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The pa per con sid ers the ap pli ca tion of nu clear mag netic res o nance for mea sure ment of
fluid-flow. The pa per is of an ex per i men tal na ture. Flowmeter based on nu clear mag netic res -
o nance is ex tremely pre cise. The com bined mea sure ment un cer tainty can be 0.1 %. Such a
value of mea sure ment un cer tainty in di cates that it is a mat ter of a de ter min is tic and not of a
sto chas tic quan tity. This high de gree of re li abil ity of the method is the o ret i cally and math e -
mat i cally de scribed. The pa per pres ents a mea sure ment scheme for flow mea sure ment. Wa ter
flow mea sure ment was per formed on the prin ci ple of nu clear mag netic res o nance and on the
ba sis of tritiated wa ter (which is con sid ered to be the most ac cu rate clas si cal method). The ob -
tained re sults show that the mea sure ment of flow based on nu clear mag netic res o nance is
more ac cu rate (es pe cially at higher flow). This is ex plained by the higher in er tial mass of HTO 
tritiated wa ter mol e cules than the stan dard H2O mass and the pos si ble tran si tion of tritiated
wa ter to H3HeO. In this way, it has been proven that trac ing wa ter based on nu clear mag netic
res o nance is the only real trac ing of wa ter by wa ter. The ob tained re sults show that trac ing
wa ter with tritiated or heavy wa ter is not trac ing wa ter by wa ter which is ex plained by dif fer -
ent in er tial masses.
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IN TRO DUC TION

Nu clear mag netic res o nance (NMR) was dis -
cov ered the o ret i cally in 1939 [1, 2]. The the o ret i cally
as sumed ex is tence of NMR was con firmed on par af fin 
and wa ter [3, 4]. The NMR test ing in di cated the pos si -
bil ity of its ap pli ca tion in ma te rial test ing and for pre -
cise mea sure ments.

So far, nu clear mag netic res o nance has found a
large num ber of prac ti cal ap pli ca tions: test ing the
struc ture of com plex mol e cules con tain ing hy dro gen
at oms, mea sur ing the hu mid ity of ma te ri als, test ing oil 
wells, ab so lute mea sure ments of high-pre ci sion mag -
netic in duc tion, mod ern di ag nos tic meth ods in med i -
cine, etc. The ap pli ca tion of NMR in med i cine is un -
doubt edly of the great est im por tance be cause it gives a 
vi sual rep re sen ta tion of the soft parts of hu man body
where X-ray di ag no sis is un suc cess ful.

The fi nal width of the res o nant peak is a con se -
quence of inhomogeneity of the field at the sam ple site

and the in flu ence of para mag netic salts dis solved in
wa ter. The ions of para mag netic salts (for ex am ple
FeNO3 or MnSO4) are added to the wa ter sam ple be -
cause they en hance the ef fects of NMR. The dis solved
salts shorten the res i dence time of pro tons at a higher
en ergy level, so the en ergy of pro tons is rap idly con -
verted into heat. Thus, the sub stance ab sorbs the en -
ergy of the high-fre quency field more in ten sively,
which fa cil i tates the in duc tion of res o nance.

Ex per i ments for NMR are car ried out by cre at -
ing a very ho mo ge neous mag netic field of con stant in -
duc tion B by means of a per ma nent mag net, or elec tro -
mag net. The ma te rial in which the NMR oc curs, with a 
vol ume of a dozen cu bic mil li me ters, is placed in a test
tube around which a small coil is wound. The coil with
the test tube is placed in a mag netic field so that the
axis is per pen dic u lar to the in duc tion. In a mag netic
field, pro tons are lo cated at two hyperfine lev els
whose en ergy dif fer ence is de ter mined by eq. (16) in
the next chap ter. Through the volt age with the test tube 
is passed an al ter nat ing cur rent with high fre quency. If
the fre quency of the al ter nat ing field is set to the value

N. M. Kartalovi}, et al.: Pos si bil ity of Ap pli ca tion Nu clear Mag netic Resonance ...
168 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2021, Vol. 36, No. 2, pp. 168-173

* Cor re spond ing au thor; e-mail: dusan@vin.bg.ac.rs



given by eq. (18) NMR oc curs. Pro tons from the lower
level, with the ab sorp tion of en ergy, move to a higher
en ergy level, so the up per level be comes more pop u -
lated than the lower. Next, in ter ac tions with the en vi -
ron ment lead to spon ta ne ous de-ex ci ta tions by which
the pro tons re turn to a lower level and that al lows the
de scribed pro cess to con tinue. Since the mag netic mo -
ment of elec tron is much larger than the mag netic mo -
ment of pro ton, it is nec es sary to can cel the mag netic
mo ments of elec tron in the outer shell. Ma te ri als that
meet this con di tion are e. g. wa ter, heavy wa ter, glyc -
erin, etc. [5].

The fol low ing two chap ters give the math e mat i -
cal ba sis of the NMR pro cess model. The fo cus of this
pa per is to ex am ine the pos si bil ity of ap pli ca tion for
mea sur ing fluid-flow.

MATH E MAT I CAL MODEL OF NU CLEAR
MAG NETIC RES O NANCE

Mag netic mo ment and gy ro mag netic
re la tion ship of el e men tal par ti cles

A closed straight con tour with cur rent I has a
mag netic mo ment 

r
M [NmT–1] de fined by the eq.

r r
M IS= (1)

where je 
r
S  is the vec tor of the con tour area. In an ex ter -

nal ho mo ge neous mag netic field 
r
B, the me chan i cal

torque 
r
T [Nm] acts on the con tour, de ter mined by the

vec tor prod uct
r r r
T M B= × (2)

The tra jec tory of an elec tron or bit ing a nu cleus
can also be re garded as a sin gle el e men tary cur rent
con tour which pos sesses a mag netic mo ment. For ex -
am ple, in Bohr's model of the hy dro gen atom, the con -
tour cur rent is

I ef e= =
w

2p
(3)

where e is the el e men tary charge, and f – the cir cu lar
fre quency of the elec tron. The con tour area is

S r= 2p (4)

From eqs. (3) and (4), the fol low ing ex pres sion
is ob tained for the mag netic mo ment of the elec tron

M IS e
r

= =
w 2

2
(5)

In the study of el e men tary atomic par ti cles, the
gy ro mag netic re la tion ship, g, is in tro duced as the ra tio
of mag netic mo ment, M, and an gu lar mo men tum L

g =
M

L
(6)

Dur ing the cir cu lar mo tion of an elec tron, the an -
gu lar mo men tum is

L m r m r= =u w 2 (7)

Sub sti tut ing the eqs. (5)-(7) the gy ro mag netic
ra tio of the elec tron is ob tained as

  g = = = × ± × - -M

L

e

m2
879398 10 1 1 1010 5 1. ( )[ ]HzT (8)

The gy ro mag netic re la tion ship is the ap par ent
con stant of an atomic par ti cle. Know ing the gy ro mag -
netic re la tion ship, the mag netic mo ment is ob tained by

M L= g (9)

Ac cord ing to the sci en tist Niels Bohr, an gu lar
mo men tum is quantized quan tity L = nh/2p, where h is
the Planck con stant and n = 1, 2, 3, ... is the quan tum
num ber. For the ground state n = 1 in the eq. (8) the el e -
men tary mag netic mo ment can be ob tained as

M
eh

m
B =

4p
(10)

known as the Bohr magneton. The mag netic field acts
on the cur rent con tour with a me chan i cal mo ment, eq.
(2). By ro tat ing the con tour in a ho mo ge neous mag -
netic field for the an gle q it per forms the work

   DA T MB MB( ) sin ( cos )q q q q q
q q

= = = -ò òd d
0 0

1 (11)

If the con tour ro tates by q = 180°, the work that is 
con verted into an in cre ment of po ten tial en ergy is

D DA E MBmax = = 2 (12)

A cur rent con tour whose mag netic mo ment is par -
al lel to the in duc tion has a lower level of po ten tial en -
ergy, while a con tour with an antiparallel di rec tion of
the mag netic mo ment is at a higher en ergy level [6-8].

In flu ence of mag netic field on
pro ton en ergy

Ac cord ing to quan tum the ory, a pro ton has the
an gu lar mo men tum Lp = h/4p. Us ing the eq. (9) for the
mag netic mo ment of the pro ton Mp is ob tained

M L
h

p p p p= =g g
p4

(13)

where gp is the gy ro mag netic ra tio of the pro ton whose
value is [9-11]

g p HzT= × -2675141 108 1. [ ] (14)

In re la tion to the ex ter nal mag netic field of in duc -
tion B, the mag netic mo ment of the pro ton takes one of
two pos si ble di rec tions – par al lel or antiparallel. Ac -
cord ing to the eq. (13), the dif fer ence of the pro ton en -
ergy in these two states is

D
p

E M B
h

B= = ×2
2

p pg (15)
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The sep a ra tion of the ba sic en ergy level of a pro -
ton into two hyperfine lev els due to the in ter ac tion of
the mag netic field with the mag netic mo ment of the
pro ton is shown in fig. 1. Higher and lower en ergy lev -
els are ap prox i mately equally pop u lated. The dif fer -
ence DE cor re sponds to the fre quency f de ter mined by
Planck's equa tion [12-15]

D
p

E hf
h

B= = g
2

(16)

From the eq. (16), the con nec tion be tween fre -
quency and mag netic in duc tion was ob tained

f
B

B= =
g

w g
2p

or (17)

The eq. (17) is also used in the form

B = kf (18)
wherein

k = × - -2348731 10 8 1. [ ]THz (19)

EX PER I MENT

Fluid flow mea sure ment is based on the mea -
sure ment of over flight time, i. e., mea sur ing the time it
takes for a fluid to travel a cer tain dis tance. For this
pur pose, a tracer is in serted into the fluid. A tracer is a
sub stance that dif fers from a fluid in some prop er ties.
The mean fluid ve loc ity is as sumed to be equal to the
mean tracer ve loc ity. This is an er ror, as the trans port
prop er ties of the tracer are not the same as the trans port 
prop er ties of the fluid [16, 17]. There are op ti cal, ther -
mal, chem i cal, ionic, mag netic and ra dio ac tive trac ers
[18]. Brownian mo tion of a tracer and den sity changes
dur ing mo tion are, in ad di tion to the pre vi ously men -
tioned dif fer ent trans port prop er ties of flu ids and trac -
ers, a source of mea sure ment un cer tainty of the over -
flight time method [19-21].

In or der to avoid all sources of mea sure ment un -
cer tainty us ing the over flight time method, the NMR
method is pro posed here. Nu clear mag netic res o nance
cre ates small mag netic trac ers from mol e cules of the
fluid it self, whose ve loc ity is mea sured. This prin ci ple
is com pletely in de pend ent of the be hav ior of the
tracer, since the fluid is marked by it self. The mag net i -
cally traced vol umes in this way are pas sive in the hy -
dro dy namic view, so their ve loc ity is iden ti cal to the
ve loc ity of the fluid.

To test this pos si bil ity, a flowmeter was made ac -
cord ing to the scheme shown in fig. 2. The ba sic parts
of an ex per i men tal flowmeter are: 
–  pipe ex pan sion with a mag net for mag ne tiz ing flu -
ids,
– mag net with coil for de mag ne ti za tion of a small vol -
ume on the prin ci ple of NMR, by the ac tion of a short
high-fre quency pulse, and
– a mag netic cir cuit with a coil to de tect the pas sage of a
traced vol ume of fluid (by ap ply ing com mer cial mea -
sur ing in stru ments based on a gi ant magnetoresistance
ef fect).

The elec tronic part of the sys tem con sists of:
– high-fre quency gen er a tor whose fre quency f = g
B2/2p  cor re sponds to NMR at the site of the per ma nent 
in duc tion mag net B2 (by us ing a pro fes sional fre -
quency me ter with mea sure ment un cer tainty type B
0.5 % given by the man u fac turer),
– fast switch for gen er at ing a high-fre quency mag netic 
pulse that de mag ne tizes a small vol ume of fluid, and
– a timer that mea sures the in ter val Dt be tween the gen -
er a tion of a high-fre quency pulse and the pas sage of
the traced vol ume next to the de tec tion coil (ac cord ing
to the man u fac turer, the mea sure ment un cer tainty type 
B of the timer is less than 0.5 %).

Then the fluid ve loc ity can be cal cu lated as v =
L/Dt, where I is the coil dis tance for mag ne ti za tion and
de tec tion.

In or der to achieve the best pos si ble re sult (i. e.,
com plete mag ne ti za tion of the fluid), the vol ume of
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Fig ure 1. The in ter ac tion of the
mag netic field with the mag netic
mo ments of the pro ton cre ates
two hyperfine en ergy lev els

Fig ure 2. Block di a gram of a sys tem for
mea sur ing the ve loc ity of a fluid (vol ume
flow) based on the mea sure ment of the
over flight time us ing nu clear mag netic
res o nance for trac ing fluid sam ples



the first cham ber Vk is dimensioned so that the fluid
stays in it for an av er age time equal to three times of the 
con stant time for es tab lish ing mag ne ti za tion. The
com bined mea sure ment un cer tainty is ex pressed at
less than 1 %. Such a small value of ex pressed com -
bined mea sure ment un cer tainty should not come as a
sur prise be cause mea sure ment un cer tainty type A, de -
ter mined by pro cess ing a sta tis ti cal sam ple of 100 ran -
dom vari ables flow rate, was zero. The de tec tion (not
mea sure ment) of mag netic in duc tion based on a gi ant
magnetoresistance ef fect cor re sponds to mea sure ment 
un cer tainty type B 0 (zero). Since the fre quen cies (and
time) are phys i cal quan ti ties that mea sure with min i -
mal val ues of mea sure ment un cer tainty type B, the
man u fac turer's data look cred i ble.

RE SULTS

The ex per i men tal ver i fi ca tion of the method was
per formed by mea sur ing the wa ter flow rate. The ex per -
i men tally ob tained re sults were sta tis ti cally treated. To
form one sta tis ti cal sam ple of a ran dom vari able flow
rate, 100 con sec u tive mea sure ments were per formed
by the NMR method. The time be tween the two mea -
sure ments was 10 min utes. Chauvenet's cri te rion, to
dis miss the sus pi cious re sults, was ap plied on the ob -
tained sta tis ti cal sam ple. There were no sus pi cious re -
sults and the re sults in di cated that the ran dom vari able
flow rate (con di tion ally speak ing) was of the de ter min -
is tic type in the case of NMR mea sure ments. This con -
clu sion was con firmed by de ter min ing the pa ram e ters
of the pos si ble dis tri bu tion by the mo ment method.
Since all mo ments of higher or der had a value of zero,
the sta tis ti cal un cer tainty of this con clu sion is also zero.

Sta tis ti cal anal y sis of a sta tis ti cal sam ple, of ran -
dom vari able flow rate ob tained by ap ply ing tritiated
wa ter, gave slightly weaker re sults. How ever, the ob -
tained sta tis ti cal un cer tainty, by the same pro ce dure,
shows that even for the ran dom vari able flow rate of
the tritiated wa ter is also a de ter min is tic quan tity. This
con clu sion is cor rect with a sta tis ti cal un cer tainty less
than 1 %, so that the stochasticity of the ran dom vari -
able flow rate, ob tained by this method, can be ne -
glected [22, 23].

A com par i son of the pro posed method with an
NMR-based flowmeter and a tri tium-based flowmeter
was per formed [24]. Trac ing wa ter with tri tium is sim -
i lar to NMR trac ing, i. e., trac ing wa ter with wa ter. Tri -
tium unites into an HTO wa ter mol e cule that be haves
al most iden ti cally to the mol e cule H2O. How ever, this
be hav ior is not iden ti cal since the in er tial mass of HTO 
is two mass units greater than mass of H2O. Also, since 
tri tium is an un sta ble iso tope of hy dro gen, it can con -
vert to H3HeO dur ing the mea sure ment, which
changes its trans port prop er ties. In ad di tion, the trac -
ing of wa ter with tri tium is the best of all clas sic trac -
ers. It may be better to trace wa ter with deu te rium but,

metrologically it would be com pli cated, as it would in -
volve mass spec trom e try. It should be noted that the
trac ing of wa ter with tri tium is also metrologically
com pli cated as it is a mea sure ment of low-en ergy ra di -
a tion.

Fig ure 3 shows the de pend ence of the rel a tive
dif fer ence of the same wa ter flow mea sured by NMR
(QNMR) and tritiated wa ter (QT), i. e.

  

D
D

Q Q Q

Q
Q Q Q

Q

NMR T= -

=
+

Þ =

divided by the mean flow value

NMR T

2
2

Q Q

Q Q
NMR T

NMR T

-

+

(20)

It is clear from fig. 3 that the tri tium-mea sured
flows de vi ate to lower val ues at higher flows, which is
cer tainly a con se quence of the higher in er tial mass of
tritiated wa ter mol e cules. The di a gram in fig. 3 in dis -
put ably proves that the ap plied flow mea sure ment
method is su pe rior to clas si cal meth ods.

DIS CUS SION

The pre sented re sult shows that in the case of a
liq uid with paired all the elec trons of the outer shell
(when NMR is de tect able), an al most ab so lutely ac cu -
rate mea sure ment of the ve loc ity, or amount of flow, can 
be per formed. The rea son for this re sult is the in de pend -
ence of the in er tial prop er ties of wa ter mol e cules from
the state of hyperfine mag netic ex ci ta tion or de-ex ci ta -
tion. Tritiated wa ter does not have this prop erty, nor
does heavy wa ter, since their atomic masses (which are
in er tial in na ture) are three or two atomic mass units
greater than the mass of or di nary wa ter. In some other
ap pli ca tions, test ing tritiated (and/or heavy) wa ter can
pro vide a range of im por tant data that can not be ob -
tained by NMR. Tritiated and heavy wa ter are found in
na ture and they fol low the hydrologic (wa ter) cy cle.
Their con cen tra tion in wa ter is as so ci ated with cer tain
sea sonal ef fects as well as the time spent out side of the
at mo spheric con di tions. This en ables mon i tor ing and
re li able ver i fi ca tion of com mu ni ca tion of at mo spheric
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Fig ure 3. De pend ence graph of the rel a tive dif fer ence of
the same wa ter flow mea sured by NMR (QNMR) and
tritiated wa ter (QT) di vided by the mean flow value



(rain wa ter), sur face wa ter and ground wa ter. Test meth -
ods for the tritiated wa ter and heavy wa ter also al low to
de ter mine the age of ground wa ter that is ex cluded from
the wa ter cir cu la tion sys tem in na ture.

CON CLU SIONS

So far, NMR has found a large num ber of prac ti -
cal ap pli ca tions such as:
· ex am in ing the struc ture of com plex mol e cules

con tain ing hy dro gen at oms;
· ab so lute mea sure ments of high-ac cu racy mag -

netic in duc tion;
· mea sur ing the hu mid ity of ma te ri als;
· test ing of oil wells;
· mod ern di ag nos tic meth ods in med i cine, etc.

The ap pli ca tions of NMR in med i cine are un -
doubt edly of the great est im por tance be cause they en -
able ob tain ing a vi sual rep re sen ta tion of the soft parts
of the hu man body, where X-ray di ag nos tics are not
suc cess ful. The NMR-based flowmeters are com plex
mea sur ing de vices that are used in ex cep tional con di -
tions, i. e., in con di tions where high pre ci sion is re -
quired. They can be ap plied only in the nu clei pos sess -
ing a mag netic mo ment. The ap pli ca tion of NMR
method does not de pend on the chem i cal and elec tri cal 
char ac ter is tics of the fluid. This mea sure ment prin ci -
ple is used in bi ol ogy and med i cine. It can be ar gued
with cer tainty that this is the most ac cu rate method,
with ex tremely small mea sure ment un cer tain ties that
can be 0.1 % and rarely ex ceed 2 %. The method dis -
cussed in this pa per proves that NMR en ables al most
ab so lute mea sure ment of flow rate. It is in ter est ing to
no tice that NMR method is the wa ter trac ing by wa ter,
which can not be said for trac ing wa ter with tritiated
wa ter or heavy wa ter. This re sult is sci en tif i cally in ter -
est ing be cause, un til now, it was con sid ered that trac -
ing wa ter with tritiated or heavy wa ter is trac ing by
wa ter and that this method makes it dom i nant over all
other meth ods in which the tracer is sub ject to other
hy dro dy namic con di tions than wa ter.
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MOGU]NOST  PRIMENE  NUKLEARNE  MAGNETNE
REZONANCIJE  ZA  MEREWE  PROTOKA  TE^NOSTI

U radu se razmatra primena nuklearne magnetne rezonancije za merewe protoka te~-
nosti. Rad je eksperimentalnog karaktera. Protokomeri na bazi nuklearne magnetne rezonacije su
izuzetno precizni. Kombinovana merna nesigurnost mo`e biti 0.1 %. Takva vrednost merne
nesigurnosti ukazuje da se radi o odre|ivawu deterministi~ke, a ne stohasti~ke veli~ine. Ovako
visok stepen pouzdanosti metode je teorijski i matemati~ki obja{wen. U radu je prikazana merna
{ema za merewe protoka. Izvr{eno je merewe protoka vode na principu nuklearne magnetne
rezonancije i na bazi tricirane vode (koja se smatra najta~nijom klasi~nom metodom). Dobijeni
rezultati pokazuju da je merewe protoka na bazi nuklearne magnetne rezonancije ta~nije (naro~ito 
pri ve}im protocima). Ovo je obja{weno ve}om inercijalnom masom molekula tricirane vode
NTO od mase standardne H2O i mogu}im prelazom tricirane vode u H3HeO. Na ovaj na~in je
dokazano da je trasirawe vode na osnovu nuklearne magnetne rezonacije jedino pravo trasirawe
vode vodom. Rezultati rada dokazuju da trasirawe vode triciranom ili te{kom vodom nije tra-
sirawe vode vodom {to je obja{weno razli~itim inercijalnim masama.

Kqu~ne re~i: nuklearna magnetna rezonancija, protokomer, tricijumska voda


