
Vol.:(0123456789)1 3

Petroleum Science 
https://doi.org/10.1007/s12182-020-00529-8

REVIEW

NMR fluid analyzer applying to petroleum industry

Guang‑Zhi Liao1,2 · Wei‑Liang Chen1 · Fang‑Rong Zong1,3 · Feng Deng1,4 · Hua‑Bing Liu1,5 · Bo‑Song Wu1,6 · Wei Liu1 · 
Zhe Sun1 · Si‑Hui Luo1

Received: 19 April 2020 / Accepted: 6 May 2020 
© The Author(s) 2021

Abstract
Tremendous progress of developing nuclear magnetic resonance (NMR) fluid analyzer has been witnessed in the oil industry 
for last two decades. This device allows extensive and accurate exploration of fluid properties, such as its hydrogen content, 
composition, viscosity, hydrogen index (HI), mud filtrate invasion, gas to oil ratio, average velocity, velocity distribution 
etc., in the situations of in situ downhole or surface Petro-pipelines. In this review article, we focus on the design principle, 
manufacturing, implementation, methodology and applications of NMR fluid analyzer to oil and gas industry. A detailed 
description of the state-of-art NMR fluid analyzers was firstly given to exhibit their respective characteristics. With these 
experiences on hand, we introduced a series of NMR fluid analyzers designed by us at China University of Petroleum-Beijing 
with continuous optimizations, in terms of magnet construction, antenna layout, circuit design and operating surroundings. 
These systems discussed in this article have been demonstrated to achieve multiple NMR parameter acquisition when the 
fluid is in stationary or flowing state. In the end, a prototype was fabricated and validated considering a vast of engineering 
influences, such as variable temperatures in a large range, high pressure, limited volume, detection efficiency, etc. A particular 
emphasis of this paper is to expedite the measurement efficiency of the NMR fluid analyzer to reduce the operation costs. 
This dilemma can be Figured out by upgrading both pulse sequence and observational mode. For different fluid states, two 
rapid pulse sequences were proposed to sufficiently obtain the multi-dimensional NMR correlation map. Meanwhile, two 
observational modes were developed to take full advantage of the polarization time, during which the individual antenna 
was systematically switched. Another domain of interest in this review concerns the applications of this new tool. For sta-
tionary fluids case, accurate identification of fluid properties is of great value for scheme building in oil and gas exploration 
process. Particularly, it can acquire the fluid content by different NMR responses of different components. In addition, with 
Bloembergen theory and Stokes–Einstein equation, not only molecular dynamics and composition, but also oil viscosity can 
be readily evaluated. Moreover, HI information of crude oils will be speculated through partial least square regression. As 
for flowing fluids case, velocity is a significant parameter to understand the in situ fluid exploitation and therefore evaluate 
the productivity of certain oil wells or pipelines. Regarding to the unique magnet and antenna designs in our NMR fluid 
analyzer; this review adopts two distinct methods to obtain flow velocity at a wide rating scale. The first one is a time-of-flight 
method adaptive in a homogeneous magnetic field, which is suitable in the case of fluid at high flow velocity. The other one 
relies on the adjacent echo phase difference at a magnetic field with constant gradient, which is preferred for relatively low 
flow velocity. In the near future, this tool will be tested underground to offer individual fluid velocities by combining both 
the stationary and flowing analysis methods.
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1  Introduction

As an efficient, non-destructive detective technology, nuclear 
magnetic resonance (NMR) has been extensively used and 
becomes one of critical methods for fluid identification and 
quantification in oil and gas reservoir evaluation (Abragam 
1961; Coates et al. 1999; Dunn et al. 2002; Blümich 2000; 
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Haacke et al. 1999). Considering the design concepts, the 
NMR instruments can be divided into two categories. The 
first one is based on “inside-out” theory and measures the 
formation fluids in the external magnetic field generated 
by permanent magnets. The well-known logging service 
companies, such as Schlumberger, Halliburton and Baker 
Hughes, push this type of NMR instrument into petroleum 
industry. Their representative products are: CMR, MRIL-P 
and MREX (Cooper and Jackson 1980; Burnett and Jackson 
1980; Jackson et al. 1980; Prammer et al. 1998; Kleinberg 
et al. 1992; Chen et al. 2003). However, the obtained fluid 
properties are affected by many formation factors, such 
as lithology, pore structure, the paramagnetic mineral, etc 
The other one is the NMR fluid analyzer, which adopts the 
“outside-in” design and generates a magnetic field inside 
the instrument. It can obtain accurate fluid properties by 
measuring the samples directly, the sketch map is shown 
in Fig. 1b. In petroleum industry, including exploration, 
exploitation, transportation, refining activities, as shown in 
Fig. 1a, it is of great value by knowing the exact fluid prop-
erties to make the production scheme related to the above 
activities. When the system is used in subsurface environ-
ment, the analyzer can act as a module of formation sensor 

and analyze the fluid extracted from the reservoir formation 
by the tester. The obtained NMR information is far away 
from the influence of the formation. When the system is used 
in surface environment, the system can conduct the NMR 
analysis when the fluid is pumped into the instrument. Then, 
the NMR characteristics of the sample, like T1, T2 relaxa-
tion time distribution, T1–T2, T2–D correlation and T1–T2–D 
map, can be obtained as shown in Fig. 1c. Through those 
NMR responses, the fluid type, content, composition, vis-
cosity, hydrogen index, gas-to-oil ratio, mud filtrate invasion 
degree, flow velocity and its distribution and flow regime 
can be calculated, some representative information is shown 
in Fig. 1d (Akkurt et al. 2004; Dong et al. 2005; Hirasaki 
et al. 2003a, b). 

Nowadays, some commercial companies and scientific 
research institutions, including Schlumberger, Hallibur-
ton, Atlas, Shell Oil Company and University of Western 
Australia, have developed distinct fluid analyzers. In all of 
them, Schlumberger proposed an optical fluid analyzer for 
recognizing fluid properties by measuring the absorption 
spectrum (Dong et al. 2008). By this means, the GOR, pH 
value of formation water and composition of the hydro-
carbons etc., can be extracted. However, the recognition 
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Fig. 1   NMR fluid analyzer applied to petroleum industry. a Applications to exploration, exploitation, transportation and refining. b Sketch map 
of the system, permanent magnets generate a homogeneous magnetic field inside the instrument. Incorporated with the circuit, the system gets 
the NMR responses shown in c. d Some representative properties from the measurement results
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effect is relatively poor, especially in oil-based drilling flu-
ids or mixed oil–water reservoir fluids. The other instru-
ments utilize NMR technique to obtain fluid properties. In 
2000, Atlas proposed a fluid analysis system to determine 
the fluid properties by using NMR spectroscopy (Michaels 
et al. 1995; Edwards et al. 2000; Edwards and Chen 2017). 
When fluid flows through the sample tube, the system can 
measure the 13C signal. Followed by Fourier Transform, the 
detailed fluid compositions can be identified from chemi-
cal shift spectrum. Almost at the same time, Halliburton 
developed an analyzer which can measure relaxation time 
(T1, T2) and diffusion coefficient (D) of the fluids. With 
the obtained NMR information, one can get the fluid type, 
content, hydrogen index (HI), GOR, et al. by interpreting 
these parameter distributions (Blades and Prammer 2000; 
Prammer et al. 2001; Akkurt et al. 2001; Prammer et al. 
2004; Prammer et al. 2007). In 2011, Shell Oil Company 
designed a fluid analysis system for ground fluid analysis. 
This system uses a multi-layer Halbach magnet structure 
and can easily measure multi-phase flow (Hogendoorn et al. 
2013; Appel et al. 2011; Hogendoorn et al. 2014). When 
fluid flows through the system, the flow velocity and its con-
tent can be recorded. In 2013, Schlumberger also developed 
a compact high performance low-field NMR apparatus for 
measurement on fluids at high pressure and temperature, 
through which the fluid properties such as viscosity, density, 
compressibility, molecular composition, GOR and saturate, 
aromatic, resin and asphaltene (SARA) can be obtained with 
good accuracy(Freedman et al. 2013, 2014). In 2014, the 
University of Western Australia demonstrated an instrument 
using the Earth magnetic field to study the velocity distribu-
tion and flow regime by free induction decay signal (FID). 
Meanwhile, by the relaxation parameters T1, T2 and the total 
NMR signal in flow state, it can also be used to early non-
destructive detection of active biofouling of a commercial 
spiral wound reverse osmosis membrane module (Frid-
jonsson et al. 2014; O’Neill et al. 2016; Fridjonsson et al. 
2015). In order to accommodate the NMR device in a differ-
ent geological atmosphere, the NMR Laboratory of CUPB 
began the study of NMR fluid analyzer since 2010. With 
continuously optimization, three prototypes were gradually 
released (Wu et al. 2012). Among them, the first generation 
can only measure the NMR parameters of stationary fluid. 
As a further step, the second system fulfills the measure-
ments even for flow fluid. Based on the design experiences 
of the first two equipment, the last system is an engineering 
prototype with the characteristics of reliable B0 homogene-
ity, high polarization efficiency and high measurement effi-
ciency. Therefore, it can measure multiple NMR parameters 
no matter the fluid is in stationary or flow state.

Measurement efficiency is crucial for economic evalua-
tion as well as wide application of NMR fluid analyzer. The 
paper improves the dilemma by designing adoptive pulse 

sequences and observational modes. Meanwhile, compared 
to one-dimensional NMR measurements, two-dimensional 
NMR techniques, such as T2–D, T1–T2, T2–G measurement 
methods, have been successfully used to study the intrinsic 
properties of fluids as well as its behaviors in porous mate-
rials due to the advantages in fluid recognition and content 
calculation (Venkataramanan et al. 2002; Hürlimann and 
Venkataramanan 2002; Song et al. 2002; Sun and Dunn 
2002, 2005). However, the applications are limited due to its 
long measurement time. In order to improve the efficiency, 
many researchers developed a variety of rapid measurement 
pulse sequences, among which YQ Song collected echoes 
of different coherent pathways which could quickly measure 
diffusion coefficient, flow velocity and NMR imaging, but 
with low signal to noise ratio(Song and Tang 2004; Song 
et al. 2003; Song and Scheven 2005; Cho et al. 2006). Mitch-
ell et al. (2009) proposed a rapid T1–T2 pulse sequence-
DECPMG pulse sequence, which could obtain T1–T2 dis-
tribution by only two scans. On the basis of the previous 
work, two types of rapid measurement pulse sequences are 
developed, one is DE sequence, which can realize T1–T2 
rapid measurement when the fluid is in stationary state; the 
other sequence is DEFSR (DEFIR) pulse sequence, which 
can obtain its T1–T2 information even for flowing fluid. On 
the other hand, in a conventional measurement, the observa-
tional mode consists two parts: the first one is the polariza-
tion process, the other one is the acquisition process. It leads 
to low measurement efficiency due to that the system does 
not work in polarization process. In the paper, according to 
the special design of the antenna system and the correspond-
ing circuit module, two observational modes are optimized. 
By upgrading this, it can readily enhance the measurement 
efficiency of the system twice by taking advantage of the 
polarization time.

It is well known that the fluid in oil industry is multi-
phase which contains oil, water, gas, etc. Water and oil 
contents determination assists the evaluation of oil pro-
duction output. Methods for measuring oil and water con-
tents include infrared absorption spectroscopy, gravimetric 
method, gas chromatography-frame ionization detection 
(GC-FID) (Yang 2001), etc. Infrared absorption spectros-
copy and gravimetric methods do not provide details of fluid 
compositions. As for GC-FID method, it is only suitable for 
lab use. In recent years, NMR becomes a popular method for 
water and oil contents calculation with the characteristics of 
rapidity, repeatability and the adaptation at harsh environ-
ment (Allsopp et al. 2000). In the paper, the fluid analyzer 
was used to obtain the water and oil contents by NMR char-
acteristic parameter distribution.

Oil is a super complex mixture with a wide range of 
molecular type and size. The detection of oil composition 
is very important for oil industry as the physical and chemi-
cal properties are closely related to its compositions. Gas 
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chromatography and mass spectrometry are two traditional 
means to analyze oil compositions (Grob and Barry 2004; 
Marshall 2000). For gas chromatography, heavy components 
of crude oil are firstly transferred into gas phase. Afterward, 
according to the adsorption capacity, solubility, hysteresis, 
etc., oil component contents can be obtained. However, if 
the carbon chain length of the component is longer than 36, 
it is difficult to be gasified (Freed and Hürlimann 2010). 
While in mass spectrometry technique, the oil molecules 
are firstly ionized and then the components are separated 
by electromagnetic field. Mass spectroscopy can probe the 
presence of a particular molecule, but it is not a quantitative 
technique. For fluid with a wide range of molecular sizes, 
e.g., crude oil, both methods are difficult to gain the quanti-
tative composition for heavy components. Besides, high field 
NMR spectroscopy is another choice to obtain the chemical 
compositions and molecular structure of pure fluid. How-
ever, the results from crude oils are difficult to explain due 
to the superposition of the spectra from different molecules 
(Ernst et al. 1987). In this paper, low-field NMR is applied 
to analyze the effects by the compositions (saturates, aro-
matics, resin, asphaltene) to the relaxation correlation map. 
Furthermore, it can also act as an indicator to obtain oil 
molecular dynamics by calculating the rotational correlation 
time distribution.

In general, viscosity is the intrinsic fluid friction and rep-
resents the fluid flow ability. NMR is a downhole unique 
method to obtain oil viscosity. As early as 1948, Bloember-
gen et al. proposed that NMR relaxation time was related to 
oil viscosity and established the theoretical model (Bloem-
bergen et al. 1978). In 1961, Brown (1961) analyzed the T1 
relaxation of a large quantity of oil samples under different 
temperatures and pressures and obtained a general expres-
sion relating viscosity to T1. Then, Morris and Vinegar car-
ried out an analysis on T2 data of degassed oil and estab-
lished the relationship between viscosity and T2. Since these 
experimental samples were not deoxygenated, the dissolved 
oxygen would affect the measurement accuracy as a para-
magnetic substance (Morriss et al. 1994; Kleinberg and Vin-
egar 1996). Afterward, Zega et al. and Zhang et al. measured 
pure deoxygenated alkanes and alkane mixtures. A linear 
relationship between T1, 2 and viscosity was established 
(Zega et al. 1989; Zhang et al. 1998). Latorraca et al. (1999) 
measured highly viscous crude oils at 2 MHz. It was found 
that at large echo time, the measured T2 was significantly 
longer than the expected value due to the signal loss of 
heavy components. To address this problem, a correction 
method was proposed considering different echo times 
(Latorraca et al. 1999; Dunn et al. 1998). Zhang et al. (2002) 
put forward a method for viscosity prediction from the T1/T2 
ratio. In 2006, Benjamin et al. investigated the relation 
between T2 and viscosity based on Bloembergen theory. 
These results applied well to moderately and highly viscous 

oils and are very successful at predicting the ultra-highly 
viscous oils. Cheng et al. (2009) established a relationship 
between the viscosity and relaxation time for heterogeneous 
fluids based on the Kohlrausch–Williams–Watts function. 
Korb et al. (2015) proposed a theory relating the longitudinal 
relaxation time T1 and transverse relaxation time T2 to the 
viscosity η of bulk heavy crude oils with different asphaltene 
concentrations. This theory is fully consistent with the uni-
versally observed behaviors for heavy crude oils which 
shows that T2(�) = T1(�) ∝ 1∕� for low viscosity and 
T2(�) ∝ 1

�√
� with a weak Larmor frequency dependence 

and viscosity independence but strong Larmor frequency 
dependence T1 ∝ 1

�√
�0 for high viscosity (Korb et al. 

2015). In this paper, a new method is presented for rapid 
viscosity determination. This method requires no correction 
in case of highly viscous fluid. Moreover, it may allow 
online rapid flowing fluid measurement.

Hydrogen index (HI) is the ratio of the hydrogen amounts 
in the targeting sample to those of the same volume water at 
the ambient conditions. It is of great value for determining the 
oil type and its combustion efficiency. Meanwhile, the fluid is 
always a mixture containing water, oil, gas, etc. An accurate 
assessment of HI is useful to determine individual fluid satu-
ration. Gaymard and Poupon (1968) analyzed a large quantity 
of alkane samples and found that HI was related to sample 
density. It did not apply to heavy oil because the presence of 
significant aromatic and polyaromatic contents. Vinegar et al. 
(1991) proposed the relationship between HI and API grav-
ity. However, the correlation did not consider the influence 
GOR and condensate. Zhang et al. (1998) used fluid density 
and hydrocarbon ratio to predict HI which was adaptable to 
live oil. NMR is also an effective method to calculate HI. 
The more fluid hydrogen content, the higher the NMR sig-
nals of the same volume sample. All the above methods rely 
on access to other parameters, such as sample density, API, 
volume and so on. In the paper, the HI value was calculated 
by partial least squares regression (PLSR) method with NMR 
spectrum distribution only.

Flowing velocity determination is an important applica-
tion since the discovery of NMR technology. In general, the 
NMR methods for obtaining the flow rate can be divided into 
two types. One is dependent on a fixed gradient field or a 
radio frequency gradient field (Gladden and Alexander 1996; 
Caprihan and Fukushima 1990; Fukushima 1999; Gladden 
and Sederman 2013). The essential idea originates from the 
work of Hahn, Stejskal and Tanner, which relies on static or 
pulsed magnetic field gradient to create phase shift of NMR 
signal which is proportional to the velocity (Hahn1950; 
Stejskal and Tanner 1965). However, this method needs a 
separate scan as a comparison, thus is time-consuming. Fur-
thermore, it is only useful to measure flow velocity under 
the conditions that flowing velocity profile is constant or 
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changes slowly. The other one is a time-of-flight method, in 
which a flowing element is tagged and its Larmor frequency 
is interrogated after a time delay as the tagged element moves 
in a static magnetic field gradient. It was brought into use 
by Suryan for the first time (Suryan 1951). He observed the 
continuous wave (CW) NMR signal increases when partially 
saturated spins are replaced by unsaturated flowing spins. 
However, this method is only valid when the flowing veloc-
ity is small. Afterward, Singer, Hirschel and Libello quantify 
the relationship between the signal and the flow rate (Singer 
1959; Hirschel and Libelo 1962). For time-limited indus-
try applications, fast measurement of flow rates is required 
(Gladden and Alexander 1996). For such applications, Song 
et al. present a one-scan method for determining mean flow 
velocities in the presence of a static magnetic field gradi-
ent and without the need of multiple scans, which makes 
use of the Multiple Modulation Multiple Echoes technique 
(MMME) to produce a series of coherence pathways (Song 
and Scheven 2005). Galvosas and Callaghan demonstrate a 
technique called soft-pulse-quadrature-cycled PGSE-RARE 
(SPQC-PGSE-RARE) to measure flow at velocities on the 
order of 1 m/s (Galvosas and Callaghan 2006). Osán et al. 
(2011) used the attenuation rate of CPMG pulse sequence 
to effectively measure the high flow speed, and the theory 
was quickly used on the fluid analyzer of Shell Oil Com-
pany. Deng et al. (2014a, b) investigated the influence of flow 
velocity to the obtained NMR signal and built a model to cal-
ibrate this effect. In this paper, two methods were proposed to 
obtain the flowing velocity on the engineering prototype. The 
first one can be used in a homogeneous field for high flow 
velocity determination and the other one is used in a gradi-
ent field for low flow velocity determination. Then, with the 
obtained flow velocity, it is possible to calibrate the obtained 
NMR signals of flow fluid to the exact value.

This paper follows five parts. Chapter 2 gives the princi-
ple and application of previous NMR fluid setups. Chapter 3 
briefly introduced the necessary theory of NMR and system 
design considerations related to NMR fluid analyzer. Chap-
ter 4 presents the design and implementation of the system 
hardware. Then, according to the requirements in time-lim-
ited fluid analysis process, two rapid T1–T2 measurement 
pulse sequences and two rapid observational modes were 
developed in Chapter 5. Finally, in Chapter 6, the system was 
applied to fluid measurements, from which the fluid content, 
viscosity, composition, flow rate, HI and other critical prop-
erties can be obtained.

2 � Previous NMR fluid analyzer

Depending on different measuring objects, NMR fluid ana-
lyzer can be divided into two categories: one is at under-
ground condition, the other one is operated on the ground 

surface. In the application process, both types of the systems 
will face with different challenges, as depicted in Fig. 2. For 
downhole applications, the fluid analyzer is typically used in 
conjunction with formation tester, which can suck the forma-
tion fluids into the system. In the wellbore environment, the 
size of the instrument is severely restricted. The designed 
system needs to get a suitable magnetic field strength and 
distribution in this limited volume. On the other hand, as 
the location of the instrument is constantly changing dur-
ing the measurement, the temperature and pressure around 
the instrument also changes. Thus, one need to select some 
special materials and structure to adapt to the harsh environ-
ment. For the permanent magnet system, the environmental 
temperature change will influent the magnetic field strength, 
which is proportional to the Larmor frequency. As a result, 
the designed antenna system should cover a wide frequency 
band of pulse excitation to accommodate the frequency 
shift. Moreover, it is well known that NMR measurement, 
especially for multi-dimensional NMR, is a time-consuming 
process. Therefore, the economy efficiency can be improved 
by accelerating the measurement speed. For surface appli-
cations, NMR signals can be detected directly as the fluid 
flows into the interior of the detector. Compared with down-
hole equipment, the structure of the surface system is more 
complex and larger to provide a more homogeneous mag-
netic field, thus the measurement precision is also higher. If 
the system is equipped with high temperature and pressure 
devices, the obtained results can be used to calibrate the 
downhole results at similar hash environment. When multi-
phase fluids with high-speed flow across the system, it is 
also challengeable to accurately obtain fluid flow velocity, 
content and flow regime.

Variable temperatures
High pressure
Limited volume
Economy

Underground
challenges

Precision
High speed flow
Multiphase flow

Surface
challenges

(a)

(b)

Fig. 2   Application challenges of NMR fluid analyzer. a Downhole 
applications b surface applications
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2.1 � Downhole NMR fluid analyzer

For downhole applications, NMR fluid analyzer offers abun-
dant information, for instance the fluid type, content, con-
stituent, viscosity, hydrogen index, gas-to-oil ratio, filtrate 
invasion degree, etc. Faced with the challenges shown in 
Fig. 2, Halliburton and Baker Atlas have designed and devel-
oped two distinct systems.

The NMR fluid analyzer developed by Halliburton can 
provide in situ data of formation fluids at in situ reservoir 
conditions (Prammer et al. 2001, 2004). The apparatus is 
compatible with the wireline Reservoir Description Tool 
(RDT), which can achieve a variety of sampling functions, 
testing and monitoring purposes. Figure 3 shows the sche-
matic diagram of the device. When pumped fluids were 
extracted from the formation and flow through the analyzer, it 
can acquire the NMR response simultaneously. From Fig. 3, 
it can be found that the instrument has a three-stage magnet 
structure. The first two segments, A and B, are pre-polarized 
section, and the third one is the measurement section C. The 
pre-polarized magnet A is an over-polarized magnet with a 
Halbach structure. It can produce a homogeneous field with 
2000–2500 Gauss field strength which is much higher than 
the field intensity at the section C. Therefore, the fluid can 
be rapidly polarized as the fluid flows into this part. The pre-
polarized magnet B is an under-polarized magnet with a ring-
shaped structure. The structure can generate a homogeneous 

magnetic field about 850 Gauss which is less than the field 
intensity of the measured area. It allows the over-polarized 
fluids quickly approach close to the target magnetization. The 
measurement magnets are also ring-shaped with 1000 Gauss 
field intensity, at which the Larmor frequency of proton is 
about 4.3 MHz. Considering that the instrument works in 
downhole environment, changes of the ambient temperature 
will severely affect the field intensity. Therefore, samar-
ium cobalt material with a small temperature coefficient 
is selected to reduce the temperature influence. A double 
antenna structure is located in the measurement area. The 
longer antenna is solenoid structure for transmitting signals 
and the shorter one is for receiving signals. On account of 
this special design, the obtained signal is free from the influ-
ence of flow velocity lower than 10 cm/s.

Different NMR information of the fluid can be obtained 
by using different pulse sequences. When the fluid is in flow-
ing state, the instrument can obtain the T1 relaxation time 
of the sample through the saturation recovery (SR) pulse 
sequence. In comparison, T2 is more sensitive to fluid flow 
and the magnetic field strength variation. As a result, T2 
relaxation time can only be obtained for stationary fluid. On 
the other hand, the measurement area along the cross-section 
plane can be divided into two parts, the middle cylindrical 
area is a homogeneous magnetic field, and the outer ring is 
a gradient magnetic field, the volume of this part occupies 
about 1/3 of the detection area. In order to get the diffu-
sion coefficient of the sample, a steady gradient spin echo 
(SGSE) pulse sequence is used. This sequence includes two 
CPMG scans with different echo times. The first one uti-
lizes the shortest echo time as allows in the spectrometer, in 
which the signal attenuation due to diffusion relaxation can 
be ignored. The other one has a longer echo time, in which 
the signal attenuation is greatly influenced by the molecular 
diffusion in the field with a calibrated gradient.

Based on the obtained NMR information, different fluid 
properties can be identified. The hydrogen index (HI) of 
the fluid can be obtained by dividing the signal of the same 
volume of water at ambient conditions. In principle, dif-
ferent pure fluids have their unique relaxation time values. 
The longer the relaxation time is, the faster the molecular 
moves and the lower the fluid viscosity is. By establishing 
the appropriate model, NMR relaxation time or diffusion 
coefficient can also be used to calibrate the fluid viscosity. 
Furthermore, live oil containing a certain amount of gas 
has different NMR response of dead oil. With this contrast, 
NMR relaxation time can be used to predict GOR. When the 
formation tester continues sucking formation fluids into the 
analyzer, the system can determine the mud filtrate invasion 
degree in real time based on the correlation between relaxa-
tion time distribution and pump-out time.

The NMR fluid analyzer designed by Baker Atlas is also 
combined with a formation tester (Edwards et al. 2000). It can 

Inflow

Outflow

Polarization
section

Stabilization
section

Measurement
section

Receiving
antenna

Exciting
antenna

Flow
tube

Housing 

Fig. 3   The NMR fluid analyzer of Halliburton version
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perform 13C NMR spectroscopy as the fluids were drawn into 
the formation tester. Compared with the relaxation time meas-
urements, NMR spectroscopy measurements require a higher 
magnetic field homogeneity, which can reach up to a few tens 
or even several ppm in harsh underground environment.

The cross-section of the system is shown in Fig. 4. The 
instrument has a C-shaped magnet structure with two pieces 
of magnet fastened on a cylindrical yoke. To build up a high-
level homogeneous magnetic field, some pole pieces were 
added to improve the field distribution, and a field with good 
homogeneity perpendicular to the axial direction is gener-
ated. The field intensity is 5708 Gauss, and the Larmor fre-
quency is 6.12 MHz for carbon element. The probe is made 
of samarium cobalt material to decrease the effects due to 
temperature changes in downhole detection. Simultaneously, 
a shim coil is added between the two magnets, which can pro-
duce a supplementary static magnetic field for compensating 
changes of the magnetic field. By this means, the instrument 
can keep the total field intensity stable. The antenna in this 
system is a combined structure. All the three antennas are 
solenoid arranged along the axial direction. The generated 
radio frequency (RF) field is perpendicular to the static mag-
netic field generated by the C-shaped magnets. Moreover, 
by an antenna selection circuit, it is possible to trigger the 
operation of the antennas at different locations. Therefore, 
this mode can enhance the operating efficiency a lot.

Due to the small gyromagnetic ratio, the NMR signal 
sensitivity of 13C is very low. Thus, in the acquisition pro-
cess, CPMG pulse sequence is used to collect multiple full 
echo information. Then, all the signals are added to improve 
the signal to noise ratio (SNR). For pure water, it does not 
contain carbon atom and the obtained result shows no sig-
nal. For crude oil, multiple composition information can be 
inferred after Fourier transform. The component at 130 ppm 
is the aromatic component, and the component at 30 ppm 

is the aliphatic component. With the use of gradient coils, 
the instrument can also measure the correlation spectrum 
between diffusion coefficient and chemical shift. In addi-
tion to 13C, the instrument can still measure the NMR signal 
of sodium element to determine the mineralization degree. 
Compared with the carbon element, the gyromagnetic ratio 
of the sodium element changes and its RF frequency needs to 
be adjusted to 6.41 MHz to match with its Larmor frequency.

2.2 � Surface NMR fluid analyzer

For surface applications, Schlumberger, Shell, the Univer-
sity of Western Australia, have developed their NMR fluid 
analyzers, through which viscosity, density, compressibility, 
molecular composition, GOR, SARA, flow velocity and con-
tent for multi-phase flow, flow regime, etc., can be obtained.

The Schlumberger instrument can conduct high-perfor-
mance laboratory measurements of fluid samples at the high 
temperature up to 175 °C and pressure up to 25,000 psi, which 
are common in many oil and gas reservoirs (Freedman et al. 
2013, 2014). It can determine what fluid properties can be 
predicted from NMR measurements as well as the prediction 
accuracy. Combined with the measurement results from optical 
instrument, the system can acquire a database of different fluid 
properties at different temperature and pressure conditions.

Figure 5 shows the sketch of the high-performance low-
field NMR apparatus. The magnet assembly contains two 
spatially separated parallel plates made from non-magnetic 
stainless steel. The C-shaped magnets made by samarium 
cobalt material are situated on the plates. In addition, the mag-
netic field distribution in the measurement region between the 
plates are smoothed by magnetic pole pieces situated below 
and adjacent to each plate. This structure can produce a homo-
geneous field perpendicular to the axial direction with a 535 
Gauss field intensity at room temperature. Due to fabrication 
precision, there will be an average magnetic field gradient in 
the NMR sensitive region less than 1 G/cm for all tempera-
tures. The RF antenna of the instrument is solenoid structure 
wound on a non-magnetic titanium frame inside a metal-
lic sample holder. It can produce a homogeneous RF field 
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perpendicular to the static magnetic field. About 80 percent of 
the NMR signal comes from the fluid inside of the RF coil and 
the remainder from the fluid in the annular region between the 
coil and the sample holder. This design results in an NMR 
fill factor greater than 1 which greatly enhances the SNR. In 
order to measure the diffusion coefficient, a pair of gradient 
coils are provided consist of an elliptically shaped Maxwell 
pair embedded in two PEEK fixtures. The gradient coil can 
generate a gradient up to 50 G/cm.

The NMR system includes a fully programmable pulse 
sequencer and is capable of performing all the standard low-
field NMR relaxation time and diffusion measurements at dif-
ferent temperatures and pressures. T2 distributions of the tar-
geting sample can be acquired by the CPMG pulse sequence, 
and T1 information is obtained by SR pulse sequence. Mean-
while, bipolar pulsed field gradient (PFG) pulse sequence 
is used to obtain diffusion coefficient. Furthermore, multi-
dimensional correlation maps can be obtained by this system. 
SR-CPMG pulse sequence is used to obtain T1–T2 informa-
tion and bipolar PFG-CPMG pulse sequence is used to pro-
vide T2–D information. It is worth noting that bipolar PFG 
pulse sequence can provide more accurate results of diffusion 
coefficient in the presence of static gradient.

Crude oil is a complex mixture consisting of dissolved 
gases and various other hydrocarbon and inorganic mol-
ecules of unknown sizes, shapes and types. The physics of 
such complex mixtures cannot be accurately described by 
simple idealized models. With a Gaussian radial basis func-
tions (RBF) method proposed by Freedman, the obtained 

NMR spectrum distribution by the system is able to predict 
fluid properties such as viscosity, density, compressibility, 
molecular composition, GOR and SARA with good accu-
racy. The only needed information is the NMR results, pres-
sure and temperature.

Nowadays, no single well head meter available on the 
market can satisfy the customer’s need for accuracy across a 
broad range of produced volumes and hydrocarbon proper-
ties, operational robustness, with low cost hurdle. Insufficient 
metering may result in suboptimal reservoir management and 
uncertainty in allocation of co-mingled. The multi-phase 
NMR fluid analyzer designed by Shell can tackle the above 
problems (Hogendoorn et al. 2013; Appel et al. 2011).

The structure of the multi-phase NMR fluid analyzer is 
shown in Fig. 6. The magnet comprises two sections, one 
is the pre-polarized magnets, and the other one is the meas-
ured magnets. Both the polarized and measured magnets 
use Halbach structure with samarium cobalt material. The 
pre-polarized section consists of two concentric rings: an 
inner and outer ring. The outer ring can rotate around the 
inner ring with an electro-motors. By putting both rings in 
the upward direction (+/+), full magnetic field strength is 
obtained. By rotating the outer ring by 180° (±) the magnetic 
field is canceled out. By this means, the system can adjust 
the polarization efficiency. The main magnet is a multi-ring 
Halbach structure, which can produce a high homogeneous 
magnetic field. By this design, the magnetic field strength 
outside the meter housing is less than 0.5 mT. The com-
pleted system is about 2 meters long and 800 kg weight. It 
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can work in the environment where the temperature is from 
− 40 to 65 °C, and the suffered pressure can reach up to 1200 
psi. In between the main magnet and the sample pipe, the 
solenoid coil is located. In addition, a gradient coil between 
the RF coil and the magnet can generate a gradient filed 
along the direction of the static magnetic field. It makes it 
possible to excite fluids in different regions by applying RF 
pulse with different frequencies.

Generally, water has a longer relaxation time than crude 
oil. Therefore, the polarization efficiency is different when 
water and oil flow through the analyzer simultaneously. As 
shown in Fig. 6, the polarized magnets can generate two 
different field intensities by rotating the outer ring magnets. 
By the signal intensity ratio of those two scans, oil and water 
contents can be acquired. In the flow condition, both the bulk 
relaxation and the flow velocity will affect the signal decay 
rates. When flow velocity is large enough, the signal attenu-
ation due to bulk relaxation can be ignored. Then, the flow 
velocity can be obtained. When gas is present in the fluid, 
gas will hold up the top position of the pipe due to grav-
ity. By applying the selective gradient pulse, the slice only 
containing gas can be chosen to obtain the gas velocity. The 
instrument has a good effect on mixed fluids with different 
oil, gas, water contents, especially for high water content 
(Water Liquid Ratio above 85%) and low gas content (gas 
volume fraction below 75%).

The NMR fluid analyzer developed by the University of 
Western Australia is based on the Earth’s field (ET) (Frid-
jonsson et al. 2014, 2015). When the fluid flows through 
the detector, the instrument can not only obtain the average 
fluid flow velocity but also obtain the velocity probability 
distribution.

The whole system is shown in Fig. 7. Its magnet struc-
ture consists of two sections, a pre-polarized magnet and a 
measured magnet. The pre-polarized magnet is a Halbach 
array structure with the field intensity about 0.3 T. It is used 
to excite the flowing fluids to a detectable degree. The meas-
ured magnet is a commercially available EF NMR system, 
and it is placed in a Faraday cage to decrease the background 
noise.

When fluid flows in the pipeline, it firstly passes through 
the polarized magnet. The polarization efficiency is related 
to fluid flow velocity, the length of polarized magnets and 
the T1 relaxation time. Then, the signal will attenuate as 
T1 relaxation time when the fluid flows out the polarized 
area. Finally, the fluid arrives at the measured section. At 
this time, one pulse sequence was used to get its FID sig-
nal. The signal decay rate is correlated with both the field 
non-homogeneity and flow velocity. The signal attenuation 
as caused by field non-homogeneity can be eliminated by 
proper calibrations. Then, the flow velocity or the veloc-
ity probability can be calculated from the obtained signals 
by a regularization method. When the fluid flows in two 
pipes, the system also has the ability to quantify multi-modal 
velocity distributions. In addition, this instrument can also 
retrieve T1, T2 information of the fluid and provide early 
non-destructive detection of active biofouling.

3 � Theory

3.1 � NMR fundamentals

NMR refers to the response of atomic nuclei to magnetic 
fields. The nuclei which can be detected by NMR should 
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possess either an odd number of protons, neutrons, or both 
protons and neutrons, for example 1H, 13C, 15N, 19F, 31P, etc. 
(Mitchell et al. 2014).

In oil industry, hydrogen nucleus is one basic element due 
to its natural abundancy. It can be easily detected by NMR. 
When hydrogen nucleus presents in a static magnetic field 
with B0 field strength. B0 will exert a torque on the nucleus 
and leads the spinning hydrogen moves perpendicular to 
the torque. This motion is called precession. The precession 
frequency (f), known as the Larmor frequency, is related to 
the field strength:

where γ is the gyromagnetic ratio, for hydrogen nucleus, 
γ/2π = 42.58 MHz/T. According to quantum mechanics, 
when a proton is in an external magnetic field, the proton 
can be forced into one of two energy states. The energy state 
of a particular proton depends on the relationship between 
the orientation of the precession axis and the direction of 
external field. When the precession axis is parallel to B0, 
the proton is in its low energy state. On the contrary, the 
proton is in the high energy state. If there are a large num-
ber of protons, more spins are precessing parallel to B0 than 
anti-parallel. This difference can provide the macroscopic 
magnetization M0. For the case of N nuclei per unit volume, 
the magnetization is given by Curie’s Law:

where k is Boltzman’s constant, T is absolute temperature, 
h is Planck’s constant, I is spin quantum number of the 
nucleus. Before observing the NMR signal, the magnetiza-
tion needs to be tipped from the longitudinal direction to 
the transverse plane. This is accomplished by applying an 
oscillating magnetic field (B1) perpendicular to the static 
magnetic field. For effective tipping, the frequency of B1 
must equal to the Larmor frequency of the protons calculated 
by Eq. (1). The tipped angle is given by:

where θ is the tip angle, B1 is amplitude of the oscillating 
field, τ is the duration over which the oscillating field is 
applied. When a series of pulses are applied, called pulse 
sequence, the system can generate different signals. With 
relevant pulse sequences, longitudinal relaxation time, trans-
verse relaxation time, diffusion coefficient and other correla-
tion information of the sample can be observed. This part 
will be described in Chapter 5.1 in detail.

(1)f =
�B0

2π

(2)M0 = N
�2h2I(I + 1)

3(4π2)kT
B0

(3)� = �B1�

3.2 � System design consideration

The magnetic field required for NMR can be produced by a 
current through a superconducting or resistive wire. In com-
parison, permanent magnets are compact with low main-
tenance and low cost. Despite their field instabilities with 
temperature, they are the most suitable designs for low-field 
NMR instruments below 1 Tesla (T).

To design a magnet system, material selection is an 
important segment. Different materials are usually evalu-
ated by a hysteresis loop as shown in Fig. 8. The hysteresis 
loop curve characterizes a magnetic material as it is brought 
to saturation by applying an external field. The curve 0–a is 
the initial magnetization curve when the material is at the 
external magnetic field, the magnetic induction-B of which 
will increase gradually with the increases of the external 
magnetic field strength-H. After removing the external mag-
netic field, the magnetic induction strength will reduce to 
Br, known as the remanence of the magnetic induction. In 
the Figure, coercivity (Hcb) is the intensity of the applied 
magnetic field that is required to reduce the magnetization 
of the material to zero, whereas, intrinsic coercivity (Hcj) is 
the required field to reduce the intrinsic induction to zero.

Examples of representative magnetic materials for perma-
nent magnets are shown in Table 1 (Demas and Prado 2009). 
High remanence, coercivity and magnetic energy product are 
desired as they produce a higher field per unit volume of a 
magnetic material. The Curie temperature is the temperature 
above which a ferromagnet loses its ferromagnetic abilities 
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induction intensity saturated in an external magnetic field, Br is the 
residual magnetic induction strength after removing the external mag-
netic field, Hcb is the coercivity, Hcj is the intrinsic coercivity
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and becomes paramagnetic. Hence, the maximum operation 
temperature should be well below this temperature. Further-
more, a low temperature coefficient is required due to that it 
will lead little drifts of Larmor frequency when temperature 
changes.

In the process for magnet simulation, Maxwell equations 
are utilized to describe the temporal and spatial variations 
of the magnetic field. The best design of magnet structure 
can then be chosen by comparing the simulated variations.

In an NMR fluid analyzer system, RF antenna is used 
to generate an electromagnetic field to excite the hydrogen 
and receive the NMR signal with specific information of 
the sample. The designed antenna must satisfy the follow-
ing requirements: (1) the generated RF field by the antenna 
is perpendicular to the magnetic field, which is the premise 
for NMR phenomenon (2) the generated RF field needs to 
be homogeneous to ensure a maximum NMR signal under 
the complicated underground geological conditions. After 
selecting the antenna structure, the antenna should be con-
nected to a tuning circuit to match the Larmor frequency. 
Usually, the antenna system uses the basic RLC resonance 
circuit, the electrical parameters of which include the reso-
nant impedance Z, the internal resistance r, the inductance 
L and the quality factor Q. The resonant impedance is the 
impeding capacity to the current of the circuit. The internal 
resistance determines the self-loss of the antenna. The Q 
value determines the emission efficiency of the RF energy. 
Basic theoretical resonant circuits are shown in Fig. 9 (Kod-
ibagkar and Conradi 2000).

A prerequisite of the system at an operating status is to 
ensure the resonant frequency of the antenna equal to the 
Larmor frequency, and the resonant frequency of the four 
circuit structures satisfy the following equations:

where ω0 is the resonant frequency multiply by 2π. On the 
other hand, the impedance should match with the electronic 
circuit so that the electronic instrument achieves the best 
emission efficiency. The impendences of the above four tun-
ing circuits are shown in Eq. (5), respectively,

Among the four structures, the series circuit is mainly 
used for voltage amplification, and the parallel resonant cir-
cuit is used for current amplification. They are usually used 
in downhole applications for its adaptiveness to the harsh 
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Table 1   Parameters of some representative magnetic materials

Material Remanence, T Coercivity, Oe BHmax, MGOe TCurie, °C Temperature 
coefficients, 
%/°C

SmCo 1.16 10,500 30 800 − 0.035
NdFeB 1.28 12,300 40 310 − 0.12
Alnico 1.25 640 5.5 860 − 0.02
Ceramic 0.39 3200 3.5 750 − 0.2
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Fig. 9   Illustration of basic resonance circuit a in serial c in parallel b and d in hybrid tuning circuits. L is the inductance, C is capacity, r is the 
internal resistance
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environment. The hybrid tuning circuit is a combination of 
both series resonant structure and parallel resonant circuit. 
It can adjust the impedance and the resonance frequency 
by change the ratio between C1 and C2. The functions of 
the two capacities are different, one is mainly for tuning 
the resonant frequency, and the other is for matching the 
impendence. It is normally used in laboratory instruments 
due to its maneuverability.

In the fabrication process, solenoid antenna is a usual 
choice which satisfies the above requirements. Firstly, the 
antenna inductance needs to be estimated related to the num-
ber of turns, antenna length, antenna diameter and screw 
spacing. Then, according to the inductance, the parasitic 
capacity, quality factor and the impendence of the sys-
tem, the required capacity can be calculated based on the 
designed antenna structure.

The circuit design is another important issue for fluid ana-
lyzer. Firstly, it should satisfy the basic functions of high-
power excitation and weak signal acquisition. On the other 
hand, according to different probe designs, some special 
modules should be supplemented to achieve the best match 
between different probes and their corresponding circuits.

The details of the system design are shown in Sect. 4. 
For the probe design, the materials for magnet and antenna 
are firstly selected by considering the electrical or mag-
netic properties. Then, different structures of the magnet 
and antenna should be proposed. Finally, the electromag-
netic field of different antenna and magnet structures can 
be calculated via Maxwell equations and the finite element 

simulation method. By comparison, the best project will 
be accepted to reach the design requirements. Same as the 
probe design, the circuit design should also experience sev-
eral stages: starting from the design of whole circuit and 
every single module, then fabrication of the circuit board, 
single board debugging and ending up with the whole cir-
cuit debugging. The probe can generate a magnetic field, 
and the circuit can transmit an electronic field orthogonal 
to the magnetic field. If there are some sample containing 
hydrogen atoms in the area where the two filed exists, the 
NMR signal can be obtained as the descriptions shown in 
Chapter 3.1.

4 � System design

Since 2010, the NMR lab of CUPB led by Prof. L. Z. Xiao 
has started to design and manufacture NMR fluid analyzer 
(Wu 2012; Zhao 2014). With the continuous optimization 
of the system design, a total of three sets of NMR fluid ana-
lyzers were fabricated, as shown in Fig. 10. The first system 
fabricated in 2012 is a laboratory prototype which uses a 
ring-shaped magnet structure to ensure the homogeneity of 
the magnetic field. The system can only be used to perform 
NMR measurements of the stationary fluids with the coop-
eration of formation tester. The second laboratory prototype 
fabricated in 2014 incorporates pre-polarized sections (A 
and B shown in the Figure) in the axial direction and uses a 
discrete antenna structure to do the measurements for flow 
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fluid. The last set developed in 2017 is an engineering proto-
type system considering the high pressure and high tempera-
ture environment. The field homogeneity and polarization 
efficiency have greatly improved. The system takes a com-
bined antenna structure. Each antenna is used to achieve dif-
ferent NMR measurement. The system can choose appropri-
ate antenna to work through a switching circuit. The system 
is used for measuring stationary fluid as well as for measur-
ing fluid flow with the three polarization sections (A, B and 
C shown in the Figure). Meanwhile, the system is applicable 
both in downhole and surface environments.

4.1 � Probe design

The system design includes the probe design and the circuit 
design. In the probe design, the magnet and the antenna are 
two major components, of which the magnet generates a 
static magnetic field and the antenna generates a RF field 
orthogonal to the magnetic field (Edwards et al. 2000; Pram-
mer et al. 2004; Appel et al. 2011; Freedman et al. 2014; 
Fridjonsson et al. 2014).

In the process of magnet design, the samarium cobalt mate-
rial is selected due to its high intensity magnetic field in case of 
limited volume and little temperature dependency on magnetic 
field strength. The properties of samarium cobalt is shown in 
Table 1 (Demas and Prado 2009). To evaluate the magnet 
design, homogeneity of the magnetic field is an important indi-
cator. Therefore, it is necessary to select a suitable design from 
a large number of magnet structures. Among them, the square 
magnet structure, the fan-shaped magnet structure, the ring 
magnet structure and the Halbach magnet structure are shown 
in Fig. 11. All the magnets are wrapped with a ring-shaped 
high permeability shell, which improves the field homogeneity 
and ensure no leakage outside the probe.

The obtained field homogeneities of a center circle in the 
cross-section with 20 mm diameter are given in Table 2. It 
can be seen that the field of the ring magnet is most homo-
geneous. Meanwhile, the structure is easy to fabricate. 
Therefore, ring magnet is chosen as the magnet structure. 

Furthermore, the fabricated magnets are small rings. To 
assemble an NMR fluid analyzer, a set of magnet blocks 
should stick to each other in an organized way. The com-
pleted assembly is shown as the first system in Fig. 10.

The antenna system is another part of the probe system. 
Solenoid antenna is the better choice as it is well known that 
the RF field of solenoid antenna is homogeneous and orthog-
onal to B0 field among a variety of antenna designs, such as 
solenoid structure, saddle shaped structure, birdcage struc-
ture, etc. Then, the first set of fluid analyzer was designed and 
fabricated according to the above design, the length of which 
is only 20 cm. It can be used as a module of the formation 
tester. When the fluid is at a stationary state, the system is 
able to measure the relaxation time of the fluid. Meanwhile, 
the diffusion coefficient can be obtained by taking advantages 
of the magnetic gradient at the edge of the cross-section. 
However, it is worth noting that this version is limited in 
measuring flowing fluids due to the short-polarized magnets.

If the measurement can be performed when the fluid is 
at flowing state, more information can be obtained, and it 
could be more efficient. However, there poses new challenges, 
of which the most prominences are the pre-polarization effi-
ciency and the signal loss during acquisition. To tackle this, 
the new design adds pre-polarized magnets to the magnet sys-
tem to improve the polarization efficiency and adopts a sepa-
rate antenna structure to reduce signal loss during acquisition.

This version uses a three-stage magnet structure, as the 
second system shown in Fig. 10. Segments A and B are 
named as pre-polarized magnets, section C is the meas-
ured area and produces the target B0 field. Among them, 

Fig. 11   Magnet design a square magnet structure b 45° fan-shaped magnet structure c ring magnet structure d Halbach magnet structure

Table 2   Field homogeneity of a center circle in the cross-section with 
20 mm diameter

Magnet 
structure

Square 
magnet

Fan-shaped 
magnet

Ring magnet Halbach

Filed homo-
geneity 
(ΔB/B0)

0.67 0.12 2.4 × 10−6 2.6 × 10−3
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the field strength of part A is much stronger than the target 
field strength. The role of this part is to rapidly polarize the 
sample. As a result, the magnetization is higher than the 
target magnetization when sample flows out section A. The 
field strength of part B is lower than the field strength of 
region C, by which the magnetization can be rapidly “pulled 
down”. Thus, when the sample arrives at the measured area, 
the magnetization can get close to the target magnetization. 
After the fluid flows over the pre-polarized magnets, the 
magnetization is expressed as Eq. (6):

where M is the magnetization of the fluid flowing into the 
measuring area, MA is the magnetization when fluid in pre-
polarized magnet A gets into equilibration, MB is the mag-
netization when fluid in pre-polarized magnet B gets into 
equilibration, t is the time for the fluid flows through the pre-
polarized magnets, tA is the time for the fluid flows through 
the pre-polarized magnet A.

Generally, T1 values of most fluids are between 0.1 and 
4 s, and the flow velocity is set between 0 and 4 cm/s. Thus, 
the new system should ensure that those fluids can reach 
the target magnetization after the fluid flows through the 

(6)M = MA
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−
t−tA
T1

)

pre-polarized magnets. By performing continuous simula-
tion, the optimized polarization efficiency of three-stage 
probe is obtained by Eq. (6) and shown in Fig. 12. It can be 
seen that the polarization efficiency can get to 94%–106% 
of the target magnetization after the fluid flows over the pre-
polarized magnet.

Furthermore, the system is equipped with a separate 
antenna structure, as shown in Fig. 13, in which two sepa-
rate antennas undertake pulse emission and signal reception 
functions, separately. The solenoid antenna is only used as an 
emitting antenna, the length of which is A1. The saddle coil is 
just used as receiving antenna, with the length of A2. Two dif-
ferent coil structures avoid the coupling in signal acquisition, 
which is conducive to improve the SNR. The tail ends of the 
two antennas are aligned. In this way, the emitted pulse will 
excite the fluid within region A1. The received signal is only 
from the fluid within region A2. With the fluid flowing along 
the sample chamber, some unexcited fluid will flow into the 
A2 region while some excited fluid will flow out. However, as 
long as the distance that the fluid flowing pathway does not 
exceed the length of A1–A2 during signal acquisition period, 
the signal attenuation due to flow velocity would be neglected.

Based on the above descriptions, it is known that this 
version of system can measure the fluids at flowing state. 
However, by using this antenna, the transmit antenna excites 
more fluid than that contributed to the receive antenna, 
which will cause great energy loss if the fluid in station-
ary state. On the other hand, when ring-shaped magnets are 
stick to each other, it is easy to twist in the assembly pro-
cess between the adjacent magnets which will result in field 
non-homogeneity.

From the above presentations, the first two sets of fluid 
analyzer assemble a number of ring-shaped magnets along 
the fluid flow direction. In order to produce a homogeneous 
B0 field, the magnetization direction of each magnet must 
be consistent. However, in the assembly process, the adja-
cent two ring magnets are prone to twist, resulting in field 
non-homogeneity. To effectively avoid the twist between the 
magnetic blocks, a special ring-shaped structure was utilized 
by cutting part of the ring out as a card slot, which can be 
fastened in a high permeability material. The optimization 
is shown in Fig. 14. Figure 14a is the original ring-shaped 
structure. Figure 14b is the optimized ring-shaped structure, 
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which ensures the magnetic field in the same direction. On 
the other hand, the field strength will not greatly be affected 
by the structure optimization. The results are shown in 
Fig. 14c and d.

In order to enhance the polarization efficiency, the magnet 
structure was also modified by adding a new stabilization 
section C to the pre-polarized magnets which means that 
the fluid needs to flow through the three-stage pre-polarized 
magnets before the fluids reaches the measurement area D, 
as the third system shown in Fig. 10. Figure 15 demonstrates 
that the polarization efficiency can increase to 99%–101% of 
the target magnetization when fluid flows through the four-
stage magnet structure.

According to the design, the completed engineering pro-
totype is shown in Fig. 16a. The engineering prototype can 

be operated either in laboratory or in testing wells with tens 
of meters depth. Figure 16b is the field distribution tested 
by a 3D automatic Gauss meter (CH-1600, Beijing Cuihai 
Electronics Company). In Fig. 16b, the right part is the field 
distribution of section A, the middle part is the field distri-
bution of section B, and the left part is the field distribution 
of section C and D. On the edge of the section D, there is a 
stray field with a gradient which can be used for fluid diffu-
sion measurements.

To perform multi-parameter measurement, the system 
uses a combined antenna structure according to the measured 
field distribution, as shown in Fig. 16b. Antenna 1 is placed 
on the edge of section D, where a constant gradient field is 
present to be utilized for the diffusion coefficient measure-
ment. Antenna 2 is placed in the middle of section D, which 
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Fig. 14   a, c are the ring magnet structure and the corresponding field strength along the radial direction, respectively. b, d are the optimized 
magnet structure and the corresponding field strength along the radial direction, respectively
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is the most homogeneous area. This part is used to measure 
the relaxation time. Antenna 3 is located on the other edge 
of section D, which has the longest length of available B0 
field and is designed to measure the NMR parameters during 
fluid flows. With the combined antenna structure, the system 
is capable to measure T1, T2, D of the fluid. Furthermore, 
multi-dimensional correlation maps including T1–T2, T2–D, 
T1–D information can be obtained. All the three antennas are 
solenoid structure, which is relatively easy to fabricate. In 
addition, it can generate a homogeneous RF magnetic field 
perpendicular to the magnetic field. Thus, the maximum sig-
nal quality is guaranteed. From Fig. 16b, it can be found that 

the three antennas are spatially independent, which avoids 
the coupling effects between neighboring coils.

Compared with the aforementioned system, the new sys-
tem has several upgrades: (1) due to more linear magnetic 
field in Antenna 1, the measured diffusion coefficient values 
would be more accurate. In comparison, the first two systems 
use the gradient in the edge of the probe cross-section, the 
measured signal incorporate the contribution of the fluid in 
the center of the probe cross-section. (2) The new prototype 
is more energy saving while measuring fluid at stationary 
condition. As aforementioned, if the fluid is in the station-
ary state, only antenna 1 and antenna 2 will be used and not 
much fluids need to be excited. (3) The new prototype is 
more effective to obtain multiple NMR parameters. From 
Fig. 16b, it can be found that the three antennas are inde-
pendent. When the fluid locates in one antenna during the 
polarization state, the system can still switch to the other 
antennas and perform the NMR measurements during the 
polarization time slot. This part will described in details in 
Chapter 5.3.

4.2 � Circuit design

The electronic circuit is an important component of the 
NMR fluid analyzer. The technical difficulties of circuit 
design are summarized as follows: (1) ultra-high power 
transmission; (2) weak signal detection; (3) rapid release of 
antenna energy; and (4) antenna switch. Moreover, the cir-
cuit has the ability to be applied in downhole environment. 
Thus, the designed circuit should take the limited volume, 
the high temperature and pressure into consideration.

The designed circuit mainly consists of main controller, 
power amplifier circuit, decoupler circuit, digital acquisi-
tion system, antenna control circuit, antenna tuning circuit, 
capacitor circuit and power supply circuit. The schematic 
diagram of the circuit with key parts is shown in Fig. 17 
(Yu et al. 2011; Mansfield and Powles 1963; Clark 1964; 
Karlicek and Lowe 1978; Reddy and Reddy 1982; Griffin 
et al. 1993; Li et al. 2001; Xiao et al. 2015).

In the circuit system, the main controller is the core part. 
According to the received commands from PC, it generates 
all the timing and control signals including the emission 
control signal, the antenna control signal, the decoupler 
control signal, the sampling clock, the gating control sig-
nal, etc. Among them, the generated emission control sig-
nal is a sinusoidal signal with a specific frequency. After 
amplification by the power amplifier circuit, the emission 
signal becomes a high power RF pulse greater than 300 W. 
Afterward, the energy will be transferred to the antenna and 
excite the hydrogen nucleus in the static magnetic field to 
produce NMR phenomenon. Compared to the intensity of 
the emission pulse, the generated NMR signal intensity is 
just μV or nV level. Hence, it should be promised that the 
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Fig. 15   Pre-polarization efficiency of four-stage magnets
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Fig. 16   a The engineering prototype of the fluid analyzer, the fabri-
cated probe was wrapped in a titanium steel shell in order to enhance 
the mechanical strength. It can be connected with the circuit with an air 
head. By this design, the system can be operated in testing wells tens of 
meters deep. b The field distribution tested by a 3D automatic Gauss 
meter made by Beijing Cuihai Electronics Company. The right part is 
the field distribution of section A, the middle part is the field distribu-
tion of section B, the left part is the field distribution of section C and 
D. On the edge of the section D, there is a stray field with a gradient
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emitted pulses and the acquired signals are not disturbed 
with each other. To do this, two means were taken. One is 
the improvement in antenna tuning circuit, a low resistance 
and two diodes in parallel back-to-back were added help 
to decrease the Q value of the solenoid coil system which 
can quickly discharge the residual emitted energy. The other 
one is the decoupler circuit, which can protect the circuit 
system by isolating the emitted pulse and the receiving sig-
nal. Thereafter, the received signal needs to go through the 
pre-amplification module to amplify the signals, the filter 
circuit to decrease the noise level, finally arrive at the digital 
acquisition system. By the analysis of the main controller, 
the signal amplitude and phase containing a wealth of fluid 
information can be obtained. In this process, the capacity 
circuit provides energy for the power amplifier circuit when 
the pulse is emitted, and the power supply circuit can pro-
vide power to other parts of the system.

In the system, the specific parts are the antenna control 
circuit and the antenna tuning circuit due to the combined 
antenna structure. As mentioned above, different anten-
nas have their specific functions. Thus, an antenna control 
circuit was designed to choose the appropriate working 
antenna. Meanwhile, a tuning circuit was designed to tune 
three antennas in one circuit board, which facilitates the best 
match between the magnets and the respective antenna.

5 � Methodology

5.1 � Conventional measurement method

The most common NMR properties used in the study of 
petroleum targets are transverse relaxation time, longitudinal 

relaxation time and diffusion coefficient. Transverse relaxa-
tion time—T2, also known as spin–spin relaxation time, is 
related to internal energy exchange of the spin system. It char-
acterizes the decay of magnetization in the transverse plane 
during the dephasing process of the spins. In 1948, Bloch 
described the relationship between the transverse magnetiza-
tion vector Mxy with the decay time (Bloembergen et al. 1948)

where Mxy is the magnetization in the transverse plane. The 
solution of the above function is the exponentially decaying 
processes as follows:

where M(t) is the magnetization of decay time t. T2 is an 
usual parameter to predict fluid and petrophysical properties. 
It can be measured by CPMG pulse sequence, as shown in 
Fig. 18. In this sequence, a 90° (π/2) pulse firstly pulls the 
magnetization into xy plane. At this time, the magnetization 
began to gradually dephase due to the field inhomogeneity 
and dipole–dipole interaction between the spins. Then, a 

(7)
dMxy

dt
= −

dMxy

T1

(8)M(t) = M(0) ⋅ e
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Fig. 17   The circuit design. The modules in the red frame are the specific antenna tuning circuit and antenna control circuit due to the combined 
antenna structure
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Fig. 18   CPMG pulse sequence, TE is the echo time while τCPMG is the 
half-echo time



	 Petroleum Science

1 3

180° (π) pulse reverses the dephased magnetization and the 
dispersed magnetization will gradually reunite to form an 
echo. If a train of consecutive 180° pulse is used, a serial 
of signals with decreased amplitudes can be recorded and a 
decay curve can be obtained. In the process, the signal loss 
due to the dipole–dipole interaction cannot be reunited.

Longitudinal relaxation time − T1, also known as 
spin–lattice relaxation time, is related to the energy exchange 
between the spin system and the external environment. It 
reflects the energy exchange efficiency between the spin sys-
tem and the external environment. When T1 is large, the sys-
tem gets to the equilibrium state slowly. When T1 is small, 
it needs less time for the spin system to reach to a balance. 
In 1948, Bloch described the relationship between the lon-
gitudinal magnetization vector Mz with the recovery time 
(Bloembergen et al. 1948), the relationship is:

where Mz is the magnetization in the longitudinal axial. 
The solution of the above equation would be an exponential 
function:

where TW is the recovery time. Since spin lattice relaxation 
occurs in the longitudinal axis while one must measure sig-
nal in the transverse plane. It can be measured by inversion 
recovery (IR) pulse sequence, as shown in Fig. 19. In the 
sequence, a 180° pulse will firstly reverse the initial magneti-
zation. Then, a 90° pulse will take the magnetization into xy 
plane after waiting for a recovery delay TW. At this time, an 
NMR signal can be obtained. The signal intensity is related 
to the recovery delay TW and T1.

In the measurement process, the magnetization should 
be firstly ensured to get to the equilibrium state, which 
requires that the time between the adjacent two scans need 
to be greater than 5 × T1. Therefore, T1 measurement is more 
time-consuming as compared to T2 measurement. Further-
more, the SNR is not good enough during low magnetic 
field measurements. Thus, when collecting NMR signals, 
the SNR can be improved by superimposing the amplitude 
of multiple echoes of CPMG pulse sequence.

(9)
dMZ

dt
=

M0 −MZ

T1

(10)M(TW) = M0 ⋅

(
1 − 2e

−
TW

T1

)

Diffusion coefficient reflects the Brownian motion inten-
sity of fluid molecules. Since molecular diffusion is a ran-
dom motion, the diffusion propagation function after a cer-
tain time is in accordance with the Gaussian distribution. 
When the molecules diffuse in a gradient magnetic field, 
the signal attenuation during a certain time is related to 
the average diffusion displacement of molecules. Thus, the 
self-diffusion coefficient of the molecule can be calculated 
according to this rule. Torrey (1956) descried the magnetiza-
tion decay due to spin-bearing molecular diffusion

where D is the diffusion coefficient of the observed mol-
ecules. It can be measured by the pulse sequence shown 
in Fig. 20. In this sequence, a 90° pulse tips the magneti-
zation into the transverse plane. Then the magnetization 
will dephase in the gradient field. After a 180° pulse, the 
dephased magnetization would be reunited. During this pro-
cess, the phase due to spin displacement cannot be fully reu-
nited. The additional magnetization attenuation by diffusion 
relaxation is as follows:

where g is the static magnetic field gradient, δ is the half-
echo interval, γ is the proton rotation ratio. From Eq. (12), it 
can be concluded that by increasing the echo time (2δ), the 
signal intensity will be systematically attenuated. Then, the 
diffusion coefficient D of the fluid can be obtained according 
to this equation.

In recent years, multi-dimensional correlation meth-
ods for measuring T1–T2 and T2–D joint distribution are 
becoming increasingly important in porous materials and 
complex fluid analysis (Hürlimann and Venkataramanan 
2002; Song et al. 2002). The techniques have advantages 
in fluid recognition and content calculation as compared 
to one-dimensional method and therefore play important 
roles in laboratory and downhole measurements. Among 
those methods, the pulse sequences for measuring T1–T2 
and T2–D correlation map are shown in Fig. 21. From the 
Figure, it can be seen that multi-dimensional NMR is an 
effective combination of one-dimensional NMR methods. In 

(11)
dM

dt
= D∇2M

(12)M(�) = M0 ⋅ exp
(
−
2

3
D�2g2�3

)

/2π

π

TW

Fig. 19   IR pulse sequence, TW is the polarization time
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g

Fig. 20   Pulse sequences for self-diffusion coefficients measurements. 
δ is the half-echo interval, g it the gradient value of the magnetic field
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the pulse sequence for T1–T2 measurement, the first part is a 
conventional IR pulse sequence used to encode for T1 relaxa-
tion. The experiment loops through different delay times 
are used to encode for different amounts of T1 relaxation. 
The second part is a CPMG sequence used to encode for T2 
relaxation. In this paper, it is also known as IRCPMG pulse 
sequence. In the pulse sequence for T2–D map, the first part 
is for D by measuring the signal amplitude under different 
echo times,the second part is for T2 relaxation by CPMG 
pulse sequence. Compared to one-dimensional measurement 
method, multi-dimensional NMR can obtain more informa-
tion of the sample. As a sacrifice, the measurement time is 
10 times longer than the sequence to measure T2 relaxation 
time. Thus, it is necessary to improve the measurement effi-
ciency for promoting its application range.

5.2 � Rapid measurement pulse sequence

5.2.1 � Driven equilibrium pulse sequence‑DE

Compared to one-dimensional NMR, the applications of 
multi-dimensional NMR are restricted in time-limited exper-
iments due to its long measurement time. In the paper, driven 
equilibrium (DE) pulse sequence was used to measure T1–T2 
relaxation distribution after only two scans. The details of 
the sequence (Chen et al. 2016) is shown in Fig. 22.

DE pulse sequence consists of two parts: the first one is 
τ2 period, during which the magnetization vector is affected 
by T2 relaxation. In this part, a 90° pulse tips the magnetiza-
tion into xy plane, the signal is acquired after the first 180° 
pulse. Then a second 180° pulse is applied to reunites the 
dephased magnetization, and a − 90° pulse is used to rotate 

the magnetization back to z-axis. The other one is τ1 period, 
during this interval, the magnetization vector along z-axis 
is affected by T1 relaxation. Thus, each echo acquired in DE 
pulse sequence is subjected to T1 and T2 relaxation. From 
nth echo to (n + 1)th echo, the magnetization vector experi-
ences several processes 0–1–2–0, as shown in Fig. 22. The 
magnetization evolution is as follows:

where Mn,0, Mn,1, Mn,2 represents the magnetization vector 
of time 0, time 1 and time 2 in nth echo, Mn+1,0 is the mag-
netization of time 0 in (n + 1)th echo. During τ2 period, the 
magnetization decays due to T2 relaxation. During τ1 period, 
the magnetization recovers due to T1 relaxation. When the 
process repeats x times shown in Fig. 22, the magnetization 
will come to an equilibrium value determined by T1, T2, τ1, τ2:

By applying a global inversion method (Sun and Dunn 
2005), the coupling kernel functions can be written in a sin-
gle kernel function:

(13)
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Fig. 21   a IRCPMG pulse sequence, also known as T1 editing pulse 
sequence, for T1–T2 correlation. b Diffusion-editing pulse sequence 
for T2–D correlation
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Fig. 22   DE pulse sequence. In τ2 period, the magnetization is affected 
by T2 relaxation. In τ1 period, the magnetization is affected by T1 
relaxation. Then, the magnetization will come to a drive-equilibrium 
value after repeating many times
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where K is the kernel function, i, j represents different com-
ponent of the sample. Then, we can get the T1–T2 distribu-
tion fi,j by the following equation:

Based on this theory, DE pulse sequence was used to 
measure a copper sulfate solution and an oil sample. Mean-
while, the samples were measured by IRCPMG pulse 
sequence as a comparison. In the experiment, the sequence 
is executed by varying a number of TW in 20 steps from 0 
to 5 times T1 value of the measured sample. For CPMG part, 
the echo time is TE = 0.2 ms. The echo number N = 3000. 
When DE pulse sequence is used to measure the samples, τ2 
is fixed at 1 ms and τ1 changes at 0.8, 1.5 ms in succession. 
The echo number NDE ≫ (τ1/T1 + τ2/T2)−1. In the process, the 

(16)
∑
ij

Ki,j,nfi,j = Mn

contribution to signal attenuation by T1 and T2 relaxation is 
changing, which will lead to a new magnetization revolution. 
Then, T1–T2 distribution can be obtained down to two one-
dimensional scans (Sun and Dunn 2005).

The T1–T2 spectrum of a copper sulfate solution by 
IRCPMG is shown in Fig. 23a. In the Figure, both T1 value 
and T2 value are about 200 ms. Figure 23b is the correlation 
map by double-shot DE scans. The Figure displays that T2 
relaxation time and T1 relaxation time are in similar position 
as the result by IRCPMG pulse sequence. Similarly, the result 
by IRCPMG pulse sequence of an oil sample is shown in 
Fig. 23c. From the Figure, T2 value is about 105 ms and T1 
value is about 110 ms. Furthermore, the correlation map can 
help us to identify various components of the oil sample. Fig-
ure 23d is the result by double-shot DE scans which keeps a 
good consistency to the results by IRCPMG pulse sequence.

Fig. 23   The experimental results. a T1–T2 spectrum by IRCPMG pulse sequence of a copper sulfate solution b T1–T2 spectrum by double-shot 
DE measurements of a copper sulfate solution c T1–T2 spectrum by IRCPMG pulse sequence of an oil sample d T1–T2 spectrum by double-shot 
DE measurements of an oil sample
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However, from the results, it can be found that the spec-
trum resolution of DE pulse sequence is not so good as the 
results by IRCPMG pulse sequence. The reason is that the 
echo time of DE pulse sequence is τ1 plus τ2 which is longer 
than TE. Another reason is that the dynamic range of the 
magnetization (0–M0) is smaller than the range of IRCPMG 
pulse sequence (–M0–M0). The spectrum resolution of DE 
pulse sequence can be enhanced by increasing the scan num-
bers. The sequence can be used in time-limited observation 
to increase the measurement efficiency.

5.2.2 � Online measurement pulse sequence‑DEFSR, DEFIR

In order to explore the molecular diffusion at flow status, a 
new T1-T2 measurement pulse sequence, so-called Driven 
Equilibrium Fast Saturation Recovery pulse sequence 
(DEFSR), based on T1 was proposed and shown in Fig. 24 
(Deng et al. 2014a, b). It consists of one DE sequence, 
which is immediately followed by the fast saturation recov-
ery (FSR) sequence. The FSR pulse sequence is a combina-
tion of the DE pulse sequence to the conventional saturation 
recovery. It tips the magnetization vector back to the longi-
tudinal direction after each echo acquisition. The T1/T2–T1 
distribution can be obtained by two scans with DEFSR 
sequence: the first one is FSR sequence, and the other one is 
DEFSR sequence. Using the second version of fluid analyzer 
with a separate antenna structure, it is possible to apply this 
technique even for flowing fluid.

As the mathematical derivation by Deng et al. (2014a, 
b), T1–T2 distribution can be obtained by two scans (Torrey 
1956)

where ADEFSR(logT1) and AFSR(logT1) are the amplitude of 
inversion T1 distribution from the DEFSR and FSR scans, 
respectively.

By using DEFSR pulse sequence, it is theoretically fea-
sible to obtain the T1–T2 distribution with only double-shot 
scans even for flow fluid. To demonstrate the accuracy and 

(17)
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⟩

T1

=
�1

�2

[
ADEFSR(log T1)

AFSR(log T1) − ADEFSR(log T1)

]

practicability of DEFSR pulse sequence, the experiments 
for flow fluid are carried out using the second version of the 
downhole NMR fluid analysis systems with distilled water 
and CuSO4 solution. The results are shown in Fig. 25. The 
experimental parameters are: TWFSR arranged from 0.5 to 
1000 ms, v = 1 cm/s, x = 10, y = 30, t1 = t2 = 500 ms for the 
distilled water and t1 = t2 = 50 ms for the CuSO4 solution. 
According to the results, the T1/T2 distribution measured 
with the DEFSR sequence shows good consistency with that 
measured by IRCPMG sequence. For fluid with the longer 
relaxation time, it takes longer time for DE pulse sequence 
to drive the magnetization to the equilibrium value.

DEFIR pulse sequence is an optimization of the DEFSR 
pulse sequence (Deng 2014). It replaces the FSR part of 
DEFSR pulse sequence into FIR sequence. Meanwhile, it 
also needs two scans to obtain the two-dimensional T1–T2 
distribution. Compared with DEFSR pulse sequence, the 
magnetization range of DEFIR sequence is larger, and 
the result is less influenced by frequency offset between 
the RF and the Larmor frequency (Mitchell et al. 2009; 
Torrey1956).

5.3 � Rapid observational mode

In conventional NMR measurements, the system has only 
one antenna to fulfill the multi-functional NMR parame-
ter acquisition. The usual observational mode is shown in 
Fig. 26a. It consists two parts: the first one is the polarization 
process. In this part, it is necessary to bring the magnetiza-
tion to a fully polarized state, which takes a long time, at 
least 3–5 T1. The other one is the acquisition process. In this 
part, a 90° pulse is applied to flip the fully polarized magnet-
ization to the transverse plane and acquire the NMR signals. 
Due to the polarization time during each measurement, the 
measurement efficiency is low at this observational mode.

One effective way to accelerate the measurement is to 
squeeze the polarization time. In the field of biological 
application, the small angle tipping in NMR imaging can 
speed up the imaging efficiency. However, in low-field NMR 
measurements, since the low SNR, the fluid needs to be fully 
polarized to improve the signal strength, which results in a 

/2π /2π π π/2 /2

2τ 1τ

DEτ DEτ FSRτ FSRτ

π π π π

DE (Repeat x times) FSR (Repeat y times)

TWFSR

Fig. 24   DEFSR pulse sequence. It consists of one DE sequence, which is immediately followed by FSR sequence
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lower efficiency of the system. Another way to increase the 
measurement efficiency is to facilitate the polarization time. 
The technology is mainly used for multi-slice measurements 
in NMR logging, for stratified measurements of unilateral 
NMR instruments, and for different slice scans of NMR 

imaging. It can speed up the measurement speed by apply-
ing RF pulses with different frequencies at different time to 
stimulate the spin particles in different position.

In the third version of the NMR fluid analyzer, the com-
bined antenna structure is used as shown in Fig. 16b. It can 
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Fig. 25   The measurement results of fluid samples. From left to right, respectively, is T1 distribution, T1/T2–T1 distribution and T1–T2 distribution 
of a distilled water sample and b CuSO4 solution
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Fig. 26   a Conventional observational mode of CPMG pulse sequence b rapid observational mode of the combined antenna structure
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be seen that different antenna is at different region which 
leads little coupling effect between the antennas. Through 
the antenna control circuit, the system can choose to working 
antenna in order to achieve different functions. According 
to the designed combined antenna structure, the optimized 
observational mode is shown in Fig. 26b. It can be seen 
that when antenna B works, the fluid under antenna A is in 
its polarization state. Afterward, the antenna control circuit 
triggers the antenna A to perform NMR measurements. At 
this time, the fluid under antenna B is in its polarization 
state. By using this means, it can largely increase the meas-
urement efficiency of the entire system.

The optimized observational mode 1 is shown in Fig. 27. 
The new mode combines antenna 1 and antenna 3 for meas-
uring the properties of flowing fluid. Antenna 1 adopts the 
CPMG pulse sequence. Since it is in a gradient magnetic 
field, there is a phase difference between the odd and even 
echoes when the fluid is flowing, and the phase difference 
is related to fluid flow velocity. In this principle, the flow-
ing velocity of the fluids can be obtained, and it will be 
discussed in detail in Chapter 6.2. Antenna 3 uses CPMG 
or the IR pulse sequence to obtain T2 and T1 information of 
the sample. Since the fluid is in a flowing state, the measured 
T2 or T1 spectrum will shift toward to short relaxation time. 
However, by the obtained velocity information of antenna 
1, the spectrum distribution measured by antenna 3 can be 
corrected to the value free from the influence of flow veloc-
ity. Through the cooperation of the above two antennas, it 
can double the efficiency of the system.

In NMR acquisition, one-dimensional T1, D measure-
ments or two-dimensional T2–D, T1–T2 measurements are 
time-consuming because it needs to alter the waiting time 

or echo time with multiple repetitions to calibrate the T1 or 
D information. In order to shorten the acquisition, a new 
optimized observational mode 2 was designed, as shown 
in Fig. 28. This mode is applicable to the measurement of 
stationary fluids, including a combination of two antennas. 
Antenna 1 is used to measure the D and T2–D information 
of the fluids. Antenna 2 is used to measure the T1 and T1–T2 
information of the sample. This means doubles the measure-
ment efficiency.

6 � Application

6.1 � Stationary fluid property

6.1.1 � Fluid content

Determination of fluid content in mixed fluids system has 
always been important through multiple processes in oil 
industry. For example, in oil extraction process, the compo-
sition of oil determines the oil production. In oil transpor-
tation, water contamination may cause severe issues with 
pipelines. For refined oils, water can corrode the machinery 
components. Understanding of fluid contents helps to tackle 
this problem scientifically (Yang 2011; Pal 1994). NMR is 
conventionally used to determine the fluid contents non-
invasively. The relaxation time and diffusion coefficient of 
oil components are different from water. Thus, fluid con-
tents can be calculated from NMR spectrum distribution by 
integrating the signal in their own regions 3 (Robertson and 
Morrison 1979).
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The experiment used 11 water and oil mixed samples, 
the water contents of which vary from 0% to 50%. All the 
samples were measured by CPMG and IRCPMG pulse 
sequence in homogenous region of the probe. For CPMG 
pulse sequence, the echo time is 400 us and echo number is 
25,000. For IRCPMG pulse sequence, the recovery time is 
logarithmically distributed in 30 steps from 0 to 10 s. The T2 
and T1–T2 maps of a mixed sample are shown in Fig. 29a, b, 
respectively. From the Figure, it can be seen that the oil and 
water are well separated on NMR spectrum. The T1 and T2 
value of the water component in this sample is longer than 
1 s while the relaxation time of oil is shorter than 1 s. Then, 
fluid contents can be calculated by integrating both the oil 
and water peaks.

The calculated water contents by NMR T2 and T1–T2 
relaxation map are shown in Fig. 29c and d. The horizontal 
axis is the water content calculated by weighing. The vertical 
axis is the calculated water content from the NMR data. The 
red lines are the error limit with 5%. It should be noted that 
the contents calculated by NMR are calibrated due to the dif-
ferent signals of the same weight oil and water (Hürlimann 
and Venkataramanan 2002; Song et al. 2002).

For a more complex sample, the T1 and T2 spectra of 
water and oil could be mixed, for instance, if some para-
magnetic ions were added to the sample. As a result, the 
fluid contents cannot be calculated directly by T2 spectrum 
or T1–T2 relaxation map, as shown in Fig. 30a and b. Nev-
ertheless, according to the diffusion coefficient D meas-
ured by diffusion-editing pulse sequence (Fig. 21b), the 
fluid contents can be well defined, as shown in Fig. 30c. 
The water peak is on the water line where the D value is 
2.36 × 10−9 m2/s as the green line shows. The oil peak is 

on the oil line as the red line shows. In the experiment, 8 
sample were allocated with the water content from 0 to 45 
percent. The calculated water content by D–T2 correlation 
map is shown in Fig. 30d, the results are well matched with 
the water content by weighing.

6.1.2 � Oil molecular dynamics and composition

Oil is a complex mixture composed of hydrocarbons with a 
wide range of molecule size distribution including saturates, 
aromatics, resin, asphaltene (Freed and Hürlimann 2010; 
Kowalewski and Mäler 2006; Hirasaki et al. 2003a, b). It 
is critical to conduct a comprehensive understanding of the 
components and molecular dynamics to optimize the project 
for recovery, refining and transportation procedures (Mul-
lins 2008; Mullins et al. 2007; Groenzin and Mullins 2000; 
Price 2009). As far as our knowledge, small molecules move 
faster than large molecules. The relationship between NMR 
relaxation time and Brownian motion of the molecules can 
be explained by Bloembergen theory (Bloembergen et al. 
1978).

where τc is the rotational correlation time, ћ is the Planck 
constant divided by 2π, μ0 is the magnetic permeability of 
free space, b is the distance between two adjacent 1H on 
the same molecule. From Eq. (18), the relationship between 
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relaxation time, and τc is obtained. If the molecules are in 
fast motion limit, T1 and T2 relaxation both decrease as τc 
increases. However, if the molecules in slow motion limit, 
T2 decreases as τc increases, T1 increases as τc increases, and 
T1 is normally longer than T2.

In our experiment, 9 crude oil samples were tested. The 
samples were all dehydrated and reserved under conditions 
of ambient pressure and room temperature for long time. 
Therefore, their volatile components were removed. Figure 31 
shows the results of T1–T2 distribution of these samples. As 
shown in Fig. 31, the correlation maps can be divided into 
three classes that correspond to three columns. The distribu-
tions of class I and class II share general properties: T1-T2 dis-
tributions locate closely to and distribute along the diagonal 
line. The relaxation time of class I oils is longer than that of 
class II oils. In comparison, the results for class III oils are not 
centered on the diagonal lines. The T1/T2 ratio is significantly 
larger than 1. On the other hand, there is no asphaltene pres-
ence from the SARA component results in class I and class II 

oils. Class I oils are rich in saturation. Class II oils are rich in 
aromatics. Generally, the saturation and aromatic molecules 
are small molecules which are in the fast motion limit. All the 
samples in class III contain asphaltene and an amount of resin. 
For oil containing asphaltene, it is easier to generate molecu-
lar aggregation and super molecule. The size of the molecular 
aggregation and super molecule are larger than that of the 
separated molecule. They slow down the rotational motion of 
maltene molecules when they are in close proximity. At this 
moment, the oil molecules are in slow motion limit.

These results demonstrate that T1–T2 distribution is 
related to the chemical composition of crude oil. It also 
indicates that asphaltene is a relaxation-contrast agent both 
to T2 relaxation and T1 relaxation for all maltene molecules. 
However, the influence on T2 relaxation is much greaterthan 
T1 relaxation. Asphalteneeasily aggregates with other mol-
ecules to produce a supramolecular structure. This aggregate 
will slow down molecular motion, which can be detected by 
measuring T1-T2 distribution (Jia et al. 2016).
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By combining the two formulas in Eq. (18), the τc distri-
bution which indicates molecular dynamics properties can 
be obtained by T1/T2 ratio:

With the measured T1 and T2 distributions, the τc distribu-
tions of three different class crude oils can be obtained by 
Eq. (19), as shown in Fig. 32. The results are analyzed to 
reveal the differences of molecular dynamics in crude oil. 
Oil 1 is a light crude oil with 32.4° API gravity and 21.0 
cp viscosity. Oil 2 and oil 3 are heavy oils, with viscosity 
values of nearly 2000 cp and API gravity values of 12.8°. 
The rotational correlation time of the molecules in oil 1 is 
much smaller than those in oils 2 and oil 3. According to 
the SARA component of crude oils, oil 2 has numbers of 
aromatic rings. Given that some aromatic components are 
not flexible, the rotational correlation time is increased as 
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the τc distribution of oil 2. Resin and asphaltene are large 
molecules and strongly affect relaxation behavior which lead 
the tumbling rates slower as the τc distribution of oil 3.

6.1.3 � Oil viscosity

Knowing the viscosity of a crude oil as early as possible is 
vital to petroleum industry. As shown in Eq. (18), Bloem-
bergen theory describes the relationship between NMR 
relaxation times and Brownian motion of molecules which 
offers the chance to obtain the relationship between NMR 
relaxation time and η through the link between τc and η. Sup-
pose the molecule of a pure fluid with viscosity η is a small 
sphere, the radius of which is a, the link between τc and η 
can be described by Stokes–Einstein equation (Miller 1924).
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where T is the absolute temperature, and k is the Boltzmann 
constant. According to Eq. (20), if parameter a is deter-
mined, η can be inferred from τc. Benjamin et al. carried 
out relevant experiments in 2007 to determine the param-
eter a. They found that regardless of the complexity of the 
molecular structure or the saturation of hydrocarbon mol-
ecules, the measured a value tends toward a constant value 

of a = 430 pm. Therefore, it can be concluded that when 
Stokes–Einstein equation is applied to large molecular com-
pounds, the Brownian motion is only part of the motion in 
large molecule, in other words, the local motion of a seg-
ment of the long chain molecule.

DEFIR pulse sequence was developed to rapidly 
obtain the T1 distribution and two-dimensional T1/T2–T1 

Fig. 31   T1–T2 distributions of nine crude oil samples. The correlation maps can be divided into three classes that correspond to three columns. 
Class I oils in the first column are rich in saturation, the relaxation time of which are longer than the class II oils which are rich in aromatics. All 
the samples in class III contain asphaltene and an amount of resin. In each panel, the dashed line is the T1 = T2 line. The shapes of relaxation dis-
tributions can be used as an indicator of the oil components
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distribution of the sample by only two scans (Deng et al. 
2014a, b). Here, two methods are introduced for viscos-
ity prediction. One method is to combine the longitudinal 
relaxation rate in Eqs. (18) and (20). The T1 distribution is 
directly measured for viscosity prediction. It can be seen 
from Fig. 33a that the T1 relaxation time of the measured 
fluid first decreases and then increases as the viscosity 
increases. Such a trend will give rise to a problem, that is, 
one T1 value may correspond to two different viscosity val-
ues (points A′ and B′ in Fig. 33b correspond to the same T1 
value but have two different viscosity values). Considering 
that T2 always decreases with the increase of viscosity, the 
inferred T2 distribution (point A or B in Fig. 33b) by DEFIR 
pulse sequence can be used as an auxiliary parameter to 
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Fig. 33   The numerical simulation of crude oil viscosity curve is obtained by relaxation time prediction
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determine the viscosity. One reason why T2 is not directly 
used for viscosity prediction is that for a highly viscous fluid, 
T2 distribution approaches to a constant, which makes it dif-
ficult to predict oil viscosity.

The second method for viscosity prediction is to use T1/T2 
ratio which is even simpler. By combining Eqs. (19) and 
(20), the relationship between viscosity and measured T1/T2 
distribution can be obtained. With the viscosity increases, 
the T1/T2 value also increases, the predicted relationship is 
the red line shown in Fig. 34b.

These two methods have their own strengths and weak-
nesses. The first method applies to high-viscosity crude oils. 
Since the parameter b of the reservoir fluid varies within a 
certain range, what is predicted is the range of viscosity. The 
viscosity predicted by the second method is a specific value, 
but with considerable error for extreme low-viscosity and 
high-viscosity fluids.

The experiment was carried out in the laboratory using 18 
crude oil samples. According to the viscosities measured by 
the HAAKE RS600 rheometer, the samples can be divided 
into two groups. The samples in group A were the low-vis-
cosity oils with viscosities less than 1000 cp. The samples 
in group B had viscosities higher than 1000 cp. During the 
measurements, the samples were placed in the detection area 
of the fluid analysis system. The DEFIR pulse sequence was 
used for this viscosity measurement, τDE = τFIR = 0.2 ms, 
x = y=30. The TWFIR values were selected in the range of 
0.5–1500 ms logarithmically.

Figure 34a and b depicted the predicted viscosities by 
using aforementioned methods. The experimental results 
show that if the viscosity of the sample is larger than 100 cP, 
it is more accurate to predict the viscosity using T1/T2 data. 
But if the samples have very low viscosity, the accuracy of 
the second method is greatly reduced, because that T1 and 
T2 values are almost identical when the viscosity is low. It 
also shows the comparison between the measured viscosity 
results and the NMR predicted results using T1 or T2 data. 

As b is an uncertain parameter, a range of possible values are 
predicted, rather than a specific value. This is also the reason 
that we choose 2D data to predict the viscosity.

6.1.4 � Hydrogen index

Hydrogen index (HI) is an important parameter to differenti-
ate oil type and its combustion efficiency. Since different oil 
component has different HI value and corresponds to dif-
ferent relaxation times, the relaxation time distribution can 
act as an indicator to determine the HI value of the sample.

Partial least squares regression (PLSR) is a multivari-
ate statistical analysis method (Helland 2014). It combines 
the characteristics of principal component analysis method, 
typical correlation analysis method and linear regression 
analysis method which can provide a more reasonable 
regression model. The process of PLSR method includes: 
principal component analysis, model establishment and 
model evaluation. By using principal component analysis, 
it will obtain typical variables of imported data. Afterward, 
the model can be obtained by constant iteration with the 
typical variables. Finally, the effectiveness of the model will 
be validated by using cross validation. In this work, PLSR 
method was used to determine HI value from NMR relaxa-
tion time distribution.

The experiment used 24 crude oil samples with different 
viscosities. All the samples were divided into two groups: 
the experimental group measured by NMR method and 
interpreted with the PLSR method and the control group. 
CPMG pulse sequence was used in this experiment. The 
echo time is 0.2 ms and the echo number is 15,000. T2 
relaxation time distributions were obtained by processing 
the acquired signals.

When using the PLSR method, 15 oil samples were used 
to build the prediction model and the other 9 oil samples to 
testify the accuracy of this model. The results are shown in 
Fig. 35a. The x-axis is the HI value, which is obtained from 
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Fig. 35   a Predicted HI by PLSR model with T2 spectrum distribution. The green dots were the samples used to build the forecast model. The red 
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the ratio of oil sample signal intensity divided by the signal 
of the same volume water. The y-axis is the predicted HI by 
the established model. The green stars are the established 
model with NMR spectrum distribution by PLSR method. 
It can be observed that the predicted HI values are fluctuated 
along the diagonal line, which demonstrates that the pre-
dicted HI values of the established model are in agreement 
with the measured values. The two dotted lines are the error 
lines and the error limit is 0.05.

As previously mentioned, cross validation is used to 
prove the suitableness of the model. In this process, the 
spectrum distribution of one sample will be removed, then 
PLSR method is used to build up a prediction model from 
the relaxation time distribution of the remaining samples. 
Finally, the mathematical basis of using this model to cal-
culate the HI value of the removed sample Squares of the 
error-PRESS is as follows:

where j is the sample number, yj is the measured HI, yyj is 
the predicted HI of the removed sample. The smaller the 
PRESS is, the more accurate the result would be. In addi-
tion, the model can be further validated from standardized 
residuals. Standardized residuals are the differences between 
predicted values and measured values. In principal, stand-
ardized residuals behave random distribution around zero 
value. The validation results are shown in Fig. 35b, c. Fig-
ure 35b shows the PRESS values and Fig. 35c shows the 
standardized residuals. From the Figure, it can be seen that 
the standardized residuals are randomly distributed which 
proves the effectiveness of the proposed model.

With the established model, the predicted HI of the other 
9 samples are shown as the red dots in Fig. 35a. It can be 
seen that all the predicted HI values are distributed between 
the two error lines which proves the efficiency of the estab-
lished model.

6.2 � Flowing fluid property

NMR is an effective technique to measure the flowing fluids. 
However, flow velocity will have a great effect on NMR 
response (Caprihan and Fukushima 1990; Fukushima 1999; 
Gladden and Sederman 2013). Here, the third version of the 
NMR fluid analyzer was used to determine the flow velocity 
by using two methods. The first one can be used in homo-
geneous field for high flow velocity determination and the 
other one is applied in gradient field for low flow velocity 
determination. Furthermore, with the obtained flow veloci-
ties, it is possible to calibrate the NMR relaxation signals of 
flow fluids to more reasonable values.

(21)PRESS(j) = (yj − yyj)
2

6.2.1 � High flow velocity determination in homogeneous 
field

As discussed in Chapter 5.1, if the stationary fluid is in a 
homogeneous field, the signal attenuation of CPMG pulse 
sequence is just from bulk relaxation. When fluid flows, the 
situation will be more complicated. Some certain part of the 
sample not tipped by the first 90° pulse will enter into the 
antenna, in contrast, the equal amount of fluids tipped by 90° 
pulse will flow out of the antenna. Meanwhile, the polari-
zation efficiency will decrease as flow velocity increases. 
Thus, three mechanisms including bulk relaxation, polariza-
tion efficiency and excited fluid volume contributed to the 
signal, influence the signal intensity when fluid flows (Osán 
et al. 2011). And the signal attenuation can be described as 
Eq. (22):

where M0 is the initial magnetization of the fluid, v is the 
fluid flow rate, L is the effective length of the antenna, l is 
the length for polarization magnets, β is the pre-polariza-
tion efficiency and t is the attenuation time. If the condition 
v/L ≪ 1/T2 is fulfilled, Eq. (23) can be simplified as:

In this situation, it can be inferred that the signal attenu-
ation can be replaced by a linear fitting, which is M(v, 
t) = A + Bt, where A = βM0, B = − v/LβM0. Then, the ratio 
B/A = v/L. Thus, the fluid flow velocity can be obtained by 
CPMG attenuation (Osán et al. 2011).
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The schematic diagram of the experimental devices is 
shown in Fig. 36. It includes a tank for reserving fluid, a 
flowmeter for calculating flow velocities, a pump for driv-
ing the fluid flow and the fluid analyzer for generating and 
obtaining the NMR signals of the sample.

In this experiment, the tap water was used and its flow 
velocity is controlled at a range of 7–60 cm/s. The calculated 
value of v/L satisfies Eq. (23). During the CPMG acquisi-
tion, the echo time TE is 0.4 ms and the echo number is 
3000. The normalized echo trains with different velocities 
were shown in Fig. 37. In this Figure, the horizontal axis 

is the attenuation time, and the vertical axis is the normal-
ized signal amplitude. As the flow rate increases, the sig-
nal attenuation becomes faster and the SNR is lower. The 
reason is that the recovered magnetization gets smaller due 
to lower polarization efficiency when fluid flows through 
the polarization magnets. The inset illustrates the signals in 
0–0.08 s. It is readily to observe that those signals attenuate 
in a linear pattern. According to Eq. (23), the flow velocities 
can be obtained.

The obtained fluid flow velocity is shown in Fig. 38. The 
horizontal axis is the fluid flow rate calculated from the 
glass rotor flowmeter with a measurement error of 4%. The 
vertical axis is the flow velocity calculated from obtained 
CPMG data. It can be seen that the fluid velocity calculated 
by CPMG is in excellent agreement with the velocity calcu-
lated from the glass rotor flowmeter when flow velocity is 
high. However, when the flow velocity is small, some weak 
deviation shows up and the above correspondence begins to 
fail. This is majorly caused by signal attenuation due to the 
non-negligible bulk relaxation. Furthermore, when different 
fluids flow across the system, it will result in different NMR 
signals due to different relaxation time, flow velocity, as the 
Eq. (22) shows. Thus, it is possible for the system to acquire 
the contents of different phase in multi-phase flow by good 
calibration for every single fluid (Osán et al. 2011).

6.2.2 � Low flow velocity determination in gradient field

From the basic principles of magnetic resonance imaging 
(MRI), it was known that the observed signal is related to its 
position. The relationship can be described as:

where φ is the phase accumulation of the signal. In a con-
stant gradient field, Boff equals to gr, r is the sample posi-
tion, g is the gradient intensity of the magnetic field along 
the sample chamber. When sample flows, its position will 
change as time goes by, then r = r0 + v * t, where r0 is the 
initial position of the sample. Therefore, the accumulated 
phase of the NMR signal is:

where k contains fluid position information and qv contains 
flow velocity information. For CPMG pulse sequence, the 
accumulated phase of the first echo can be integrated as:

(24)�(t) = ∫ wdt = ∫ �BoffEt
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decays and the smaller the apparent relaxation rate
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Fig. 38   The Obtained fluid velocities from CPMG attenuation data. 
The horizontal axis is the fluid flow velocity calculated from the glass 
rotor flowmeter. The vertical axis is the fluid flow velocity calculated 
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It can be calculated that the accumulated phase of term k is 
zero while the accumulated phase of qv is not for the first 
echo. For the second echo, the accumulated phase is:

The accumulated phase of term k and qv are both zero for 
the second echo. Furthermore, it can also be calculated that the 
accumulated phase of term k is zero for all the CPMG echoes, 
while the accumulated phase of term qv is zero only for even 
echoes. Moreover, the phase difference between the odd echoes 
and even echoes is related to the flow velocity, which is:

From Eq. (27), it needs to calculate the phase difference φ 
before flow velocity determination. The cosine value of the 
phase difference can be determined by signal amplitude ratio 
of the odd echoes and even echoes of CPMG pulse sequence:

where Aodd is the signal amplitude of the odd echoes, Aeven is 
the signal amplitude of the subsequent even echoes. Equa-
tion (28) only holds for laminar flow and plug flow, when 
it comes to turbulence flow, it will introduce higher order 
motion moments and the accumulated phase of even echoes 
is no longer zero. In such cases, a phase difference is not an 
adequate indicator for accurate flow velocity determination.

In this experiment, tap water is used as the targeting 
sample and CPMG pulse sequence is conducted from the 
antenna 1 of the third version fluid analyzer. The echo time 
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(29)cos� = Aodd∕Aeven TE was 1 ms and the echo number was 40. The same experi-
mental set-up shown in Fig. 36 was utilized for flow fluid 
measurements. Compared to the device to measure high fluid 
flow velocity, the range of the flowmeter in this experiment 
is lower. The experimental results were shown in Fig. 39. 
The blue line is the signal when the fluid is in stationary 
state, the red line is the signal when the fluid is in flow 
state. From Eq. (28), the phase difference can be obtained 
by the signal intensity variations of the adjacent echoes in 
CPMG pulse sequence. According to the calculated results, 
all the phases of the stationary fluid approximately equal to 
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red line is the signal when fluid is in flow state

0.05

0.04

0.03

0.02

0.01

0

-0.01
0-0.01 0.1 0.2 0.3 0.4 0.5

Vavg, m/s

4*
  /

(  
*g

*T
2 E
), 

m
/s

�
�

0.6

Fig. 40   Calculated fluid velocity by phase differences of adjacent 
NMR signals. The horizontal axis is the flow rate by glass rotor flow-
meter. The vertical axis is the velocity calculated from the CPMG data



Petroleum Science	

1 3

zero. When it comes to flow fluid, there is an obvious phase 
differences related to flow velocity between the adjacent 
echoes. However, it is surprising that the calculated phase 

t1

t2 A1 A2

B2
B1

t3

Fig. 41   Effects of flow velocity on NMR measurement

differences between odd echoes and even echoes are not the 
same. This can be attributed to two reasons. The first one is 
the low SNR in low-field NMR measurements. The meas-
ured signal intensities are the signal values plus the random 
noises. The other reason is that the flow pattern generated 
by the pump is in cluster, not the exact laminar flow pattern. 
In this case, the error can be suppressed by summing all the 
even echoes and all the odd echoes, separately. Then, the φ 
value is calculated by the sum values (except for the first 
and the second echo due to different coherence pathways).

The obtained fluid velocities are shown in Fig. 40. The 
horizontal axis is the fluid flow rate calculated from the 
glass rotor flowmeter and the vertical axis is the fluid flow 
velocity calculated from the phase differences of adjacent 
NMR signals. The two red lines are the error lines which are 
0.005 m/s. The tested flow velocities are from 0–0.06 cm/s. 
It can be found that the fluid velocity calculated from the 
phase difference of NMR signal is in good agreement 
with the velocity calculated by the glass rotor flowmeter. 
The accuracy can be further enhanced by increasing scan 
numbers.

6.2.3 � Relaxation time distribution correction for flowing 
fluids

Compared with the measurement of stationary fluids, the 
measurement of flowing fluid is also affected by two addi-
tional factors related to flow velocity: fluid volume con-
tributed to the signal and polarization efficiency (Deng e al 

2013). Moreover, the flowing fluid will experience an inho-
mogeneity field, which will shift T2 relaxation time distribu-
tion toward shorter values while posing no influence to T1 
relaxation time. Thus, as long as the flow velocity is known, 
it is possible to calibrate T1 relaxation time.

For IR pulse sequence, the effects of flow velocity of 
plug flow on NMR measurement is shown in Fig. 41. The 
rectangular region is the sensitive area of the NMR probe. 
The obtained signal contains two sources, one is the mag-
netization initially tipped to the transvers plane as the yellow 
region in the Figure. The magnetization of this part will 
recovery gradually. As the fluid flows, the volume of this 
part will decrease. The other one is the magnetization of the 
fluids entering the sensitive region after the first pulse. As 
the fluid flows, the volume of this part will increase. On the 
other hand, the flow velocity has effect on the polarization 
efficiency. The obtained signal is shown as follows:

According to the description in Chapter 4.1, it is no 
need to consider the effect of polarization efficiency to the 
measured signal if the velocity is below 4 cm/s for the third 
version of the NMR fluid analyzer. At this moment, the 
obtained signal can be simplified:

If the flow velocity is known, it is possible to calibrate 
the IR signal free from velocity and get a more accurate T1 
distribution to identify fluid properties. When the flow pat-
tern is laminar flow, it just needs to integrate the influence 
of all the region according to the flow velocity distribution 
in the pipe (Chen et al. 2016).

In the experiment, the sample was a doped water. Antenna 
3 was used to measure the IR signals of the static and flow 
fluid at different velocities, respectively. With the method 
discussed in previous Chapter 6.2.2, antenna 1 can be used 
to measure low flow velocities. By combined the two anten-
nas together, the IR signals and the corresponding T1 spec-
trum can be calibrated free from flow velocities, as shown 
in Fig. 42. Figure 42a is the measured IR signals at different 
velocities. As the flow velocities increases, the IR curve can 
recover more quickly. Figure 42b is the inversion T1 spec-
trum. The T1 peak will shift toward a smaller value when 
flow velocity increases, therefore it will lead to incorrect 
interpretation of fluid type and content. After the calibration 
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by using the obtained flow velocities from antenna 1, the IR 
curve and the corresponding T1 relaxation time distribution 
are shown in Fig. 42c and d. It can be seen that both the IR 
curve and the corresponding T1 distribution can be corrected 
to the exact value when fluid is in stationary state. The cali-
bration precision will be only affected by the measurement 
error of the obtained velocities.

7 � Summary

NMR fluid analyzer has been acting as an effective tool for 
fluid evaluation in downhole, wellhead, laboratory and other 
operational sites. In this review, three levels of knowledge 
on NMR fluid analyzer are delivered. Firstly, the structures 
of existing NMR fluid analyzers from different companies 
and institutes were introduced. Subsequently, different NMR 

parameters of stationary and flowing fluids, such as total 
signal intensity, relaxation time, diffusion coefficient, free 
induction decay signal, chemical shift, can be obtained by 
those systems. Finally, more geophysical and geochemical 
properties, i.e., the fluid type, component, content, hydro-
gen index, viscosity, flow velocity, velocity distribution and 
the mud filtrate invasion degree can be speculated with the 
acquired NMR information.

Learnt from the above experience, three sets of NMR 
fluid analyzer were designed and implemented by CUPB. 
The first prototype measures the NMR parameters when the 
fluid is in stationary state. Thereafter, pre-polarized magnets 
were added to the magnet system to improve the polariza-
tion efficiency and discrete antenna structure was designed 
to reduce the loss of acquired signals when the fluids are 
flowing. Finally, an engineering prototype was fabricated. 
The magnet system adopts four-stage magnet structure with 

Fig. 42   IR recovery curve and the corresponding T1 spectrum before and after calibration. a and b are the measured IR recovery curve and the 
corresponding T1 spectrum under different velocities, respectively. c and d are the calibrated IR recovery curve and the corresponding T1 spec-
trum, respectively
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special ring-shaped blocks, which can largely improve field 
homogeneity and polarization efficiency. The antenna system 
uses a combined antenna structure which can fulfill multi-
parameter (T1, T2, D) and multi-functional measurements. 
As for circuit system, an antenna control module was added 
which allows to switch between different working antennas.

With the demand for rapid measurements, two pulse 
sequences and two observational modes were developed to 
accelerate the acquisition. DE pulse sequence can obtain the 
T1–T2 information of stationary fluid by double-shot meas-
urements. When fluid flows, the NMR response mechanism 
becomes more complicated. Thereafter, two online measure-
ment pulse sequences, DEFSR and DEFIR, were proposed. 
Both the two sequences are based on the measurement of T1 
relaxation time, which reduce the effect of flow on signal 
attenuation. Then, the T1–T2 correlation map can be acquired 
by only two scans. Furthermore, based on the combined 
antenna system, two observational modes are optimized. 
One can be used in stationary fluid, and can obtain the T1–T2 
and T2–D correlation map at the same time. The other one 
can be applied to flow fluid, and can simultaneously obtain 
the flow velocity and spectrum distribution. The two obser-
vational modes make the most use of the polarization time 
and double the measurement efficiency.

Finally, the designed system is applied to fluid sample 
with different geophysical and geochemical properties. 
According to the measured NMR distributions, the fluid 
content can be obtained. From the Bloembergen theory and 
the Stokes–Einstein equation, the relationship between the 
relaxation time and the properties of the crude oil is estab-
lished. It can then be obtained not only the oil components 
and the rotational correlation time distribution, but also the 
oil viscosity. Meanwhile, a new model by PLSR method to 
predict the HI value is proposed and validated by experi-
mental results. Furthermore, the system obtains the fluid 
flow velocity using two different methods. The first one is 
by signal intensity attenuation of CPMG pulse sequence, 
which is adaptive for high fluid flow velocity. The other one 
is based on signal phase difference between the adjacent 
echoes, in which case, the system is still capable to obtain 
the fluid velocity while the flow rate is low.

From the above descriptions, it can be concluded that the 
NMR fluid analyzer by CUPB is applicable in both down-
hole and surface environments. The obtained NMR param-
eters by the system accurately evaluate the fluid properties 
in oil exploitation, transportation and refining processes. In 
future, this tool will serve better in oil industry, in aspects 
like product monitoring, online reaction, etc.

Acknowledgments  This work was supported by National Natu-
ral Science Foundation of China (Grant Nos. 21427812, 41674137, 
51974337), National Science and Technology Major Project of China 
(2017ZX05019002-008), National “111 Project” (B13010) and ‘‘863 
Project’’ (2013AA064605). The authors also thank for assistance and 

suggestions from Professor Lizhi Xiao, Professor Ranhong Xie, Profes-
sor Yan Zhang in China University of Petroleum-Beijing. Dr. Baosong 
Wu, Dr. Feng Deng, Dr. Weiliang Chen, Dr. Huijun Yu, Jiangjie Zhao, 
Guang Yang and Qian Wu finished their Dissertation and Thesis with 
the financial supported by the projects mentioned in this paper.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

References

Abragam A. The principles of nuclear magnetism. London: Oxford 
University Press; 1961. https​://doi.org/10.1016/0029-
5582(61)90091​-8.

Akkurt R, Fransson CM, Witkowsky JM, et al. Fluid sampling and 
interpretation with the downhole NMR fluid analyzer. In: SPE 
annual technical conference and exhibition. Society of Petroleum 
Engineers. 2004. https://doi.org/10.2118/90971-ms.

Allsopp K, Wright I, Lastockin D, et al. Determination of oil and 
water compositions of oil/water emulsions using low-field 
NMR relaxometry. J Can Pet Technol Pap. 2000. https​://doi.
org/10.2118/2000-095.

Appel M, Freeman J, Pusiol D. Robust multi-phase flow measurement 
using magnetic resonance technology. In: SPE middle east oil and 
gas show and conference. 2011. https​://doi.org/10.2118/14146​
5-ms.

Blades T, Prammer MG. Nuclear magnetic resonance sensing appa-
ratus and techniques for downhole measurements, U.S. patent, 
6111408, 2000. https​://doi.org/10.1017/97811​08654​333.007.

Bloembergen N, Purcell EM, Pound RV. Relaxation effects in nuclear 
magnetic resonance absorption. Phys Rev. 1948;73(7):679–712. 
https​://doi.org/10.1103/physr​ev.73.679.

Blümich B. NMR imaging of materials. Oxford: Clarendon Press; 2000. 
https​://doi.org/10.1093/acpro​f:oso/97801​98526​766.001.0001.

Brown RJS. Proton relaxation in crude oils.  Nature. 
1961;189(4762):387–8. https​://doi.org/10.1038/18938​7a0.

Burnett LJ, Jackson JA. Remote (inside-out) NMR. II. Sensitiv-
ity of NMR detection for external samples. J Magn Reson 
(1969). 1980;41(3):406–10. https​://doi.org/10.1016/0022-
2364(80)90297​-8.

Caprihan A, Fukushima E. Flow measurements by NMR. Phys 
Rep. 1990;198(4):195–235. https​://doi.org/10.1016/0370-
1573(90)90046​-5.

Chen S, Beard D, Gillen M, et al. Field test results of an experimental 
fully triaxial induction tool. In: SPWLA 44th annual logging 
symposium. 2003. https​://doi.org/10.15556​/ijsim​.02.01.002.

Chen WL, Xiao LZ, Zhang Y, et  al. Rapid T1–T2 measure-
ment using drive equilibrium pulse sequence. Appl Magn 
Reson. 2016;47(10):1159–69. https​://doi.org/10.1007/s0072​
3-016-0824-2.

Cheng YS, Abdel MK, Rob B, et al. Power-law relationship between 
the viscosity of heavy oils and NMR relaxation. In: SPWLA 50th 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/0029-5582(61)90091-8
https://doi.org/10.1016/0029-5582(61)90091-8
https://doi.org/10.2118/2000-095
https://doi.org/10.2118/2000-095
https://doi.org/10.2118/141465-ms
https://doi.org/10.2118/141465-ms
https://doi.org/10.1017/9781108654333.007
https://doi.org/10.1103/physrev.73.679
https://doi.org/10.1093/acprof:oso/9780198526766.001.0001
https://doi.org/10.1038/189387a0
https://doi.org/10.1016/0022-2364(80)90297-8
https://doi.org/10.1016/0022-2364(80)90297-8
https://doi.org/10.1016/0370-1573(90)90046-5
https://doi.org/10.1016/0370-1573(90)90046-5
https://doi.org/10.15556/ijsim.02.01.002
https://doi.org/10.1007/s00723-016-0824-2
https://doi.org/10.1007/s00723-016-0824-2


	 Petroleum Science

1 3

annual logging symposium, the woodlands, Texas, 21–24 June 
2009. https​://doi.org/10.30632​/t60al​s-2019_llll.

Cho H, Chavez L, Sigmund EE, et al. Fast imaging with the MMME 
sequence. J Magn Reson. 2006;180(1):18–28. https​://doi.
org/10.1016/j.jmr.2005.12.014.

Clark WG. Pulsed nuclear resonance apparatus. Rev Sci Instrum. 
1964;35(3):316–33. https​://doi.org/10.1063/1.17188​15.

Coates GR, Xiao LZ, Prammer MG. NMR logging: principles and 
applications. Houston: Gulf Professional Publishing; 1999.

Cooper RK, Jackson JA. Remote (inside-out) NMR. I. Remote pro-
duction of region of homogeneous magnetic field. J Magn 
Reson (1969). 1980;41(3):400–5. https​://doi.org/10.1016/0022-
2364(80)90296​-6.

Demas V, Prado PL. Campact magnets for magnetic resonance. Con 
Magn Reson. 2009;34A(1):48–59. https​://doi.org/10.1002/
cmr.a.20131​.

Deng F. Low-field online nuclear magnetic resonance fluid analysis 
system and applications. Beijing: China University of Petroleum; 
2014. https​://doi.org/10.1016/j.jmr.2014.08.003.

Deng F, Xiao LZ, Liu HB, et al. Effects and corrections for mobile 
NMR measurement. Appl Magn Reson. 2013;44(9):1053–65. 
https​://doi.org/10.1007/s0072​3-013-0462-x.

Deng F, Xiao LZ, Liao GZ, et al. A new approach of two-dimensional 
the NMR relaxation measurement in flowing fluid. Appl Magn 
Reson. 2014a;45(2):179–92. https​://doi.org/10.1007/s0072​
3-014-0513-y.

Deng F, Xiao LZ, Chen WL, et al. Rapid determination of fluid vis-
cosity using low-field two-dimensional NMR. Magn Reson. 
2014b;247:1–8. https​://doi.org/10.1016/j.jmr.2014.08.003.

Dong C, Hageman PS, Mullins OC, et al. Determining fluid properties 
from fluid analyzer, U.S. Patent 6956204, 2005.

Dong CL, O’Keefe MD, Elshahawi H, et al. New downhole fluid ana-
lyzer tool for improved reservoir characterization. SPE Reserv 
Eval Eng. 2008;11:1107–16. https​://doi.org/10.2118/10856​6-pa.

Dunn KJ, Latorraca GA, Bergman DJ. Permeability relation for peri-
odic structures. Mag Res Imaging. 1998;16(5–6):553–6. https​://
doi.org/10.1016/s0730​-725x(98)00055​-1.

Dunn KJ, Bergman DJ, Latorraca GA. Nuclear magnetic resonance: 
petrophysical and logging applications. New York: Pergamon; 
2002. https​://doi.org/10.1016/s0950​-1401(02)x8001​-x.

Edwards CM, Chen J. Estimating molecular size distributions in forma-
tion fluid samples using a downhole NMR fluid analyzer. U.S. 
patent 9645277, 2017. https​://doi.org/10.15556​/ijiim​.02.01.004.

Edwards CM, Fanini ON, Forgang SW. Magnetic resonance fluid char-
acterization apparatus and method for using with electric wire-
line formation testing instruments. U.S. patent, 6111409, 2000. 
https​://doi.org/10.1016/0730-725x(95)96693​-6.

Ernst RR, Bodenhausen G, Wokaun A. Principles of nuclear magnetic 
resonance in one and two dimensions. Oxford: Clarendon Press; 
1987. https​://doi.org/10.1002/mrm.19100​70215​.

Freed DE, Hürlimann MD. One- and two-dimensional spin correlation 
of complex fluids and the relation to fluid composition. C R Phys. 
2010;11(2):181–91. https​://doi.org/10.1016/j.crhy.2010.06.016.

Freedman R, Anand V, Catina D, et al. Major advancement in reservoir-
fluid analysis achieved using a new high-performance nuclear mag-
netic resonance laboratory system. Petrophysics. 2013;54(05):439–
56. https​://doi.org/10.3997/2214-4609.20132​066.

Freedman R, Anand V, Grant B, et al. A compact high-performance 
low-field NMR apparatus for measurements on fluids at very high 
pressures and temperatures. Rev Sci Instrum. 2014;85(2):025102. 
https​://doi.org/10.1063/1.48638​57.

Fridjonsson EO, Stanwix PL, Johns ML. Earth’s field NMR flow 
meter: preliminary quantitative measurements. J Magn Reson. 
2014;245:110–5. https​://doi.org/10.1016/j.jmr.2014.06.004.

Fridjonsson EO, Creber SA, Vrouwenvelder JS, et al. Magnetic reso-
nance signal moment determination using the Earth’s magnetic 

field. J Magn Reson. 2015;252:145–50. https​://doi.org/10.1016/j.
jmr.2015.01.013.

Fukushima E. Nuclear magnetic resonance as a tool to study flow. Annu 
Rev Fluid Mech. 1999;1(1):95–123. https​://doi.org/10.1146/
annur​ev.fluid​.31.1.95.

Galvosas P, Callaghan PT. Fast magnetic resonance imaging and 
velocimetry for liquids under high flow rates. J Magn Reson. 
2006;181(1):119–25. https​://doi.org/10.1016/j.jmr.2006.03.020.

Gaymard R, Poupon A. Response of neutron and formation density logs 
in hydrocarbon bearing formations. Log Anal. 1968;9(05):3–12. 
https​://doi.org/10.3997/1365-2397.19850​09.

Gladden LF, Alexander P. Applications of nuclear magnetic reso-
nance imaging in process engineering. Meas Sci Technol. 
1996;7(3):423–35. https​://doi.org/10.1088/0957-0233/7/3/026.

Gladden LF, Sederman AJ. Recent advances in flow MRI. J 
Magn Reson. 2013;229:2–11. https​://doi.org/10.1016/j.
jmr.2012.11.022.

Griffin DD, Kleinberg RL, Fukuhara M. Low-frequency NMR spec-
trometer. Meas Sci Technol. 1993;4(9):968–75. https​://doi.
org/10.1088/0957-0233/4/9/009.

Grob RL, Barry EF. Modern practice of gas chromatography. New 
York: Wiley; 2004. https​://doi.org/10.1002/04716​51141​.

Groenzin H, Mullins OC. Molecular size and structure of asphaltenes 
from various sources. Energy Fuels. 2000;14(3):677–84. https​://
doi.org/10.1021/ef990​225z.

Haacke EM, Brown RW, Thompson MR, et al. Magnetic resonance 
imaging, physical principles and sequence design. New York: 
Wiley-Liss; 1999

Hahn EL. Spin echoes. Phys Rev. 1950;80(4):580–94. https​://doi.
org/10.1103/physr​ev.80.580.

Helland I. Partial least squares regression. Wiley StatsRef: Statistics 
Reference Online, 2014. https://doi.org/10.1002/9781118445112.
stat03287.

Hirasaki GJ, Lo SW, Zhang Y. NMR properties of petroleum reservoir 
fluids. Magn Reson Imaging. 2003a;21(3):269–77. https​://doi.
org/10.1016/s0730​-725x(03)00135​-8.

Hirasaki GJ, Lo SW, Zhang Y. NMR properties of petroleum reservoir 
fluids. Magn Reson Imaging. 2003b;21(3–4):269–77. https​://doi.
org/10.1016/s0730​-725x(03)00135​-8.

Hirschel LR, Libelo LF. NMR signal dependence on fluid velocity. J 
Appl Phys. 1962;33(5):1895–6. https​://doi.org/10.1063/1.17288​57.

Hogendoorn J, Boer A, Appel M, et al. Magnetic resonance technol-
ogy: a new concept for multi-phase flow measurement. In: 31st 
International north sea flow measurement workshop. 2013. https​
://doi.org/10.1016/j.flowm​easin​st.2012.09.002.

Hogendoorn J, Boer A, Zoeteweij M, et al. Magnetic resonance tech-
nology: an innovative approach to measure multi-phase flow. In: 
32nd international north sea flow measurement workshop, 2014. 
https​://doi.org/10.1016/j.ijmul​tipha​seflo​w.2014.09.009.

Hürlimann MD, Venkataramanan L. Quantitative measurement of two-
dimensional distribution functions of diffusion and relaxation in 
grossly inhomogeneous fields. J Magn Reson. 2002;157(1):31–
42. https​://doi.org/10.1006/jmre.2002.2567.

Jackson JA, Burnett LJ, Harmon JF. Remote (inside-out) NMR. III. 
Detection of nuclear magnetic resonance in a remotely pro-
duced region of homogeneous magnetic field. J Magn Reson 
(1969). 1980;41(3):411–21. https​://doi.org/10.1016/0022-
2364(80)90298​-x.

Jia ZJ, Xiao LZ, Wang ZZ, et al. Molecular dynamics and composition 
of crude oil by low-field nuclear magnetic resonance. Magn Reson 
Chem. 2016;54(8):650–5. https​://doi.org/10.1002/mrc.4424.

Karlicek RF, Lowe IJ. A pulsed, broadband NMR spectrometer. 
J Magn Reson (1969). 1978;32(2):199–225. https​://doi.
org/10.1016/0022-2364(78)90205​-6.

https://doi.org/10.30632/t60als-2019_llll
https://doi.org/10.1016/j.jmr.2005.12.014
https://doi.org/10.1016/j.jmr.2005.12.014
https://doi.org/10.1063/1.1718815
https://doi.org/10.1016/0022-2364(80)90296-6
https://doi.org/10.1016/0022-2364(80)90296-6
https://doi.org/10.1002/cmr.a.20131
https://doi.org/10.1002/cmr.a.20131
https://doi.org/10.1016/j.jmr.2014.08.003
https://doi.org/10.1007/s00723-013-0462-x
https://doi.org/10.1007/s00723-014-0513-y
https://doi.org/10.1007/s00723-014-0513-y
https://doi.org/10.1016/j.jmr.2014.08.003
https://doi.org/10.2118/108566-pa
https://doi.org/10.1016/s0730-725x(98)00055-1
https://doi.org/10.1016/s0730-725x(98)00055-1
https://doi.org/10.1016/s0950-1401(02)x8001-x
https://doi.org/10.15556/ijiim.02.01.004
https://doi.org/10.1016/0730-725x(95)96693-6
https://doi.org/10.1002/mrm.1910070215
https://doi.org/10.1016/j.crhy.2010.06.016
https://doi.org/10.3997/2214-4609.20132066
https://doi.org/10.1063/1.4863857
https://doi.org/10.1016/j.jmr.2014.06.004
https://doi.org/10.1016/j.jmr.2015.01.013
https://doi.org/10.1016/j.jmr.2015.01.013
https://doi.org/10.1146/annurev.fluid.31.1.95
https://doi.org/10.1146/annurev.fluid.31.1.95
https://doi.org/10.1016/j.jmr.2006.03.020
https://doi.org/10.3997/1365-2397.1985009
https://doi.org/10.1088/0957-0233/7/3/026
https://doi.org/10.1016/j.jmr.2012.11.022
https://doi.org/10.1016/j.jmr.2012.11.022
https://doi.org/10.1088/0957-0233/4/9/009
https://doi.org/10.1088/0957-0233/4/9/009
https://doi.org/10.1002/0471651141
https://doi.org/10.1021/ef990225z
https://doi.org/10.1021/ef990225z
https://doi.org/10.1103/physrev.80.580
https://doi.org/10.1103/physrev.80.580
https://doi.org/10.1016/s0730-725x(03)00135-8
https://doi.org/10.1016/s0730-725x(03)00135-8
https://doi.org/10.1016/s0730-725x(03)00135-8
https://doi.org/10.1016/s0730-725x(03)00135-8
https://doi.org/10.1063/1.1728857
https://doi.org/10.1016/j.flowmeasinst.2012.09.002
https://doi.org/10.1016/j.flowmeasinst.2012.09.002
https://doi.org/10.1016/j.ijmultiphaseflow.2014.09.009
https://doi.org/10.1006/jmre.2002.2567
https://doi.org/10.1016/0022-2364(80)90298-x
https://doi.org/10.1016/0022-2364(80)90298-x
https://doi.org/10.1002/mrc.4424
https://doi.org/10.1016/0022-2364(78)90205-6
https://doi.org/10.1016/0022-2364(78)90205-6


Petroleum Science	

1 3

Kleinberg RL, Vinegar HJ. NMR properties of reservoir flu-
ids. Log Anal. 1996;37(06):20–32. https​://doi.org/10.1006/
jmra.1996.0218.

Kleinberg RL, Sezginer A, Griffin DD, et al. Novel NMR apparatus for 
investigating an external sample. J Magn Reson. 1992;97(3):466–
85. https​://doi.org/10.1016/0022-2364(92)90028​-6.

Kodibagkar VD, Conradi MS. Remote tuning of NMR probe circuits. 
J Magn Reson. 2000;144(1):53–7. https​://doi.org/10.1006/
jmre.2000.2052.

Korb JP, Vorapalawut N, Nicot B, et al. Relation and correlation 
between NMR relaxation times, diffusion coefficients and viscos-
ity of heavy crude oils. J Phys Chem. 2015;119(43):24439–46. 
https​://doi.org/10.1021/acs.jpcc.5b075​10.

Kowalewski J, Mäler L. Nuclear spin relaxation in liquids: theory, 
experiments andapplications. New York: Taylor & Francis; 2006. 
https​://doi.org/10.1201/97814​20012​194.

Latorraca GA, Dunn KJ, Webber PR, et al. Heavy oil viscosity deter-
mination using NMR logs. In: SPWLA 40th annual logging 
symposium, Oslo, Norway, 30 May–3 June 1999. https​://doi.
org/10.30632​/t60al​s-2019_rrr.

Li GY, Jiang Y, Yan XL, et al. Digital nuclear magnetic resonance 
spectrometer. Rev Sci Instrum. 2001;72(12):4460–3. https​://doi.
org/10.1063/1.13866​29.

Mansfield P, Powles JG. A microsecond nuclear resonance pulse 
apparatus. J Sci Instrum. 1963;40(5):232–8. https​://doi.
org/10.1088/0950-7671/40/5/315.

Marshall AG. Milestones in Fourier transform ion cyclotron reso-
nance mass spectrometry technique development. J Mass Spec-
trom. 2000;200(1–3):331–56. https​://doi.org/10.1016/s1387​
-3806(00)00324​-9.

Michaels J, Moody M, Shwe T. Advances in wireline formation testing, 
In: SPWLA 36th annual logging symposium, 26–29 June 1995. 
https​://doi.org/10.2118/30610​-ms.

Miller CC. The Stokes–Einstein law for diffusion in solution. Proc 
R Soc Lond. 1924;106(740):724–49. https​://doi.org/10.1098/
rspa.1924.0100.

Mitchell J, Hürlimann MD, Fordham EJ. A rapid measurement of 
T1/T2: the DECPMG sequence. J Magn Reson. 2009;200(2):198–
206. https​://doi.org/10.1016/j.jmr.2009.07.002.

Mitchell J, Gladden LF, Chandrasekera TC, et al. Low-field permanent 
magnets for industrial process and quality control. Prog Nucl 
Mag Res Spectrosc. 2014;76:1–60. https​://doi.org/10.1016/j.
pnmrs​.2013.09.001.

Morriss CE, Freedman R, Straley C, et al. Hydrocarbon saturation 
and viscosity estimation from NMR logging in the Belridge 
diatomite. In: SPWLA 35th annual logging symposium, Tulsa, 
Oklahoma, 19–22 June 1994. https​://doi.org/10.2118/30560​-ms.

Mullins OC. Review of the molecular structure and aggregation of 
asphaltenes and petroleomics. SPE J. 2008;13(01):48–57. https​
://doi.org/10.2118/95801​-pa.

Mullins OC, Sheu EY, Hammami A, et al. Asphaltenes, heavy oils 
andpetroleomics. Berlin: Springer; 2007.

Nicot B, Fleury M, Leblond J. Improvement of viscosity prediction 
using NMR relaxation. In: 48th annual logging symposium. 
2007. https​://doi.org/10.1016/j.crci.2007.11.004.

O’Neill KT, Fridjonsson EO, Stanwix PL, et al. Quantitative veloc-
ity distributions via nuclear magnetic resonance flow metering. 
J Magn Reson. 2016;269:179–85. https​://doi.org/10.1016/j.
jmr.2016.06.008.

Osán TM, Ollé JM, Carpinella M, et al. Fast measurements of aver-
age flow velocity by low-field 1H NMR. J Magn Reson. 
2011;209(2):16–122. https​://doi.org/10.1016/j.jmr.2010.07.011.

Pal R. Techniques for measuring the composition (oil and water 
content) of emulsions: a state of the art review. Colloid Surf 
A Physicochem Eng Asp. 1994;84(2–3):141–93. https​://doi.
org/10.1016/0927-7757(93)02711​-m.

Prammer MG, Bouton J, Masak P. The downhole NMR fluid analyzer, 
In: SPWLA 42nd annual logging symposium. 2001. https​://doi.
org/10.2118/71714​-ms.

Prammer MG, Bouton J, Masak P, et al. Magnetic resonance fluid anal-
ysis apparatus and method. U.S. Patent 7164267, 2007. https​://
doi.org/10.1002/jmri.20950​.

Prammer MG, Bouton JC, Chandler RN, et al. A new multiband gen-
eration of NMR logging tools. SPE Reserve Eval Eng. 1998. 
https​://doi.org/10.2118/49011​-ms.

Prammer MG, Bouton J, Masak P. Magnetic resonance fluid analysis 
apparatus and method, U.S. Patent 6737864, 2004. https​://doi.
org/10.15556​/ijsim​.02.02.004.

Price WS. NMR studies of translational motion: principles and applica-
tions. Cambridge: Cambridge University Press; 2009. https​://doi.
org/10.1017/cbo97​80511​77048​7.010.

Reddy P, Reddy B. A phase coherent pulsed NMR spectrom-
eter. J Phys E Sci Instrum. 1982;15(4):448–55. https​://doi.
org/10.1088/0022-3735/15/4/015.

Robertson JA, Morrison WH. Analysis of oil content of sunflower seed 
by wide-line NMR. J Am Oil Chem Soc. 1979;56(12):961–4. 
https​://doi.org/10.1007/bf026​74143​.

Singer JR. Blood flow rates by nuclear magnetic resonance measure-
ments. Science. 1959;130(3389):1652–3. https​://doi.org/10.1126/
scien​ce.130.3389.1652.

Song YQ, Scheven UM. An NMR technique for rapid measurement of 
flow. J Magn Reson. 2005;172(1):31–5. https​://doi.org/10.1016/j.
jmr.2004.09.018.

Song YQ, Tang X. A one-shot method for measurement of diffusion. 
J Magn Reson. 2004;170(1):136–48. https​://doi.org/10.1016/j.
jmr.2004.06.009.

Song YQ, Venkataramanan L, Hürlimann MD, et al. T1–T2 correlation 
spectra obtained using a fast two-dimensional Laplace inversion. 
J Magn Reson. 2002;154(2):261–8. https​://doi.org/10.1006/
jmre.2001.2474.

Song YQ, Hürlimann MD, Flaum C. A method for rapid characteriza-
tion of diffusion. J Magn Reson. 2003;161(2):222–33. https​://
doi.org/10.1016/s1090​-7807(03)00009​-0.

Stejskal EO, Tanner JE. Spin diffusion measurements: spin echoes in 
the presence of a time-dependent field gradient. J Chem Phys. 
1965;42(1):288–92. https​://doi.org/10.1063/1.16956​90.

Sun B, Dunn KJ. Probing the internal field gradients of porous media. 
Phys Rev E. 2002;65(5):051309. https​://doi.org/10.1103/physr​
eve.65.05130​9.

Sun B, Dunn KJ. A global inversion method for multi-dimensional 
NMR logging. J Magn Reson. 2005;172(1):152–60. https​://doi.
org/10.1016/j.jmr.2004.10.003.

Suryan G. Nuclear resonance in flowing liquids. Proc Indian Acad Sci 
(Math. Sci.). 1951;33(2):107–12. https​://doi.org/10.1007/bf031​
72192​.

Torrey HC. Bloch equations with diffusion terms. Phys Rev Phys Rev. 
1956;104(3):563–5. https​://doi.org/10.1103/physr​ev.104.563.

Van Bruggen CF, Bloembergen JR, Bos-Alberink AJA, et al. Mag-
netic and electrical properties related to structural transitions in 
NaxVS2 and NaxVSe2. Journal of the Less Common Metals. 
1978; 60(2):259–82

Venkataramanan L, Song YQ, Hurlimann MD. Solving Fredholm inte-
grals of the first kind with tensor product structure in 2 and 2.5 
dimensions. IEEE Trans Signal Process. 2002;50(5):1017–26. 
https​://doi.org/10.1109/78.99505​9.

Vinegar HJ, Tutunjian PN, Edelstein WA, et al. Whole-core analysis 
by 13C NMR. SPE Form Eval. 1991;6(02):183–9. https​://doi.
org/10.2118/19590​-pa.

Wu BS. Design and implementation of NMR sensor for downhole fluid 
laboratory. Beijing: China University of Petroleum; 2012. https​
://doi.org/10.1007/s1218​2-012-0180-2.

https://doi.org/10.1006/jmra.1996.0218
https://doi.org/10.1006/jmra.1996.0218
https://doi.org/10.1016/0022-2364(92)90028-6
https://doi.org/10.1006/jmre.2000.2052
https://doi.org/10.1006/jmre.2000.2052
https://doi.org/10.1021/acs.jpcc.5b07510
https://doi.org/10.1201/9781420012194
https://doi.org/10.30632/t60als-2019_rrr
https://doi.org/10.30632/t60als-2019_rrr
https://doi.org/10.1063/1.1386629
https://doi.org/10.1063/1.1386629
https://doi.org/10.1088/0950-7671/40/5/315
https://doi.org/10.1088/0950-7671/40/5/315
https://doi.org/10.1016/s1387-3806(00)00324-9
https://doi.org/10.1016/s1387-3806(00)00324-9
https://doi.org/10.2118/30610-ms
https://doi.org/10.1098/rspa.1924.0100
https://doi.org/10.1098/rspa.1924.0100
https://doi.org/10.1016/j.jmr.2009.07.002
https://doi.org/10.1016/j.pnmrs.2013.09.001
https://doi.org/10.1016/j.pnmrs.2013.09.001
https://doi.org/10.2118/30560-ms
https://doi.org/10.2118/95801-pa
https://doi.org/10.2118/95801-pa
https://doi.org/10.1016/j.crci.2007.11.004
https://doi.org/10.1016/j.jmr.2016.06.008
https://doi.org/10.1016/j.jmr.2016.06.008
https://doi.org/10.1016/j.jmr.2010.07.011
https://doi.org/10.1016/0927-7757(93)02711-m
https://doi.org/10.1016/0927-7757(93)02711-m
https://doi.org/10.2118/71714-ms
https://doi.org/10.2118/71714-ms
https://doi.org/10.1002/jmri.20950
https://doi.org/10.1002/jmri.20950
https://doi.org/10.2118/49011-ms
https://doi.org/10.15556/ijsim.02.02.004
https://doi.org/10.15556/ijsim.02.02.004
https://doi.org/10.1017/cbo9780511770487.010
https://doi.org/10.1017/cbo9780511770487.010
https://doi.org/10.1088/0022-3735/15/4/015
https://doi.org/10.1088/0022-3735/15/4/015
https://doi.org/10.1007/bf02674143
https://doi.org/10.1126/science.130.3389.1652
https://doi.org/10.1126/science.130.3389.1652
https://doi.org/10.1016/j.jmr.2004.09.018
https://doi.org/10.1016/j.jmr.2004.09.018
https://doi.org/10.1016/j.jmr.2004.06.009
https://doi.org/10.1016/j.jmr.2004.06.009
https://doi.org/10.1006/jmre.2001.2474
https://doi.org/10.1006/jmre.2001.2474
https://doi.org/10.1016/s1090-7807(03)00009-0
https://doi.org/10.1016/s1090-7807(03)00009-0
https://doi.org/10.1063/1.1695690
https://doi.org/10.1103/physreve.65.051309
https://doi.org/10.1103/physreve.65.051309
https://doi.org/10.1016/j.jmr.2004.10.003
https://doi.org/10.1016/j.jmr.2004.10.003
https://doi.org/10.1007/bf03172192
https://doi.org/10.1007/bf03172192
https://doi.org/10.1103/physrev.104.563
https://doi.org/10.1109/78.995059
https://doi.org/10.2118/19590-pa
https://doi.org/10.2118/19590-pa
https://doi.org/10.1007/s12182-012-0180-2
https://doi.org/10.1007/s12182-012-0180-2


	 Petroleum Science

1 3

Wu BS, Xiao LZ, Li X, et al. Sensor design and implementation for a 
downhole NMR fluid analysis laboratory. Pet Sci. 2012;9(1):38–
45. https​://doi.org/10.1007/s1218​2-012-0180-2.

Xiao LZ, Liao GZ, Deng F, et  al. Development of an NMR sys-
tem for downhole porous rocks. Microporous Mesoporous 
Mater. 2015;205:16–20. https​://doi.org/10.1016/j.micro​
meso.2014.09.024.

Yang M. Measurement of oil in produced water. New York: Springer; 
2011.

Yu HJ, Xiao LZ, Li X, et al. Novel detection system for NMR logging 
tool. In: IEEE international conference on signal processing. 
2011. https​://doi.org/10.1109/icspc​c.2011.60616​56.

Zega JA, House WV, Kobayashi R. A corresponding-states correlation of 
spin relaxation in normal alkanes. Physica A. 1989;156(1):277–93. 
https​://doi.org/10.1016/0378-4371(89)90123​-4.

Zhang Y, Hirasaki GJ, House WV, et al. Oil and gas NMR properties: 
the light and heavy ends. In: SPWLA 43th annual logging sym-
posium. 2002. https​://doi.org/10.30632​/t60al​s-2002_k.

Zhang Q, Lo SW, Huang CC, et al. Some exceptions to default NMR 
rock and fluid properties. In: SPWLA 39th annual logging 
symposium, Keystone, Colorado, 26–28 May 1998. https​://doi.
org/10.30632​/t60al​s-2019_llll.

Zhao JJ. The design and implementation of downhole NMR fluid ana-
lyzer sensor. Beijing: China University of Petroleum; 2014.

Affiliations

Guang‑Zhi Liao1,2 · Wei‑Liang Chen1 · Fang‑Rong Zong1,3 · Feng Deng1,4 · Hua‑Bing Liu1,5 · Bo‑Song Wu1,6 · Wei Liu1 · 
Zhe Sun1 · Si‑Hui Luo1

1	 State Key Laboratory of Petroleum Resources 
and Prospecting, China University of Petroleum, 
Beijing 102249, China

2	 Harvard SEAS-CUPB Joint Laboratory on Petroleum 
Science, Cambridge 02138, MA, USA

3	 Institute of Biophysics, Chinese Academy of Science, 
Beijing 100101, China

4	 Research Institute of Petroleum Exploration & Development, 
China National Petroleum Corporation, Beijing 100083, 
China

5	 Limecho Technology Co., Ltd, Beijing 102299, China
6	 Department of Radiology and Biomedical Imaging, Yale 

University, New Haven 06520, CT, USA

https://doi.org/10.1007/s12182-012-0180-2
https://doi.org/10.1016/j.micromeso.2014.09.024
https://doi.org/10.1016/j.micromeso.2014.09.024
https://doi.org/10.1109/icspcc.2011.6061656
https://doi.org/10.1016/0378-4371(89)90123-4
https://doi.org/10.30632/t60als-2002_k
https://doi.org/10.30632/t60als-2019_llll
https://doi.org/10.30632/t60als-2019_llll

	NMR fluid analyzer applying to petroleum industry
	Abstract
	1 Introduction
	2 Previous NMR fluid analyzer
	2.1 Downhole NMR fluid analyzer
	2.2 Surface NMR fluid analyzer

	3 Theory
	3.1 NMR fundamentals
	3.2 System design consideration

	4 System design
	4.1 Probe design
	4.2 Circuit design

	5 Methodology
	5.1 Conventional measurement method
	5.2 Rapid measurement pulse sequence
	5.2.1 Driven equilibrium pulse sequence-DE
	5.2.2 Online measurement pulse sequence-DEFSR, DEFIR

	5.3 Rapid observational mode

	6 Application
	6.1 Stationary fluid property
	6.1.1 Fluid content
	6.1.2 Oil molecular dynamics and composition
	6.1.3 Oil viscosity
	6.1.4 Hydrogen index

	6.2 Flowing fluid property
	6.2.1 High flow velocity determination in homogeneous field
	6.2.2 Low flow velocity determination in gradient field
	6.2.3 Relaxation time distribution correction for flowing fluids


	7 Summary
	Acknowledgments 
	References




