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FIVE YEARS LATER: A COMPARISON OF FLOW MEASUREMENT 
TECHNIQUES DURING THE 2010 GULF OIL SPILL
Robert B. Sowby, Hansen Allen & Luce, Inc., Salt Lake City

On April 20, 2010, BP’s oil rig Deepwa-
ter Horizon was drilling a test well in the 
Gulf  of  Mexico, about 200 km (120 mi) 
southeast of  New Orleans, when a fatal 
explosion occurred. Within two days the 
damaged rig sank and left the unfinished 
well on the seafloor spewing oil into 
the gulf. Early attempts to plug the well 
failed, and oil continued to leak for several 
months. The spill was capped in July 2010, 
but the aftermath continues on local and 
global scales, some five years later. Accord-
ing to The New York Times, BP has spent 
$28 billion on damage claims and cleanup 
costs since the disaster, and a September 
2014 court ruling opened the possibility of  
another $18 billion in penalties under the 
Clean Water Act.

During the summer of  2010, many govern-
ment agencies, university researchers, and 
independent scientists were on site to study 

the spill. The complicated spill phenom-
enon, coupled with a large geographic area 
and a 1,520 m (5,000 ft) ocean depth, made 
data collection difficult. Throughout the 
disaster, one prominent question had the 
attention of  almost every interested party: 
How much oil is spilling?

As soon as a leak was discovered from the 
blowout preventer at the ocean floor, initial 
estimates suggested a flow of  1,000 BPD 
(barrels per day; 1 barrel = 42 gal = 159 L). 
Within a few days, reports of  up to 5,000 
BPD made world headlines. Others sus-
pected much more, but no one knew how 
to accurately measure such a complicated 
flow since nothing of  the sort had been 
done before. The actual flow rate—later 
determined to be approximately 60,000 
BPD—was an order of  magnitude greater 
than the initial worst estimates. 

The U.S. Department of  the Interior soon 
organized a Flow Rate Technical Group 
(FRTG) comprised of  scientists, engineers, 
and oceanographers to investigate the 
issue. Other groups also made estimates, 
but the FRTG was the primary authority. 
Because of  the nature of  the flow—an 
unknown mixture of  oil and gas in a deep-

Controlled oil-burning fires in the Gulf of Mexico, May 6, 2010 (U.S. Navy)

Figure 1: Oil slick in Gulf of Mexico on May 
24, 2010, observed by satellite (NASA)
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sea environment—no direct measurements 
were possible. The group employed several 
methods, some experimental, to estimate 
flow rates and later refine the numbers. 
The methods are discussed below. 

Mass Balance
(McNutt et al. 2011; Labson et al. 2010)

The FRTG’s first approach was to perform 
a mass balance to quantify inflows, out-
flows, sources, sinks, and accumulations. 
This was pursued with a combination of  
remote sensing and surface observations.

The team examined a multichannel 
satellite image to estimate the extent of  
the total surface oiling on May 17. The 
image covered an area of  about 18,000 
km2 (7,000 mi2) in the Gulf  with a pixel 
size of  250 m × 250 m (820 ft × 820 ft). 
The determination was based on higher 
signal return from areas with oil sheens, 
slicks, and floating plumes than from clean 
ocean areas. The National Oceanic and 
Atmosphere Administration (NOAA) and 
the U.S. Coast Guard categorized the oil 
coverage as “thick” (2%), “dull” (10%), or 
“sheen” (88 %).

To refine the estimates of  “thick” oil 
volume, the team used NASA’s Airborne 
Visible InfraRed Imaging Spectrometer 
(AVIRIS) to calculate the amount of  oil 
on the surface. AVIRIS produced images 
with 8.5 m × 8.5 m (28 ft × 28 ft) pixels; 
laboratory measurements of  “thick” oil 
collected earlier were used to develop an 
algorithm to convert AVIRIS signals into 
oil volume per pixel. Thicknesses for this 
category varied over several orders of  
magnitude, depending on the oil-water 
ratio, leading to considerable uncertainty 
in the figures. For the “dull” and “sheen” 
areas, scientists applied an ASTM standard 
method for estimating oil thickness based 
on color. Combining all three categories, 
the team reported a minimum of  129,000 
to 246,000 barrels of  oil visible in the time 
and area described.

With estimates of  the snapshot volume 
on May 17, the scientists proceeded with 
the mass balance. The Coast Guard and 
NOAA, which had been making other 
measurements since the beginning of  
the spill, provided information about 
the amount of  oil evaporated, dissolved, 
skimmed, or burned up to that date. These 
were added to the previous estimates to 

give a total volume. The total volume was 
divided by the 22 days since the spill began 
to give an average daily flow rate of  13,000 
to 22,000 BPD.

However, the team recognized that since 
this was a surface-based method, the 
estimate missed a potentially large amount 
beneath the surface (whether it returned 
to the subsurface or never reached the 
surface) and amounts accumulated in tar 
balls. In this approach, the FRTG was only 
able to examine one side of  the mass bal-
ance control volume; the majority of  the 
control volume—anything being produced 
or accumulated under the surface—was 
essentially a black box.

Acoustic Analysis
(McNutt et al. 2011; Read 2011; Camilli 
2010)

The second method employed by the 
FRTG was to examine the oil plume itself  
with Acoustic Doppler Current Profiler 
(ADCP) technology. While primarily used 
to quantify flows in rivers, streams, and 
canals, ADCPs can also measure a velocity 
profile in a column of  water. Since a high-
frequency acoustic signal sent upstream 
travels slower than a signal sent down-
stream, the average flow velocity can be 
calculated from the transit times of  signals 
sent in both directions. By measuring the 
Doppler shift returned by moving particles 
in the flow, velocity can be combined with 
geometry to produce an accurate flow 
measurement.

The FRTG, along with scientists from 
the Woods Hole Oceanographic Institu-
tion, equipped a remotely operated vehicle 
(ROV) with an ACDP and sent the ROV 

to the ocean floor on May 31 to get mea-
surements.

Using traditional sonar (a separate instru-
ment from the ADCP, but on the same 
ROV), over 1,000 plume cross-sections 
were recorded above each of  the two leak 
locations. This gave average cross-sectional 
areas of  0.87 m2 (9.4 ft2) and 0.61 m2 

(6.6 ft2) over the main leak and blowout 
preventer, respectively. With the cross-
sectional areas known, the acoustic analysis 
could proceed.

As shown in Figure 3, the ADCP recorded 
thousands of  pings at preset distances 
from three locations. The intersection of  
the acoustic beams allowed scientists to 
generate a representative velocity field for 
the plume.

Considerable uncertainty about the physi-
cal composition of  the plume prevented 
the team from publishing an estimate im-
mediately. On June 21 the team returned to 
collect a plume sample with the purpose of  
determining the proportions of  oil and gas 
in the flow. The earlier installation of  the 
so-called “Top Hat #4,” an enclosure over 
the wellhead, enabled the ROV to collect 
a small sample of  plume material before it 
escaped and mixed with the ocean environ-
ment. Analysis of  the uncontaminated 
sample indicated a mixture of  57.2% gas 
and 42.8% liquid hydrocarbons. With an 
accurate composition, the team reported a 
flow of  60,000 BPD. This turned out to be 
the most accurate estimate. 

Video Analysis
(Plume Calculation Team 2010; McNutt et 
al. 2011; Read 2011)

With the availability of  underwater video 
from the ROVs, the scientists were able 
to visually analyze the plume and estimate 
flow rates. The technology is called Particle 
Image Velocimetry (PIV) and is well estab-
lished for applications of  fluid dynamics. 
In PIV an identifiable feature, such as a 
particle or eddy, is observed in two con-
secutive frames; the velocity is computed 
by measuring the distance traveled over 
that time interval, after correcting for view 
angle and other factors (Figure 4). The 
process is repeated at multiple points until 
a representative velocity field is defined.

The process is simple in principle, but 
difficult to execute in reality. Such observa-
tions are only possible at the exterior of  
the plume, and assumptions about internal 
flows must be made. The volumetric 
flow rate is also sensitive to the gas-oil 
ratio, since the plume composition is very 
different from actual oil volumes at the 
surface. In a 10-day period, the gas-oil ratio 
fluctuated between 22% and 56%. The 
cross-sectional area of  the plume is also 
transient and must be calculated for each 
instantaneous observation.

With PIV analysis applied to video foot-
age from the main leak and the blowout 
preventer (Figures 4 and 5, respectively), 
the FRTG estimated a flow rate of  35,000 
to 50,000 BPD in early June 2010.

Reservoir and Well Modeling
(Guthrie et al. 2010; Hsieh 2010; McNutt 
et al. 2011)

The FRTG derived other estimates from 
computer models (MODFLOW and oth-
ers) of  the hydrocarbon reservoir beneath 
the seafloor and the well fluid mechanics. 
Model parameters included temperature, 

Figure 2: Acoustic Doppler current profiler 
mounted on remotely operated vehicle 

(Camilli 2010)

Figure 3: Reconstruction of 42,000 velocity 
field measurements recorded at riser leak 
site. Each dot represents the location of a 
Doppler ping ensemble, with the dot color 
describing the estimated velocity in m/s. 

The black circles indicate the location of the 
ADCP instrument. (Camilli 2010)

volume, pressure, and geologic and fluid 
data from drilled cores. The estimates 
cover a wide range due to uncertainty in 
the data and methods. Enlisting the help 
of  scientists at five Department of  Energy 
laboratories, the reservoir team reported 
27,000–102,000 BPD and the well team 
reported 30,000–118,000 BPD. The esti-
mates are meant to represent conditions 
immediately after the explosion. After the 
well was shut off  and an accurate flow 
rate was available, researchers worked to 
improve and calibrate the models.

Gas-Oil Ratio Correlation
(McNutt et al. 2011)

After Top Hat #4 was in place over 
the wellhead, BP was able to route the 
discharge to a surface vessel, where gas 
and oil were separated and measured. This 
produced good data about the gas-oil ratio 
over time. Comparing this ratio to the ratio 
obtained from a seafloor sample provided 
another method for estimating flow. With 
the correlation applied, the FRTG reported 
a flow rate of  48,000–66,000 BPD in July 
2010.

Pressure Measurements
(McNutt et al. 2011)

In its final report, the FRTG pointed to 
studies by the Department of  Energy. 
While not part of  the FRTG’s original 
investigations, the Department’s measure-
ments provided conclusive and very ac-
curate estimates of  the oil flow rate. As the 
well was ultimately capped on July 12, three 
Department of  Energy teams used pres-
sure instruments to record the pressure 
difference after the valve was closed. The 
pressure difference enabled the teams to Figure 4: Illustration of video analysis method for main leak (Plume Calculation Team 2010)

Figure 5: Imagery of oil leak at blowout preventer used for video analysis (Plume Calculation 
Team 2010)
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calculate the most precise estimate of  the 
flow to date. The teams then used other 
calibrated well and reservoir data from the 
U.S. Geological Survey to backcalculate 
the flow at the beginning of  the spill. The 
initial flow was estimated at 62,000 BPD, 
and decreased over the duration of  the 
spill to 53,000 BPD just before capping. 
By integration, the FRTG reported that a 
total volume of  4.9 million barrels of  oil 
was spilled.

Conclusions

The development of  the several flow rate 
estimates is summarized in Figure 6. The 
best method for estimating the flow during 
the spill was the acoustic analysis. Notice 
that it predicted the actual flow rate very 
accurately, and with better precision than 
other methods. It was also the most data-
intensive and comprehensive approach, 
requiring ADCP and sonar technology as 
well physical plume samples. The mass 
balance underestimated the flow rate since 
only one side of  the control volume was 
observable; oceanographers later dis-
covered massive underwater oil plumes 
that never reached the surface and large 
amounts of  oil that dissolved in the ocean. 
However, the mass balance was more use-
ful for assessing shoreline impacts since it 
was an inherently surface-based approach. 
The PIV analysis, while elaborate, also 

underestimated the flow. The actual flow 
was within in the range of  the computer 
models, though this method was the most 
uncertain. The gas-oil ratio correlation, 
though covering a wide range, also proved 
to be relatively accurate.

The 2010 Gulf  Spill was a disaster of  
unprecedented scale, and one would hope 
that something like it does not happen 
again. Moving forward, however, we can 
recognize that the event was an opportuni-
ty to further the science of  flow measure-

Figure 6: Development of flow rate estimates (McNutt et al. 2011)

ment in extreme environments and extend 
existing techniques to new applications.
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