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The paper considers the application of nuclear magnetic resonance for measurement of
fluid-flow. The paper is of an experimental nature. Flowmeter based on nuclear magnetic res-
onance is extremely precise. The combined measurement uncertainty can be 0.1 %. Such a
value of measurement uncertainty indicates that it is a matter of a deterministic and not of a
stochastic quantity. This high degree of reliability of the method is theoretically and mathe-
matically described. The paper presents a measurement scheme for flow measurement. Water
flow measurement was performed on the principle of nuclear magnetic resonance and on the
basis of tritiated water (which is considered to be the most accurate classical method). The ob-
tained results show that the measurement of flow based on nuclear magnetic resonance is
more accurate (especially at higher flow). This is explained by the higher inertial mass of HTO
tritiated water molecules than the standard H,0O mass and the possible transition of tritiated
water to H3HeO. In this way, it has been proven that tracing water based on nuclear magnetic
resonance is the only real tracing of water by water. The obtained results show that tracing
water with tritiated or heavy water is not tracing water by water which is explained by differ-

ent inertial masses.
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INTRODUCTION

Nuclear magnetic resonance (NMR) was dis-
covered theoretically in 1939 [1, 2]. The theoretically
assumed existence of NMR was confirmed on paraffin
and water [3, 4]. The NMR testing indicated the possi-
bility of its application in material testing and for pre-
cise measurements.

So far, nuclear magnetic resonance has found a
large number of practical applications: testing the
structure of complex molecules containing hydrogen
atoms, measuring the humidity of materials, testing oil
wells, absolute measurements of high-precision mag-
netic induction, modern diagnostic methods in medi-
cine, etc. The application of NMR in medicine is un-
doubtedly of the greatest importance because it gives a
visual representation of the soft parts of human body
where X-ray diagnosis is unsuccessful.

The final width of the resonant peak is a conse-
quence of inhomogeneity of the field at the sample site
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and the influence of paramagnetic salts dissolved in
water. The ions of paramagnetic salts (for example
FeNO; or MnSO,) are added to the water sample be-
cause they enhance the effects of NMR. The dissolved
salts shorten the residence time of protons at a higher
energy level, so the energy of protons is rapidly con-
verted into heat. Thus, the substance absorbs the en-
ergy of the high-frequency field more intensively,
which facilitates the induction of resonance.
Experiments for NMR are carried out by creat-
ing a very homogeneous magnetic field of constant in-
duction B by means of a permanent magnet, or electro-
magnet. The material in which the NMR occurs, with a
volume of a dozen cubic millimeters, is placed in a test
tube around which a small coil is wound. The coil with
the test tube is placed in a magnetic field so that the
axis is perpendicular to the induction. In a magnetic
field, protons are located at two hyperfine levels
whose energy difference is determined by eq. (16) in
the next chapter. Through the voltage with the test tube
is passed an alternating current with high frequency. If
the frequency of the alternating field is set to the value
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given by eq. (18) NMR occurs. Protons from the lower
level, with the absorption of energy, move to a higher
energy level, so the upper level becomes more popu-
lated than the lower. Next, interactions with the envi-
ronment lead to spontaneous de-excitations by which
the protons return to a lower level and that allows the
described process to continue. Since the magnetic mo-
ment of electron is much larger than the magnetic mo-
ment of proton, it is necessary to cancel the magnetic
moments of electron in the outer shell. Materials that
meet this condition are e. g. water, heavy water, glyc-
erin, etc. [5].

The following two chapters give the mathemati-
cal basis of the NMR process model. The focus of this
paper is to examine the possibility of application for
measuring fluid-flow.

MATHEMATICAL MODEL OF NUCLEAR
MAGNETIC RESONANCE

Magnetic moment and gyromagnetic
relationship of elemental particles

A closed straight contour with current / has a
magnetic moment M [NmT'] defined by the eq.

M=1IS (1)

where je S is the vector of the contour area. In an exter-
nal homogeneous magnetic field B, the mechanical
torque T [Nm)] acts on the contour, determined by the
vector product

T=M-B )
The trajectory of an electron orbiting a nucleus
can also be regarded as a single elementary current
contour which possesses a magnetic moment. For ex-
ample, in Bohr's model of the hydrogen atom, the con-

tour current is
I=ef=e? 3)

2n

where e is the elementary charge, and f— the circular
frequency of the electron. The contour area is

S =r’n 4)

From egs. (3) and (4), the following expression
is obtained for the magnetic moment of the electron

2
wr

M=IS =e—— 5
5 (5)

In the study of elementary atomic particles, the
gyromagnetic relationship, ¥, is introduced as the ratio
of magnetic moment, M, and angular momentum L

4 :T (6)

During the circular motion of an electron, the an-
gular momentum is

L =mur=mor’ (7

Substituting the egs. (5)-(7) the gyromagnetic
ratio of the electron is obtained as

y _M =2i =879398-10'(1+1-107 )[HzT '] (8)

The gyromagnetic relationship is the apparent
constant of an atomic particle. Knowing the gyromag-
netic relationship, the magnetic moment is obtained by

M=yL 9)

According to the scientist Niels Bohr, angular
momentum is quantized quantity L =nh/2n, where h is
the Planck constant and n = 1, 2, 3, ... is the quantum
number. For the ground state n =1 in the eq. (8) the ele-
mentary magnetic moment can be obtained as

eh
My =—-—
B 4dntm

(10)

known as the Bohr magneton. The magnetic field acts
on the current contour with a mechanical moment, eq.
(2). By rotating the contour in a homogeneous mag-
netic field for the angle 0 it performs the work

0 0
AA(0)=[Td6 = MBsin 0d0 = MB(1-cos ) (11)
0 0

Ifthe contour rotates by & = 180°, the work that is
converted into an increment of potential energy is

AA . =AE=2MB (12)

A current contour whose magnetic moment is par-
allel to the induction has a lower level of potential en-
ergy, while a contour with an antiparallel direction of
the magnetic moment is at a higher energy level [6-8].

Influence of magnetic field on
proton energy

According to quantum theory, a proton has the
angular momentum L, = h/4mn. Using the eq. (9) for the
magnetic moment of the proton A, is obtained

h
Mp :;/pr :ypa (13)

where y, is the gyromagnetic ratio of the proton whose
value is [9-11]

¥ =2675141-10°[HzT '] (14)

In relation to the external magnetic field of induc-
tion B, the magnetic moment of the proton takes one of
two possible directions — parallel or antiparallel. Ac-
cording to the eq. (13), the difference of the proton en-
ergy in these two states is

h
AE=2M B=y_ —-B 15
BT o (15)
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The separation of the basic energy level of a pro-
ton into two hyperfine levels due to the interaction of
the magnetic field with the magnetic moment of the
proton is shown in fig. 1. Higher and lower energy lev-
els are approximately equally populated. The differ-
ence AE corresponds to the frequency f determined by
Planck's equation [12-15]

AE:hf:yiB (16)
2n

From the eq. (16), the connection between fre-
quency and magnetic induction was obtained

f:ﬁora):yB 17)
2n
The eq. (17) is also used in the form
B=kf (18)
wherein
k=2348731-10%[THz '] (19)
EXPERIMENT

Fluid flow measurement is based on the mea-
surement of overflight time, i. e., measuring the time it
takes for a fluid to travel a certain distance. For this
purpose, a tracer is inserted into the fluid. A tracer is a
substance that differs from a fluid in some properties.
The mean fluid velocity is assumed to be equal to the
mean tracer velocity. This is an error, as the transport
properties of the tracer are not the same as the transport
properties of the fluid [16, 17]. There are optical, ther-
mal, chemical, ionic, magnetic and radioactive tracers
[18]. Brownian motion of a tracer and density changes
during motion are, in addition to the previously men-
tioned different transport properties of fluids and trac-
ers, a source of measurement uncertainty of the over-

flight time method [19-21].

|
,r _ Magnet and coil for

B parallel to induction B

: demagnetizing liquid Detection coil

Magnetic moment
antiparallel with

Figure 1. The interaction of the
magnetic field with the magnetic
moments of the proton creates
two hyperfine energy levels

induction B

In order to avoid all sources of measurement un-
certainty using the overflight time method, the NMR
method is proposed here. Nuclear magnetic resonance
creates small magnetic tracers from molecules of the
fluid itself, whose velocity is measured. This principle
is completely independent of the behavior of the
tracer, since the fluid is marked by itself. The magneti-
cally traced volumes in this way are passive in the hy-
drodynamic view, so their velocity is identical to the
velocity of the fluid.

To test this possibility, a flowmeter was made ac-
cording to the scheme shown in fig. 2. The basic parts
of an experimental flowmeter are:

— pipe expansion with a magnet for magnetizing flu-
ids,

—magnet with coil for demagnetization of a small vol-
ume on the principle of NMR, by the action of a short
high-frequency pulse, and

—amagnetic circuit with a coil to detect the passage of a
traced volume of fluid (by applying commercial mea-
suring instruments based on a giant magnetoresistance
effect).

The electronic part of the system consists of:

— high-frequency generator whose frequency f = y
By/2w corresponds to NMR at the site of the permanent
induction magnet B2 (by using a professional fre-
quency meter with measurement uncertainty type B
0.5 % given by the manufacturer),

—fast switch for generating a high-frequency magnetic
pulse that demagnetizes a small volume of fluid, and
—atimer that measures the interval At between the gen-
eration of a high-frequency pulse and the passage of
the traced volume next to the detection coil (according
to the manufacturer, the measurement uncertainty type
B of the timer is less than 0.5 %).

Then the fluid velocity can be calculated as v =
L/At, where I is the coil distance for magnetization and
detection.

In order to achieve the best possible result (i. e.,
complete magnetization of the fluid), the volume of

Figure 2. Block diagram of a system for
measuring the velocity of a fluid (volume
flow) based on the measurement of the
overflight time using nuclear magnetic
resonance for tracing fluid samples

“Stop” switch [

Ar=llv [ps)

| Amplifier
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the first chamber V) is dimensioned so that the fluid
stays in it for an average time equal to three times of the
constant time for establishing magnetization. The
combined measurement uncertainty is expressed at
less than 1 %. Such a small value of expressed com-
bined measurement uncertainty should not come as a
surprise because measurement uncertainty type A, de-
termined by processing a statistical sample of 100 ran-
dom variables flow rate, was zero. The detection (not
measurement) of magnetic induction based on a giant
magnetoresistance effect corresponds to measurement
uncertainty type B 0 (zero). Since the frequencies (and
time) are physical quantities that measure with mini-
mal values of measurement uncertainty type B, the
manufacturer's data look credible.

RESULTS

The experimental verification of the method was
performed by measuring the water flow rate. The exper-
imentally obtained results were statistically treated. To
form one statistical sample of a random variable flow
rate, 100 consecutive measurements were performed
by the NMR method. The time between the two mea-
surements was 10 minutes. Chauvenet's criterion, to
dismiss the suspicious results, was applied on the ob-
tained statistical sample. There were no suspicious re-
sults and the results indicated that the random variable
[flow rate (conditionally speaking) was of the determin-
istic type in the case of NMR measurements. This con-
clusion was confirmed by determining the parameters
of the possible distribution by the moment method.
Since all moments of higher order had a value of zero,
the statistical uncertainty of this conclusion is also zero.

Statistical analysis of a statistical sample, of ran-
dom variable flow rate obtained by applying tritiated
water, gave slightly weaker results. However, the ob-
tained statistical uncertainty, by the same procedure,
shows that even for the random variable flow rate of
the tritiated water is also a deterministic quantity. This
conclusion is correct with a statistical uncertainty less
than 1 %, so that the stochasticity of the random vari-
able flow rate, obtained by this method, can be ne-
glected [22, 23].

A comparison of the proposed method with an
NMR-based flowmeter and a tritium-based flowmeter
was performed [24]. Tracing water with tritium is sim-
ilar to NMR tracing, i. e., tracing water with water. Tri-
tium unites into an HTO water molecule that behaves
almost identically to the molecule H,O. However, this
behavior is not identical since the inertial mass of HTO
is two mass units greater than mass of H,O. Also, since
tritium is an unstable isotope of hydrogen, it can con-
vert to H?HeO during the measurement, which
changes its transport properties. In addition, the trac-
ing of water with tritium is the best of all classic trac-
ers. It may be better to trace water with deuterium but,
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Figure 3. Dependence graph of the relative difference of
the same water flow measured by NMR (QOnxmr) and
tritiated water (Qr) divided by the mean flow value

metrologically it would be complicated, as it would in-
volve mass spectrometry. It should be noted that the
tracing of water with tritium is also metrologically
complicated as it is a measurement of low-energy radi-
ation.

Figure 3 shows the dependence of the relative
difference of the same water flow measured by NMR
(Onwmr) and tritiated water (Oq), i. e.

AQ =0 nm —Ordivided by the mean flow value
- Owr 91 _ A0 _,Onwr —9r  (20)
2 0 Onmr +91

It is clear from fig. 3 that the tritium-measured
flows deviate to lower values at higher flows, which is
certainly a consequence of the higher inertial mass of
tritiated water molecules. The diagram in fig. 3 indis-
putably proves that the applied flow measurement
method is superior to classical methods.

DISCUSSION

The presented result shows that in the case of a
liquid with paired all the electrons of the outer shell
(when NMR is detectable), an almost absolutely accu-
rate measurement of the velocity, or amount of flow, can
be performed. The reason for this result is the independ-
ence of the inertial properties of water molecules from
the state of hyperfine magnetic excitation or de-excita-
tion. Tritiated water does not have this property, nor
does heavy water, since their atomic masses (which are
inertial in nature) are three or two atomic mass units
greater than the mass of ordinary water. In some other
applications, testing tritiated (and/or heavy) water can
provide a range of important data that cannot be ob-
tained by NMR. Tritiated and heavy water are found in
nature and they follow the hydrologic (water) cycle.
Their concentration in water is associated with certain
seasonal effects as well as the time spent outside of the
atmospheric conditions. This enables monitoring and
reliable verification of communication of atmospheric
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(rainwater), surface water and groundwater. Test meth-
ods for the tritiated water and heavy water also allow to
determine the age of groundwater that is excluded from
the water circulation system in nature.

CONCLUSIONS

So far, NMR has found a large number of practi-
cal applications such as:
e examining the structure of complex molecules

containing hydrogen atoms;
e absolute measurements of high-accuracy mag-
netic induction;

e measuring the humidity of materials;
e testing of oil wells;
e modern diagnostic methods in medicine, efc.

The applications of NMR in medicine are un-
doubtedly of the greatest importance because they en-
able obtaining a visual representation of the soft parts
of the human body, where X-ray diagnostics are not
successful. The NMR-based flowmeters are complex
measuring devices that are used in exceptional condi-
tions, i. e., in conditions where high precision is re-
quired. They can be applied only in the nuclei possess-
ing a magnetic moment. The application of NMR
method does not depend on the chemical and electrical
characteristics of the fluid. This measurement princi-
ple is used in biology and medicine. It can be argued
with certainty that this is the most accurate method,
with extremely small measurement uncertainties that
can be 0.1 % and rarely exceed 2 %. The method dis-
cussed in this paper proves that NMR enables almost
absolute measurement of flow rate. It is interesting to
notice that NMR method is the water tracing by water,
which cannot be said for tracing water with tritiated
water or heavy water. This result is scientifically inter-
esting because, until now, it was considered that trac-
ing water with tritiated or heavy water is tracing by
water and that this method makes it dominant over all
other methods in which the tracer is subject to other
hydrodynamic conditions than water.
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MOI'YRHOCT INPUMEHE HYKIEAPHE MATHETHE
PE3OHAHIMUIJE 3A MEPEILE ITPOTOKA TEYHOCTHU

Y pany ce pa3Marpa npuMeHa HyKJeapHe MarHeTHE pe30HaHIUje 3a Mepeme MPOToKa Teu-
HocTH. Paj je ekciepuMeHTanHOr Kapakrepa. [IpoTtokoMepn Ha 6a3u HyKJIeapHe MarHeTHE pe30Haluje cy
n3y3eTHo npenm3Hu. KomOuHoBana mepHa HecurypHocT moxke Outm 0.1 %. TakBa BpegHOCT MepHE
HECHTYPHOCTH yKa3yje fa ce pajgu o ogpehruBamy JeTEpMIHACTHIKE, a HE CTOXacTHUYKe BennunHe. OBako
BHCOK CTeIleH NOY3aHOCTH METOfIE j€ TEOPHUjCKU U MaTeMaTUUKK 00jallllbeH. Y pajly je IpuKa3aHa MepHa
meMa 3a Mepeme IMpOoToKa. VI3BpIIeHO je Mepeme NMPOTOKa BOJEe HAa NMPHUHIUIY HyKJIeapHe MarHeTHE
pe3oHaHIMje U Ha 6a3u Tpunupane Bojie (Koja ce cMaTpa HajTadHHjOM KJIACHYHOM MeTOfoM ). [loGujeHn
pe3ynTaTi HOKa3yjy Ia je Mepere IpOTOoKa Ha 6231 HyKIIeapHe MarHeTHE pe30HaHIMje TaUHMje (HApOUATO
npu Behum mpororuma). OBoO je objanimeHo BehoM MHEPIMjaTHOM MacoM MOJIEKYJla TPUIpPaHe BOJE
HTO on mace crangapane H,O u moryhum npenasom tpumupane Bofie y H3HeO. Ha oBaj naumn je
TOKa3aHo Jla je Tpachpame BOJIC Ha OCHOBY HyKJICapHE MarHeTHE PEe30HAIMje jeINHO MPaBO Tpacuparme
BOJnie BojoM. PesyiraTu pajja mokasyjy jia Tpacupame Boje TPUIMPAHOM WJIM TEIIKOM BOJOM HHje Tpa-
CHpam-e BOJIC BOJIOM IITO je O0jallllbeHO pa3IMIUTHM HHEPIMjaTHIM MacaMa.

Kwyune peuu: HyKaeapHa MazZHeiliHa pe3oHAHUUja, poiioKomep, pULUjymMcKa 600a



