withdrawal tube near the top of the oil layer (submerged
approximately 1.5 inch) in order to avoid inadvertently withdrawing sludge.
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Air gap

01l
withdrawal SPR crude oil
tube 11-inch layer

SPR sludge
6-inch layer

Stainless Steel Tube

1.000 inch OD o B -
0.020 inch 42 inches
Wall Thickness Sludge/Brine Interface
0.960 inch ID To end of injection tube
Oil
SPR brine injection
69-inch layer tube

Figure 3. Experimental setup with sludge. Oil injection and withdrawal tubes pass through
openings in lid.
Sludge Generation and Sampling Experiments

Figure 4 shows the experimental setup, which is the same setup as in Figure 3 except that
sampling probes have been added. The liquid volumes in the vessel were 178 liters of oil,
97 liters of sludge, and 1115 liters of brine. These experiments were started on January 21, 2004,
one week after the plume hydrodynamics runs were completed. This week of settling time was
intended to allow the oil, sludge, and brine to separate and return to baseline conditions after
running several days during the plume hydrodynamics experiments.

Oil was injected at a flow rate of approximately 11 GPM. The scaling analysis (O’Hern et al.,
2003) indicates that this corresponds to a cavern flow rate of approximately 130,000 barrels/day.
Injection was run for approximately 6 hours and was stopped when it became evident that brine
was being ingested by the oil withdrawal tube at the top of the original oil layer. Sampling was
performed before, during, and after injection. Samples were drawn approximately every hour
during oil injection. The post-injection sampling was done at a much lower rate and continued
for more than 2200 hours (3 months) after the oil injection was terminated.
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Sampling probes

il A
withdrawal Air gap
tube
SPR crude oil
11-inch layer

Stainless Steel Tube SPR sludge
1.000inchOD | EESS . . Gindiil
0.020 inch Eoirsd)
Wall Thickness

42 inches
Sludge/Brine Interface
To end of injection tube

0.960 inch ID

Oil
injection
tube

SPR brine
69-inch layer |

Figure 4. Experimental setup with sludge and 1-inch straight tube (1:10 scale). Oil injection
and withdrawal tubes and sampling probes pass through openings in lid. Details of the
sampling locations are given in Figure 6.

Sampling Probes

Sampling probes were designed and fabricated to allow collection of 5-ml samples at known
depths in the mixture at desired times before, during, and after oil injection. A schematic diagram
of a sampling probe is shown in Figure 5. Each probe consisted of two concentric tubes, each
with inlet holes at the desired sampling location. To initiate sampling, the inner tube was rotated
to align the holes of the two tubes. A 5-ml volume of oil, sludge, or brine from that depth then
flowed into the sample chamber inside the inner tube. The inner tube was then rotated to capture
the sample. The sample was withdrawn by using a plunger rod to raise the sample, trapped
between two O-ring disks, to a withdrawal tube. The sample then was poured out of the
withdrawal tube into a glass transport vial. The vials were sealed and sent to the oil analysis lab.
The oil-sampling holes are 0.375-inch diameter. During the sampling experiments, 8 of these
sampling probes were used. Figure 6 shows the sampling depths. The withdrawal tube of each
sampling probe was located above the tank lid. Sampling was done manually, one tube at a time.
Capturing a full set of 8 samples normally took about 15 minutes. Samples were always acquired
in the same order so that the time between samples was the same for each sampling probe.
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Figure 5. Schematic diagram of oil sampling probe used during sampling experiments. This one
is positioned for sampling in the sludge layer. Eight of these probes were used to
sample within the oil, sludge, and brine layers as shown in Figures 4 and 6.

il withdrawal tube

Sampler
number Depth - 2.5 inch spacing
1 14" into crude oil below air - at same

depth as oil withdrawal tube

4" into crude oil below air

647 mte crude oil below air

11"’

9" into crude oil below air

1" into shidge below crude oil

3" into shudge below crude oil

5%" mto sludge below crude oil

| <l || | L] b2

1” into brine below shidge

65?

|._

BRINE

Figure 6. Schematic diagram showing sampling locations in the oil-sludge-brine experiment.
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Optical Measurements and Image Analysis

Image-processing techniques were applied to determine the penetration depth of the oil jet and
the width of the oil plume as it rises from the injection location to the oil-brine interface. The
earlier experiments with transparent simulant fluids reported in O’Hern etal. (2003) also
reported the interface deflection when the plume impinged on it, but the interface deflection was
not visible in these experiments with opaque crude oil. This was one of the reasons that
experiments with transparent simulants were run in the first place. A Canon Optura mini digital
video camera was used to record images. At each flow rate, images were first recorded of the
overall plume and droplet/bubble formation, and then the camera was zoomed in to acquire a
close-up view of the plume exiting the injection pipe for quantitative image analysis. The camera
recorded 720x480 pixel video at the standard digital video rate of 29.97 frames per second.
Figures 7ab provide an example of how plume characteristics were measured. The jet penetration
and plume width can be easily observed. Extracting data from such images was automated using
ImagePro® image-processing software (Media Cybernetics, Inc., Silver Spring, MD) to find the
interfaces and track them automatically.

The images were acquired with slightly different magnifications, so the image processing was
calibrated for each analysis. Analyzing line profile plots of several images from each run
provided the “pre-determined” values needed to find plume edges and maxima. Due to the wide
variations in the plume width, length and contrast, an accurate measurement could not be made
for every frame in a sequence. For example, in some images the plume edges consisted of several
very small bubbles and the software could not identify a definite edge. These errors were in only
a few of the several thousand frames analyzed for each injection tube and flow condition, so such
errors were considered negligible. These values were not included in the statistical results (mean
and standard deviation).

To obtain the plume penetration distance, a thick (rectangular) vertical line profile was used in
ImagePro” to measure the intensity profile along the plume axis. The bottom of the plume was
indicated by the intensity rising above a threshold value. This point was detected and converted
to a distance in inches from the nozzle exit. Figure 7a shows one frame of the penetration
distance image analysis.

The maximum plume width was determined using a thick (rectangular) horizontal line profile in
ImagePro® and calculating the standard deviation. The analysis software scans the image from
left to right. The left and right edges of the plume were indicated by the standard deviation
exceeding a pre-determined threshold value. The difference between the two extreme edges
yielded the maximum plume width. Figure 7b shows one frame of the plume width image
analysis.

Figure 8 shows images of the overall crude oil jet over a range of oil injection velocities, and
Figures 9-10 show the close-up images of the jet exiting the tube over the same range (Figure 9
with no sludge present and Figure 10 in the presence of sludge). In both cases, the dark oil is
easily distinguished from the transparent brine, and the jet penetration and plume width can be
observed. The injection tube is visible in the low flowrate figures (8a, 9a, and 10a) and the image
magnification is the same for all other images so the location of the tube can be estimated.
Manual image processing was first performed on a few images to determine parameter settings
and to check the automated algorithms, and then the automated routines were used to evaluate
the approximately 5400 images recorded at each injection flow rate. The image magnification
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varied slightly between runs but was recorded for each run and varied from 36 to 40 pixels/inch.

untitled000 (1/1)

M iine Prolile - untilledD00
Fi . vt Update

Figure 7.

Screen captures from single frames of image processing of SPR crude oil injection
into brine. (a) Penetration depth using vertical intensity profile. The tube is generally
not visible through the crude oil plume so the tube end location, used as the top of the
line profile, is determined from pre-test images with no flow. (b) Plume width using
horizontal intensity profile.
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Figure 8. Photographs of overall view of SPR crude oil injection into brine with the 1-inch
straight tube at velocities of (a) 0.23 m/s, (b) 0.34 mv/s, (c) 0.44 m/s, (d) 0.63 m/s,
(e) 0.87 m/s, (f) 1.13 m/s, (g) 1.37 m/s, and (h) 1.66 m/s.
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Figure 9. Photographs of close-up view of SPR crude oil injection into brine with the I-inch
tube at velocities of (a) 0.23 m/s, (b) 0.34 m/s, (c) 0.44 m/s, (d) 0.63 m/s, (e) 0.87 m/s,
(H 1.13m/s, (g) 1.37m/s, and (h) 1.66 m/s. This type of image was used for
quantitative analysis of the plume penetration and width.




Figure 10. Photographs of SPR crude oil injection into brine in the presence of sludge with the
l-inch tube at velocities of (a) 0.33 m/s, (b)0.44 m/s, (c) 0.70 m/s, (d) 1.04 m/s,
(e) 1.13 m/s, (f) 1.35 m/s, (g) 1.47 m/s, and (h) 1.74 m/s. Averages of sequences of
such images were used for quantitative analysis of the plume penetration and width.
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Oil Analysis

The samples drawn from the tank were placed into glass vials, sealed, and delivered to an
analysis lab (ILFC Laboratories, Rio Rancho, NM). ILFC routinely performed three analyses:
weighing for density, centrifugation for water and sediment content, and x-ray fluorescence for
sulfur content. Ash testing was also done for one set of samples.

Density was determined by filling a 5-ml class-A volumetric flask and using an analytical
balance to weigh the flask, tare its weight, and then weigh the sample. The sample weight in
grams was then divided by the 5-ml volume to yield density in g/ml. This method has a rated
accuracy of £0.5%. The density could then be converted to other convenient units. Water and
sediment content were determined using a modified ASTM D96 Water and Sediment in Crude
Qil by Centrifuge Method. The standard technique was scaled down for these smaller samples to
use a 15-ml centrifuge tube instead of a 100-ml centrifuge tube. In the standard method, the tube
is filled with crude oil to 50 ml and then diluted with hexane to 100 ml prior to centrifugation. In
the scaled technique, the 15-ml centrifuge tube was filled to 5 ml and then diluted to 10 ml

Ash content was measured for samples from Probes 1-6 acquired approximately 21 hours after
injection was stopped. This was done by cooking the sediment samples at 800 °C.

RESULTS

Plume Hydrodynamics Experiments — General Observations

The oil jet exiting the tube end breaks up into oil droplets, as expected and as observed with the
simulant fluids in O’Hern et al. (2003). However, a new phenomenon was observed with the real
fluids: bubbles consisting of an oil shell surrounding brine were formed during this jet breakup
process. Formation of such bubbles occurred especially strongly at the higher flow rates. The
previous experiments with simulant fluids showed very few such bubbles being formed.
Figure 11 shows photographs of some of these bubbles suspended in the brine during a run. After
each run, these bubbles would rise to the interface, and the oil and brine would separate. A fairly
wide range of bubble sizes on the order of 1 cm was observed, but the precise size distribution
was not measured.

The formation of these bubbles was less pronounced in the presence of sludge. The bubbles often
clumped together and rose to produce a foamy emulsion layer at the sludge-brine interface. This
foamy layer was especially noticeable at higher injection flow rates.
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Figure 11. Photograph of oil-brine bubbles formed during oil injection into brine. (a) Overall
view. Plume is visible in background. (b) Close-up showing range of oil-brine bubble
sizes.

Jet Penetration

Figures 12-13 present data extracted from video images of the crude oil plume. The time traces
in Figure 12 demonstrate the unsteady nature of this flow. The range of fluctuations is indicated
by the bars in Figure 13 that show + one standard deviation of the jet penetration depth. The jet
penetration depth for crude oil injection into brine is typically 5-10% longer than for the
previously-reported simulant fluids. The data point for the highest crude oil injection velocity is
biased high and more uncertain than the rest of the points because the image-processing routine
sometimes captured oil-brine bubbles beyond the jet tip, rather than the jet tip itself. The
penetration-depth data in Figure 13 were normalized by the pipe diameter and scaled to cavern
units. Unfortunately, an error was uncovered in this normalization that affects the data shown in
Figure 18 of O’Hern et al., 2003. The normalized and scaled penetration depths reported there
were too large by a factor of 1.92. The correct data are presented in Figure 13. Also plotted in
Figure 13 is the buoyant model prediction of Turner (1979) (Equations (1) and (2)). Figure 13
shows that Equation (1) overpredicts the experimental data. This differs from the conclusion
given in O’Hern et al. (2003) since the comparison there was with data with a conversion error.
Adding a virtual origin (allowing jet formation to begin at a location other than the tube exit)
helps, as shown in Figure 13, but the slope of Equation (1) is too steep to match the experimental
data. The virtual origin term does not affect the slope, as indicated in Figure 13. Adding sludge
to the flow system did not have a significant effect on the plume characteristics.
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Figure 12. Time traces of crude oil plume penetration depth into brine for the l-inch straight

tube.
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Figure 13. Penetration depth as a function of oil flow rate for the 1-inch straight tube flowing the
transparent simulant fluid (Dow Corning 200), crude oil, and crude oil with a sludge
layer present. Bars indicate + one standard deviation of the jet penetration.
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Jet Width

Figure 14 presents data extracted from video images of the plume width. The jet width values
shown here are not the maximum in the flow (expected to occur at the oil-brine interface since
the rising plume continuously grows by entrainment of brine) but rather the maximum width in
the image between the injection tube exit and the maximum penetration depth, as needed for
comparison with the simulant fluid results. The flow is unsteady, and the jet width varied over
wide ranges: an indication of the extent is given by the * one standard deviation bars in
Figure 14. For the flow rates for which maximum jet width has been measured, the real SPR
fluid jet width is nominally the same as to the simulant fluid jet width, within measurement
uncertainty. Adding sludge to the flow system did not have a significant effect on the plume
characteristics.
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8 t t t } t +
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Figure 14. Maximum plume width from the tube end to the penetration depth for the 1-inch
straight tube flowing the transparent simulant fluid (Dow Corning 200), crude oil, and
crude oil with a sludge layer present. Bars indicate + one standard deviation of the jet
width.

Interface Disturbance

Previous experiments used transparent simulant liquids to allow measurement of the interface
deflection caused by the rising oil (O’Hem et al., 2003). Similar measurements could obviously
not be made with the opaque SPR liquids.
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Emulision Generation and Stability — General Observations

The oil jet exiting the tube end breaks up into oil droplets, as seen in all of the plume
hydrodynamics studies. As previously noted in tests with real SPR fluids, bubbles consisting of
an oil shell surrounding brine were formed during this jet breakup process. During oil injection, a
black foamy layer formed below the original sludge-brine interface. Sample 8 was always drawn
from within this foamy layer and indicates that less than 0.1% oil was present in this foam.

Oil Analysis Results

A pretest sample was taken to determine the oil, sludge, and brine properties at the initiation of
mixing. Figures 15-22 are plots of the water and sediment content of the oil, sludge, and brine
before, during, and after the oil-injection experiments. The first two data points on the “short
time” plots indicate the starting point for each sample, acquired before the injection experiment
started. The water content data indicate that the oil had returned to its baseline conditions (as
shown in Table 1) before the sampling experiments started. However, the oil still had suspended
sediment and had not fully returned to baseline, as-received conditions (less than 1% sediment)
prior to the run. This seems to indicate that the fine solids mixed into the oil during reinjection
and remained suspended for a longer time than suspended residual water. This will be discussed
further below.

Figures 15-22 present the data for water and sediment content for each of the 8 sampling
locations. Qil injection was run from —6 hours to 0 hours. Negative times (less than —6 hours)
indicate pre-run conditions. Positive times are after injection was terminated. For the upper 6
probes, there are two plots, one for a short time frame and one for a long time frame. The short-
time-frame plots show the pre-run conditions, the behavior during the run, and the early post-run
conditions. These are most useful for tracking the water content. The long-time-frame plots start
at termination of injection and are primarily intended for viewing the long-term sediment
behavior.

Note that the water content seen in the oil-sampling probes (Probes 1-4) reached high values
during oil injection, even at the highest sampling location. This unexpected result indicates that
an oil-brine mixture was circulated through the pump and injected, so mixing between brine and
oil is stronger than would be expected in an SPR cavern. However, even under this worst-case
condition, within 16 hours after injection was stopped, the water content in the oil was back to
less than 0.5%. This is higher than the as-received values but much lower than values achieved
during mixing.

The sediment content in the oil started at 15-20%, well above the baseline, as-received levels of
less than 1%. This was most likely caused by mixing during the oil-sludge-brine plume
hydrodynamics experiments, even though they had been completed about one week before these
tests were started. This oil had already been used for several series of plume hydrodynamics
experiments including one with sludge. However, since no prior sediment monitoring of the oil
had been done except for the baseline tests of as-received samples, it is unknown when the
sediment got into the oil. During the present tests, the sediment content in the oil fluctuated and
generally increased during oil injection, with a large spike near the time that the injection was
terminated (Time = 0 in Figures 15-22) but returned to the pre-run conditions (not as-received
conditions) soon after the oil injection was terminated. However, even 2200 hours (3 months)
after injection, the sediment content had not returned to the as-received levels. The sediment
content data indicate that sediment, once mixed in the oil, remained suspended for a much longer
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time than did the residual brine. This was not unexpected since the buoyancy force driving
separation is much stronger for brine than for sediment normally contained in the sludge layer.
The ash content results (Table 3) show that the ash remaining after cooking the sediment at
800 °C was very low, indicating that the sediment was mostly organic. This indicates that the
sediment density should be close to that of the sludge, so the observed slow settling would be
expected.

Ash
(%)
01-22-04-1M | 0.01
01-22-04-2M | 1.12
01-22-04-3M | 0.78
01-22-04-4M | 1.06
01-22-04-5M | 0.87
01-22-04-6M | 0.84

Sample ID

Table 3. Ash content results.

The data from Probe 7, nominally 0.5 inch above the brine-sludge interface, consistently showed
that it was measuring brine. This is due either to uncertainty in the probe depth, preferential
sampling of brine over sludge, or preferential attachment of brine to the probe body. At present it
is clear that this probe was located in the brine. The sludge-brine interface was not flat across the
tank but it was higher on the side where the probes are located and lower on the opposite side. A
total of less than two liters of liquid was extracted in all of the samples acquired to date, so it is
not thought that the tilted interface is due to the volume of extracted samples.

As previously noted in experiments with SPR oil and brine, the jet breaks up into droplets that
consist mainly of oil-brine bubbles. The oil-brine bubbles observed here have been noted before.
For example, Bourgoyne (1990) showed videos of flowing oil-brine bubbles and reported that
after running an oil injection experiment “...some emulsion layer was still evident” after 8 days.

Although these experiments were run in a 10:1 scale model of the cavern, the scaling for mixing
and interfacial effects are not expected to follow a 10:1 scaling. For example, the distance from
the injection tube to the walls is much too small in this scale model. This was not important for
studies of the plume characteristics, but in these experiments with longer injection times, the
nearness of the walls caused increased mixing among the oil, sludge, and brine. If the injection
tube is considered as just a source of order cm-diameter oil droplets, then the scaling should be
considered based on the flux of oil to the interface. If the flux is the same, then the scaling should
be 1:1. The estimated mass flux in the cavern, based on 125,000 bbl/day flow rate and an
assumed 10-ft diameter oil plume at the sludge-brine interface(from scaling analysis) is on the
order of 27 kg/mz-s (5.5 Ib/ft*s). The experimental mass flux is approximately 8 kg/mz-s
(1.6 Ib/ft*s) (based on 11 GPM flow rate and a 1-ft-diameter oil plume at the sludge-brine
interface). The experimental time scales (e.g., 16 hours for water content to return to less than
0.5%) probably are upper bounds for the cavern time scales since the experimental vessel’s walls
reduce the amount of radially outward flow relative to the cavern.
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Figure 15. Time history of water and sediment content at Probe 1 at the oil withdrawal depth:
(a) short time, (b) long time.
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Figure 16. Time history of water and sediment content at Probe 2, initially 4 inches into the oil
layer: (a) short time, (b) long time.
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Figure 17. Time history of water and sediment content at Probe 3, initially 6’2 inches into the oil
layer: (a) short time, (b) long time.
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Figure 18. Time history of water and sediment content at Probe 4, initially 9 inches into the oil
layer: (a) short time, (b) long time.
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Figure 19. Time history of water and sediment content at Probe 5, initially %2 inch into the sludge
layer: (a) short time, (b) long time.
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Figure 20. Time history of water and sediment content at Probe 6, initially 3 inches into the
sludge layer: (a) short time, (b) long time.
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Figure 21. Short-time history of water and sediment content at Probe 7, initially 5 inches into
the sludge layer.
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Figure 22. Short-time history of water and sediment content at Probe 8, initially 1 inch into the
brine layer.
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CONCLUSIONS

Plume Hydrodynamics

A laboratory experiment was designed and fabricated to examine the hydrodynamics involved
with injecting oil into brine. The vessel was a reduced-scale version of the actual injection region
in a cavern of the Strategic Petroleum Reserve (SPR).

The plume created by injecting crude oil into SPR brine is qualitatively similar to that previously
examined and reported with simulant fluids (Dow Corning 200 oil injected into a sodium nitrate
solution). The penetration depth was 5-10% greater with the real SPR materials. The addition of
sludge had a negligible effect on the plume behavior. The jet width for SPR fluids, with and
without sludge present, was the same as for the simulant fluids, within experimental uncertainty.

An unexpected phenomenon was observed with the real fluids: bubbles consisting of an oil shell
surrounding brine are formed during the jet breakup process. Formation of such bubbles occurred
especially strongly at the higher flow rates.

The most notable effect of adding sludge to the SPR oil and brine was that a foamy emulsion
layer was formed while running the hydrodynamics experiments, especially at higher injection
flow rates.

Overall, the measured penetration depths were shallow, as predicted by the penetration depth
models, in agreement with the assumption that the flow is buoyancy-dominated, rather than
momentum-dominated. The turbulent penetration depth model overestimated the measured
values for the 1-inch injection tube.

Emulsification Experiments

This experiment examined the interaction of oil, sludge, and brine during oil injection into brine.
Oil quality can be affected by an increase in water content in the oil and by the dispersal and
growth of sediment in the oil. The data show that strong mixing caused the water content in the
oil layer to increase sharply during oil injection but that the water content in the oil dropped back
to less than 0.5% within 16 hours after injection was terminated. On the other hand, the sediment
content in the oil indicated that the sludge and oil appeared to be well mixed. The sediment
settled slowly but the o1l had not returned to the baseline sediment values after approximately
2200 hours (3 months). Ash content analysis indicated that the sediment measured during oil
analysis was primarily organic.

These data should be useful in meeting the goal of assessing whether useful oil is rendered
unusable during reintroduction of degassed oil into the brine layer in storage caverns.
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NOMENCLATURE

Dy injection pipe inner diameter
Dy injection pipe outer diameter
D cavern diameter

Fr Froude number

g gravitational acceleration

L injection pipe length below oil-brine interface
L> injection pipe exit height above cavern bottom
L interface depth below cavern top

Ly cavern bottom-to-top height =L, + L, + L3

O oil volumetric flow rate

Ui oil average velocity at pipe end

Zm penetration depth (turbulent)

Greek Symbols
Jo, density
Subscripts
b brine phase
0 oil phase
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