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Introduction
Low Field Nuclear Magnetic Resonance (NMR) relaxometry

techniques were developed in the laboratory to enhance and sup-
port comparable NMR logging tools that are currently used down-
hole. Low field NMR relaxometry has shown that discrimination
of water and oil saturations in core and ore can be easily deter-
mined. In such cases, the NMR can detect the total water weight
fraction and the total oil weight fraction, the viscosity of the oil,
the amount of bound or mobile water, and the amount of mobile
or bound oil(1-6).

Since these measurements are done in situ and the accuracy of
the tools is at least as good as that of conventional extraction
methods (i.e., Dean-Stark), NMR has emerged as a leading tool
for heavy oil and bitumen characterization. Our research group
has proved that many techniques that are routinely used in con-
ventional oil could be extended to heavy oil and bitumen charac-
terization(1-6). In this paper, NMR is utilized for the determination
of oil and water content of specific hydrocarbon streams. Of par-
ticular interest are the streams that contain emulsified fluids
(water-in-oil or oil-in-water emulsions) which are currently very
common in thermal production operations and are very difficult to
handle. Test separators are currently used as the standard way of
measuring the flow of thermally produced wells (CSS, SAGD,
steam flooding). The test separators are inherently incapable of

measuring emulsified flow. Other probe-type devices suffer from
inaccuracies related to the presence of solids or gas, salinity, tem-
perature, velocity, emulsion type, and range of cut.

Low field NMR emerges as the only currently proven alterna-
tive to discriminate accurately and precisely the amount of oil and
water in such streams.

Methodology

The NMR spectra of a mixture of heavy oil or bitumen with
water consist of two sets of T2 relaxation peaks. The water peaks
are at a range of 10 – 3,000 ms, while the oil/bitumen peaks are in
the range of 0.2 – 10 ms at the specific temperature of 30˚ C. The
degree of emulsification or separation of the phases, in addition to
the temperature and the presence of additives, affects the ranges
of these peaks. If the spectrum of a mixture is taken at a relatively
low temperature, then the complete spectrum of the oil/bitumen
may not be recovered.

If a known amount of a heavy oil (or bitumen) and water mix-
ture is placed in the NMR, then the spectrum obtained can be
deciphered in the spectra of the individual phases. The total
obtained signal amplitude is compared to that of the same amount
of a sample that only contains water (standard). If the amplitude
of the standard is As and the amplitude of the water content of the
unknown sample is Aw then the water fraction of the unknown
sample is 

Where AIw is the amplitude index of water standard of weight
Ws

This is the simplest way to calculate water and oil (or bitumen)
content in any unknown sample of a known weight. If the whole
spectrum of the liquids is obtained, then the oil (or bitumen) con-
tent can be obtained through the same equation as used for the
water content, as long as the oil spectrum is corrected for its
Amplitude Index (AIoil) at a given temperature. The following
equation applies:

AIw = As / Ws

Wb =1− Ww
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Abstract
During production operations in heavy oil and bitumen for-

mations where thermal recovery methods are applied, the fluids
produced are often in the form of emulsions. This is also true in
non-thermal recovery methods whenever oil and water are co-
produced, but to a lower degree of severity. Conventional flow
measuring devices are capable of measuring oil and water
streams when they are segregated, but they fail when oil-in-
water or water-in-oil emulsions form. Conventional methods are
also not reliable when there are solids flowing in the stream.

Low field NMR relaxometry was successfully tested as a tool
for accurately measuring the oil and water content of such
streams with and without emulsions present in the samples. The
method was proved to be at least as good as conventional extrac-
tion methods (i.e., Dean-Stark). The technology was tested with
both artificially and naturally occurring emulsified streams with
accuracy better than 96%. This extremely encouraging result led
to the design of an online NMR relaxometer for oil/water stream
measurements under the conditions encountered in the produc-
tion of heavy oil and bitumen.
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The second equation is valuable when the weight of the sample
is not known and there is a suspicion of solids or gas present in
the stream.

Demonstration of Concept
The capability of the low field NMR tool was demonstrated

using samples from two different heavy oil reservoirs in Western
Canada. Two different procedures were tested. For Reservoir 1, a
variety of samples were prepared in the laboratory. The samples
had water contents that covered the full range of the NMR. The
samples were treated as “blinds.” NMR testing was done, and the
water content was calculated for all samples. The samples were
then placed in the Dean Stark apparatus and the water content was
determined. For Reservoir 2, samples were obtained from the
wellhead, and they were brought into the laboratory for water con-
tent and oil content determination. First, NMR testing was done,
followed by Dean-Stark measurements to verify the NMR results.

Figure 1 shows typical spectra from one sample from each
reservoir. In both samples, it can be seen that the spectra is split in
two parts, with a cut-off point of approximately 10 ms. The spec-
tra are then manipulated as discussed above to provide the water
and oil contents.

Figure 2 shows the comparison of NMR-predicted water con-
tent vs. Dean-Stark-measured water content for three different
batches of samples from Reservoir 1. Although the batches were
prepared at different times and were tested by different people, the
results fall in the same line. In Figure 3, the same results are
grouped and the trend-line is plotted. The correlation is excellent
(0.996).

Figure 4 shows the comparison of the NMR-predicted data and
the Dean-Stark measurement data for the samples of Reservoir 2.
The correlation is also excellent (0.966). Figure 5 compares the
results of Reservoir 1 and Reservoir 2. In Figure 6, the same
results are grouped, and the common trend line is drawn. The
overall correlation is 0.992, and it is deemed excellent.

Implementation

The experimental results presented above illustrate the poten-
tial of low field NMR for the accurate determination of oil and
water content in heavy oil and bitumen streams. The fact that oil
and water contents are estimated from the individual spectra com-
ponents provides a set of measurements that are independent of

Woil = Aoil / AIoil( )   Aoil = Aj , j ≤ 10ms∑
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FIGURE 1: NMR spectra of stable emulsions. FIGURE 2: Water content prediction in water-oil mixtures.

FIGURE 3: Correlation of water content prediction in water-oil
mixtures (Reservoir 1).

FIGURE 4: Correlation for water content prediction in water-oil
mixtures (Reservoir 2).

FIGURE 5: Correlation for water content prediction in water-oil
mixtures.



the presence of gas or solids. This is because both gas and solids
(such as entrained sand) do not contribute to the measured spectra.
This advantage of NMR technology sets it apart and ahead of any
other type of measurement device in this area.

However, when these types of measurements are attempted in
the presence of solids and/or gas, it is important to capture the
complete spectrum of the oil. This is achieved by adjusting the
temperature at which the measurements are taken. In general, an
optimum temperature can be found in the range of 20 – 80˚ C that
can be tailored for application in specific reservoirs.

Based on the successful laboratory results presented in this
paper, a field prototype NMR-based system for direct measure-
ment of water and oil fractions was designed and built. The sys-
tem is designed to operate using slipstreams for the measurement
of spectra of flowing streams on-line. Currently, the design allows
for automatic sampling from a flowing stream, as is shown in
Figure 7. Continuous flow sampling is also in the design stage. It
is expected that this system will provide an accurate and fast mea-
surement in the field.

Field Trials
Extensive field trials of the instrument have been performed

over a four-month period. The instrument has been installed on a
thermal recovery well pad and is located downstream of a two-
phase test separator. The instrument has been mounted in a Class
1 Division 2 housing, and has been designed to withstand produc-
tion streams up to 230˚ C and 4.14 MPa (600 psi). 

A trap and analyse system is being used, with the instrument
located on a flow loop parallel to the main line. The flow is
allowed go through the instrument loop, and then is blocked in
with valves. A manual sample withdrawal system is also plumbed
in, and samples have been withdrawn from this to validate the
accuracy of the NMR measurement. 

Although the system has proven able to handle fluid streams up
to 230˚ C (maximum temperature encountered), analysis has only
been performed at temperatures between 50˚ C and 100˚ C. This
has been accomplished by allowing the sample to cool down in
the instrument prior to analysis.

In summary the field trials have resulted in a trap and analyse
system capable of the following:

• 230˚ C and 4.14 MPa (600 psi) maximum operating 
conditions.

• Analysis of samples at temperatures between 50˚ C and 
100˚ C.

• The NMR technology has proven its ability to provide accu-
rate in situ water and oil cuts.

• Accuracy of +/- 5% of conventional Dean Stark analysis
(data not released by sponsor of field trial).

• Analysis may be performed in less than four minutes
depending on in situ stream conditions.

• Sample cooling time is a limiting factor and varies depend-
ing on the initial temperature of the stream.

• NMR technology has been engineered to provide a stand
alone automated analyser that can be tied into a computer-
ized control system.

Based on the results of the field trials to date NMR technology
offers the following advantages and disadvantages:

Advantages of NMR
• Accurate and repeatable measurements from 0 – 100% water

cut.
• No need to recallibrate the instrument if the emulsion phase

changes.
• NMR measurements are not affected by the following

stream conditions:
• Salinity
• Density
• Electrical conductivity
• Emulsion consistency 
• Gas component
• Vapour component
• Solids component

• NMR can be placed off-line to replace centrifuge or Dean
Stark laboratory analysis.

• NMR data can be manipulated to provide viscosity correla-
tions for the produced oil.

Disadvantages of NMR
• Presently, analysis cannot be performed over 100˚ C.
• Cooling is required to bring samples down to “measurement

temperatures.”
• Cost of NMR is more expensive than most of the current

range of inline measurement devices on the market.

Future Developments
• Minimize the temperature limitations of the NMR measure-

ment algorithm. The upper measurement limit is mainly
determined by the ability of the instrument to measure both
the oil and water signal (at high temperatures the water sig-
nal moves out of the instruments detection limits.) Work is
ongoing in this area.

• Decrease analysis time, software has been written that can
decrease the analysis time to below two minutes. This soft-
ware is being tested in the laboratory.
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FIGURE 6: Correlation for water content prediction in water-oil
mixtures.

FIGURE 7: Simplified schematic of the flow-through NMR
system.



Conclusions
Low field NMR relaxometry was successful in accurately mea-

suring water and oil contents in heavy oil and bitumen samples in
the full range of compositions. The process was equally successful
in both laboratory and field samples from two Western Canada
reservoirs. The technology has been transferred for commercial-
ization and field trials have been successfully carried out.
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