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Abstract

A flow observation techniqﬁé based on spin-echo nuclear
magnetic resonance (NMR) has been used to obtain statistical
volumetric data of eddy motion in turbulent flow. The NMR bro—
cedure, using 90°-180° q§rr-Purce11 pulses, was particularly
adépted to flow observation over very ghort times., This provided
Lagrangian turbulence data for the iﬁitial phase of the correlation

decay. The technique used to obtain the data is described.
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- INTRODUCTION

A more thorough understanding of t&rbulence of a fluid
in a pipe or other duct geometry 1s of interest because of
the wide range of industrial processes which turbulent
‘motionvaffects‘ The'basié phenomena of heat_and mass
transfer are greatly affected by turbulence in the system.
With practical application in the optimal design of
refining, absorption, and chemical reaction equipment, there
is a great incentive to obtain a better understanding of
turbulénée. . Although much research has been done on the
study of turbulénce the complexity of the subject has made
1t difficult to obtain vallid direct measurements; Data
haveAbeén collected in the form of concentration profiles
or'b& using some tYpe of an‘anemometer. With these tech-~
niques it has been shown that the fluid flow is influenced
by the measuring device, which must be iocated in the fluid.
This type of investigation yields data,‘taken over rela-
tively_long periods of time, but cannot provide informafion
at the very short times when the turbulent effects are most -
rapldly changing.

This research émployed the natural phenomenon of spin--
echo nuclear maghetic resonance (NMR) to detect molecular
motion in a flowing fluid sample. The Spin-echo technique
has been used to measure molecular diffusion coefficients

of several liquids, but modifications were required to
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adapt.éhe technique to a highly turbulent sample.. Spin-
echo NMR can be used to étudy ﬁhe system-wiﬁhout physically
affecting flow, and the data can be 1nterpretéd'és a
statistical "énapshot".of the position of the particles at
a particuldr instant in time. The technique proﬁides
severai édvantagesoner more conventional measuremehﬁ tech-
niques. No foreign object or material, of substantial
duantity, need be added to the system to follow the motion
o? the molecules. The principle ofAspin-echo.nucleér
magnetic résonance 1s based on the orientation of the
nuclear magnetic moment vectors of the system.’ The only
outside effect on the system ;s the magnetization of some
of the system compohents. _ | |
Turbulence measurements are generally made in an
Eulerian frame (étationary observer) where 1nstanﬁaheous
veloéity fluctuations separated by some distance ére
recorded. Mbre meaningful results could be obtained by
using a Lagrangian frame of reference (observer moving
with the fluid) because the mixing properties of & turbulent
fluid are closely rélated to,.and may be predictéd from,
Lagrangian turbulence parameters. Spin-echo NMR pro&ides
Lagrangian measurements'directly. | |
Turbulence can be characterized by two parameters--
intensity (eddy velocity) and scale (eddy lifetime). When

considering isotropilc turbulenée; the parameters represent
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average volumetric values. Isotropic turbuience.is described
By Brodkey (7) as homogeneoﬁs,‘implying that the velocity
fluctuations in the system are random and phat the average
turbulent characteristics are independent of position in
the fluid. 1In addition, the velocity fluctuations are
independent of the axes of reference, and invarianﬁ to axis
rotation or reflection,. | |
Statistical theory of turbulence hés predicted that
turbulent motlon 1s a function of time and not a cénstant4
as assumed in molecular diffuéion work. Several attémpts
have been made to characterize or correlate turbulence as
a function of time and a timé dependence has beén shown.‘ No
data have beenvobtained at very short diffusion times, or
by use of a sensitive direct measurement technidue as used
in this work. Spin-echo NMR has the advantage of observing
motion over very short diffusion times, and the disadvantage
that it is presently limited to short diffusion times or low
flow rates. vHowevér, for the observatién times from 4 msec
”to 10 msec, and a flow range 3,000 to 7,000 Reynolds' number,
this research demonstrates that very sensitive measureménts
of turbulent motion can be made, and that a significant time

dependence 1s evident.



PREVIOUS WORK

An introductory diseussion of the study of fluid tur-"
bulence may‘be found in chemical engineering texts.sueh as
those by Knudsen and Katz (23), Sherwood and Pigford (37),
and Bird et al. (5). More detailed treatments of turbulence
are contained in such texts as Hinze (21), Batchelor (4),
and Brodkey (7). The book by Hinze contains an extensive
treatment of the mechanisms and theories of turbulenee, with
reviews of measurement techniques and transport precesses.
Information on nonisotropic turbulence is presented.
Batchelor prevides a thorough discussion of the sﬁbject of
homogeneous turbulence. The theoretical aspects of homoge-
neous turbulence are emphasized, and experimental data are
presented to substantiate the various theories.

The development of the statistical theory of tufbulehce
is based on mathematical derivations by G. I. Taylor (40,41,
42). His classical work provides the basis of turbuience
research and will be discussed in detail in a later section.

Turbulent diffusion was studied by Hanratty, Latinen,
and Wilhelm (20). Measurement of the spreading of tracer
dye from a point source ylelded information on diffusion
in glass-sphere beds fluldized by water. A particulately
fluidized bed was well described by the statistical turbu-
lence equatlons of Taylor. Experimental data confirmed

the theory that turbulent measurements were within a
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turbulent '"mean free path“ or scale. As a result, for
diffusion from a fixed-point source, the size of the
turbulent diffusion coefficlent depended dn the time of
diffusion.  The diffusion coefficient became constant only
after a long time 1n£efvalvhad elapsed in a given experi-
ment. o |

Hanratty (19) used the information derived'from the
statistical_analysis of turbulence to show fhdt, for turbu-
lent transport pfocesses the mixing depends oh the previous
history of the diffusing material. The effect of time on .-
the diffusion process was examined for the case of heat trans-
fer from a hot wall to a cold wall through & turbulently
‘flowing liquid. G. I. Taylor's theory of turbulent diffu-
slon for an isotropic field was used to describe the
properties of the heat sourceé and cold sinks ‘along the
walls.‘ These calculations were compared with temperature
" profiles obtained as a solution to Fick's law using a
constant diffusion coefficlent. A marked difference
between these profiles was shown; then a comparison with
actual temperature meesuremehts verified the time depen-
dency.

Flint et al. (13) studied tufbulent diffusion from a
point source located at the center of the tube. The
Lagrangian intensity of the turbulence in the center of

the tube was calculated from the diffusion data. The
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relativé longitﬁdinal intensity, the ratio of the square
root of the intensity to the avérage velocity at the center
of the tube, Qaried from 0.058 at NRe = 9,700 to 0.039 at
Npe = 83,000. The results could not be used for deter-
mining the form of the cprrelation coefficient because of'
inaccuracies in the measurements at small diffusion times.v
Both air and water flow in 3-inch dia. smooth pipe was
used to obtain the diffusion data. The diffusion coeffi-
cients and'mean square displacements were calculated from
concentration profile measurements, and the results were
somewhat higher than values obtained from hot-wire'stﬁdies.
The difference might be explained by the disturbances
created by the tracer injector. Mickelson (26), using a -
carefully designed injection system in a much larger
diameter pipe, obtalned turbulent intensities in close
agreement with those measured with'a hot-wire anemomeﬁer.
Sandborn (33) measured longitudinal and radial
intensities for air flowing iﬁ a 4-inch dia. pipe using
hot-wire anemometry méthods. Data were obtained over the
Reynolds; number range 20,000 to 200,000, Relative
longitudinal 1ntensip1es were slightly higher than com-
parable radial intensities, but both decreased slightly
as Reynolds' number lincreased. Relative longitudinal
intensities at the center of the tube were 0.034 at 20,000
Reynolds' number and 0.025 at 170,000 Reynolds' number.



7

The relative radial intensities were 0.025 at_5Q;OOO
Reynolds' number and 0.023 at 170,000»ﬁeynolds' number,

‘ quite constant. Sandborn also measured relative radial
intensity profiles across the tube. These profiles:Showéd
that the average iﬁtensity:was higher than that measured -
at the center of the tube. | |

Air turbulence in au5-in0h square channel was investi-
gated by Laufer (24) using a hot-wire anemometer. In a
lower Réynolds' number range, 12,000 < Ng, < 62,000, the.
relative longitudinal intensity at the center of the
channel decreased from 0.032~to 0.027 andAtheArelative
radial intensity chgnged‘from 0.025 to 0.021.

Seagrave (35) studied mass transfer in turbulent liquid
streams using water as the bulk fluid. ‘Dye was 1njected
into a water stream and samples‘were taken at a distance
far enough downstream so that the eddy diffusivity had
become constant. The'concentration of dyejin each sample
was determined colorimetrically. . Average radial and axial
eddy diffusivity comppnents were reported. VafiatiOn of
the 'average radial diffusivityAwas linear with ReYnolds'
number over the range 3,000 to 7,500. ’ |

Grossman and Charwat (17) measured longitudinél and
radial turbulent intensities for water flow in a 2-inch
dia. pipe using a method based on electromagnetic.1nduqtion.

The technique offered advantages in sensitivityiover,the
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hot-wire anemometer and concentration measuremeﬁt methods
but still required entering the system with probes, énd
suffered from a poor signal to noise.ratio. At a Reynolds'
nﬁmber of 99,000, relative radial and longitudinal inten-
sities of 0.013 and 0.017 respectively. were measgred at
‘the center of the tube. Examination of inténsity profiies
showéd that the average relative longitudinal intensity
was about 0.018 and the radial value was 0.011 for that
Reynoids' number. These profiles showed maximum radial
inﬁensity at the center of the tube.

Martin and Johanson (25) used a hot-film anemometer fo
measure the Eulerian longitudinal intensity and time scale
of turbulence in the center of a tube for a flowing_water.
system. Intensity, scale, and correlation coefficients
were obtained for velocities ranging from 0.5 to M.O'ft/
sec (Nge = 19,000 to 160,000). The Eulerian parameters
were calculated from measurements taken from photographs
of the oscllloscope traces. These data were presented as
correlation'versus\time over the velocity range. The time
scale of turbulence, the 1ntegral of the correlation curve,
decreased with increasing Reynolds' number from 40 msec at
a Reynolds' number of 19,000 to 12 msec at a Reynolds'
number of 160,000, |

Longitudinal turbulent intensities, autocorrelations

and energy spectra were measured using several organic
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solvents by Patterson and Zakin (29). The flow of toluene,
Senzene, and cyclohexane in smooth i and 2-inch dia. tubés
.was studied using a constant temperature, hot-fiih
anemometer.~ Relative longitudinal intensity profiles
showed that the maximum values occurred at a distance about
15 perceht of the pipe radius away from the wall, and were
about two and one-half times higher than the value meésured
at the center. Eulerian léngth scales of turbulence were
calculated for the fhree fluids of different viscoslties.
No viscosity effect was noted for the different solvents.
An estimate of the overall average longitudinal ;ntensity
across the tube from a partial ihtensity profile was about
50 pércent higher than the intensity at the center of the.
tube. '

Most of the results from this previous work has pro-
vided Eulerian information (stationafy obéerver). Param- -
eters obtained by the Lagrangian method (observer moves
with the flﬁid) would provide information more directly |
related to the mixing properties of the fluild but
Lagrangian measurement techniques were not'available. ’The
utilization of spin-echo NMR phenomena as a measurement
technique providéé a Lagrangiaﬁ technique for investigating
flowling systems. Research usiﬁg spin-echo NMR on dynamic
‘samples was conducted by Arnold (3). Information on the

effect of a velocity profile on the NMR signal was obtained.
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Johnson (22) extended this stﬁdy, measuring apparent
radial diffusivities for water flowing in a tube.. The
results were termed apparent because the NMR procedure
determines total movement in a direction parallel to the
magnetic field rather than in a‘fadial direction. The NMR
data were thén-corrected to estimate a radial diffusivity.
These diffusivity values increased linearly with Reynoldé'
number over the range, 1,060 < Nge < 6,760. ‘Diffusivities
significantly higher than the molecular diffusion constant
were obtalned for Reynolds' numbers as low as 1,060.

Conway (11) used spin-echo NMR to measure average
unidirectional diffusivities for water flow in the range,
220 < Nge < 3,740, at a single diffusion time.' This |
research provided a careful study of turbulent motion-in
the transition flow range.

Several other new nondestructive techniques have been
developed for study of fluild flow. Some are specific to
flow at the walls, while others can pfovide proflle data.

Reiss and Hanratty (31, 32) used an electrochemical
technique analogous to the constant temperatufe, hot-wire
anemometer measurement. The concentration of the diffusing
species was constant at the electrode surface and the
current was proportional to the rate of mass transfer to
the electrode. Velocities in the region close ﬁo the wall

were measured using a diffusion controlled electrode mounted
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flush with the wall. The test electrode fofmed‘part of an
eleétrochemicai cell,

An electrobhemieal cell using an aqueeus solution of’
potassium ferri and ferrocyanide with nickel electrodes
'was.used by Gordon and Tobias (16) for the measurement of
diffusion coefficients for the ferricyanide ion. The
electrochemical technique has been extended by Mitchell
and Hanratty (27) and the relation between mass transfer
measurements and the velocity field was defined. more
accuretely. By measuring the limiting current at an elec-
' trode at 12-1/'2o to 20° as well as perpendicular to the
flow, Sirkar and Hanratty (38) measured the root-mean-.
squared transverse component of the turbulent velocity
flﬁctuations close to the wall.

 Capps and Rehm (8) have developed an emﬁirical
expression based on the experimental data of Nikuradse for
the turbulent flow velocity distribution. This relation-
ship,‘which predicted data over a Reynolds' number range
from 9,000 to 3,000,000, had surface roughness as the
pfiﬁary parameter. Eddy diffusivity profiles acfoss the
tube were given'at several Reynolds' numbers. These.cufves
showed a maximum value at a distance equal about 40 percent
of the radius from the wall. |

A study of turbulent mixing was done by Christianéen

(10). Studies of turbulent motion and turbulent mixing are
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very similar, with the simplification that dependent
variables, position, velocity, which are vectorial in the
study of turbulent motion can be replaced by scalar quan-
tities, composition,'dielectric constant, and temperaturef
This work presents a technique for obtailning direct tur-
bulence data. Time-average light-scatter‘measurements using
a laser generated light gave directly the spectrum for
spatial variaﬁions in concentration. The eoncentrationA
spectrum is a Fourler transform of the concentration corre-
lation, R(r,t). Spatialdreselution of light scatter was
100 times»better than the smallest probe used to date, and
this 1s a nondestructive technique Which will not disturd
local motion.: o

Another related technique for turbulent flow measure-
ments was used by Goldstein and Hagen (15). "The Doppler
shift of scattered light from a laser beam was used to
measure mean turbulence velocities, and also te_determine
the probability function for the turbulent velocity. A.
phenomenon which 1s evident by NMR methods was nbted. 4as
flow went through the transition from laminar to turbulent,
_the signal was irregular and erratic. As flow becaﬁe fully
turbulent the signal become steady again. Reletive longi-
tUdinal’intensities were measdred, and these agreed well
with an extrapolation of the data of Laufer (24). The

relative longitudinal intensities decreased from 0.042 at
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5,000 Reynolds' number to 0.035 at 20,000 Reynold's number. -
This technique presents some unlque advantages. As in NMR
no probe interferes with flow, and the velocity component
in a single direction can be measured. In addition, local’
measurements would be possible. | |

A nondisturbing tracer technique for turbulent flow
observation was used by Frantisak gg_gl.'(iu). A photochromic
dye was dissolved in the test fluid and irradiated with
ulfraviolet light to produce a coloredvtrace,'allowing
quantitativé measurements in the entire cross section of
the tube in both laminar and turbulent flow. A fuby.laser
was used to induce the tautomeric reaction in the dye, and
quantitative measurements. were made from,high speed.movies.‘
Mean veloclty pfofiles were measured, and mean shear stresses
at the wall were caiculated over a range of Reynolds' numbers.
There was excellent agreement with other, well establishedA

data.
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DIFFUSION IN ISOTROPIC TURBULENCE

Turbulence has béen defined by Taylor and Von Karman
(43) as an irregular motion which in general makes 1its
appearancé in fluids, gaseous or liquid, when they flow
past solld surfaces or even when'neighboring'streams of
the same fluid flow past or over oné another. These.irregu-'
lar motions will prevail even at steady state if the flow
system 1is turbulent. Because the motion is irregular it
i1s not posslible to describe the motion in all detall as a
- function of time and space coordinates. But the type of
irregularity is‘such.that turbulent motion can.be describedA
by laws of probability. Therefore, turbuience is a special
type of irregular motion showing random variation with time
and space coordinates, but statistically distincp.average‘
values of the fluctuations can be discerned.

When the turbulence has the same characterization at
all poinﬁs in the flow field 1t is referred-to as homoge-
.neous turbulence. If the statistical parameters of turbu-
lence have no preferred direction the turbulence is said
to be isotropic. Therefore, isotropic turbulence 1is a
distinct type of homogeneous‘turbulence.

Isotropic turbulence 1s the least complex state of
turbulence to analyze because a minimum numbef of properties
are required to characterize its structure and behavior. It

1s a hypothetical type of turbulence in that no actual flow
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is chpletely iéotropic. Such tufbulence can be approached
in flow with a high'pressure‘drop and.improved:by placing
a grid network across the flow stream. Because‘of its
simpl;gity'iSotropic flow 1s‘ofﬁen assumed ét least as a
first approximation, but with the information which is
available about turbulent motion this»aséumption repfesents
a small error when compared with other unkndwns. |

The develbpment of the statistical theory of turbulence,
by .Taylor (40,41,42) for diffusion in isotropic turbulence
will be summarized since this has been the basis for modern
turbulence research. |

An isotropic turbulent field is ass;med with a number
of fluid particles starting from different positions at the
same time. With the simplest éssumption,‘that of diffusion
in only one direction, motion perpendicular to thé flow will
be described. The fluid is flowing in the z direction and
motion in the y direction will be followed. If the turbu-
lént veloclity of a single particle in the y direction is
v(t), the displacement of the particle éi'ter a time t is

t | .‘ . | :
Y(t) = f v(t) dt . - (1)
| 0 4 . |

Since v(t) is a random quantity, the average for a large
number of particles, ?(t) = 0. However, the mean-square
displacement will not be zero. For homogehepus flow, the

mean-square displacement in the y directionAis given by
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2(e) = [
0

t | B
dt, fo dty v(t1) v(tp) | (2)

where v(tl) is the velocity of the particle when t = 0 and
v(ts) 1is the velocity at 't = t. The integration in the
(tl,te) plane is over a square with limips-Q and t. To .
simplify, instead of this square; 1ntegraﬁe over twice the
triangle formed by the half squaré, since the integrand is
symmetrical with respect té t, and t,. This gives

t ¢ : . S
Po) = 2[ asy [ ar, W5y vey) (3)
0 0 o : ‘ .

The velocities at the two instances for short times
are notlindependent, they are correlated by the Lagrangian"

correlation coefficient defined as '

‘R(tl,ga) _ V(tlzév(te) o (4
Ve : - :

where VQ is the mean-square turbulent velocity.‘ To 1ntfo-“

duce R(tl,tz) into Equation 3, v(ty) v(ty) can be a
function of time change rathér than absolute time since

flow 1s steady, then

v(t1) v(ty + )
—

R(s) = (5)

where s =ty - ¢y, Substituting
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t ety . R
if(t)<-= 2,j; dtl j; dty VQ:R(S) | e (6)
or.
Ye(t) = 270 Jﬁt‘dﬁl J’tl R(s)ds o (7) 
0 0

The correlation coefficient can be defined for continuous

diffusion as

[dVJQ N
8% lae) st laB] | -
R(S) = 1.- 2_!— '\_,_2 W V2 » . .
- 2
n .2 dnv
(-1)" 7 |gen |
— (8
2n!v .
It can be shown that R(s) is an even function.. Then -
integrating Equation 7 by parts‘yields
t RN
=2 . .
T9(t) = 2V°¢ ‘f R(s)ds -_‘f sR(s)ds
' 0 o 0o -
=t - |
= 2v Lr (t - s) R(s)ds o A (9)
0 f |

This relationship défineslthe time dépendence 6f.turbu1ent
motion.
The variation of Y2 with time for molecular diffusion

from a fixed point can be shown to be
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= constant 4 « L -~ (10)
where D is the molecular diffusivity Systems invoiving

molecular diffusion are described by Fick's law using .

appropriate boundary conditions as

ac
dat

= V- (pve) | | (1)
which involves the assumption that the diffusion char-
acteristics of particles contained in a differential-
volume'are.not dependent on the previous history of the
'particle.' This independence 1is not present in turbulent
diffusion since ¥2/2t is a function of time. Hanratty (19)
derives the relationships for solving a modified Fick's law

equation. This yields a turbulent diffusivity, E(t), defined

- T2(t) | |
: Y(t, | | R
E(t) = ¢ . - (12)

where E will vary with time

If a shape for the correlation coefficient is assumed,
then Y2 can be calculated as a function of time. As observa-
tion time approaches zero, the correlation coefficient

approaches unity, and Equation 9 integrates to.
¥ = T2 . 0 (13)

For longer times, several assumptions. have been pro-



19
posed. 1If one assumes that the correlation decays expo-
nehtially,Athen ‘

R(S) - efas

and from the definition of Lagrangian scale,

-]

L = Jﬁ e™®® as | | - (14)
0 ' : -
or
1
a = -—
Ty,

Substituting 1nto Equation 9

S bt RS U
P(t) = 27 [ (t-s) e las (15)
0 _ ' . "
which integrates to
. ' _ t | . -
o) = W rp e+ (e 1] (16)

Only at long time, t > 10 T does Ye(t) reach a constant
slope where E = _Y-e(t)/Qt is constant. At intermediate

times

s L - .
E(t) = Vory, [1+ E (e - 1)1 oo

At very long diffusion times this becomes

E(t) = e Ty, | | | | (18)
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A similar treatment caﬁ be made if we‘assume a correla-’

tion decay ,
.
-as
R(s) = e
then
-as m] 1 -
T, = f e ds = [H—a—] /2 . (19)
0 » - |
and Equation 9 becomes
| ' _ ns®
(1) = 2% [ (t-s)e T as ~ (20)
. O : - . )
This integrates to 4 SR : ‘ - -
| - nt2
. 2 4r.2 .
T2(t) = 292 o [t err (JIB) 4+ 2TL (¢ L7 1]
(21)
and
| | o nt?
27 4.2
_ =2 \TTt L ATy 1.
E(t) = vo Ty, [grf (-2—&‘—1-‘ + vt (e‘ o= 1)_] |
(22)
~at long times this assumption also yilelds
E(t) = T T; = constant (23)

These equations represent proposed relationships for

diffusion as a function of time. Relative accuracy of the
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- equations 1s unknown becauée»they only differ at very.
short diffusion'times, and valid data in that time range

'have not been available.
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SPIN-ECHO NMR
Basic Concepts of NMR

The magnetic properties of the nucleus have.been'of
interest ever since they were first postulated to explain
the hyperfine structure of spedtral lines. Iﬁ was supposed
that the nucleus 1s a small magnet whose interaction with
the atomic electrons splits the energy levels betwéen which
‘the electrons make the transitioha responsible for atbmic
line spectra. Then, in additioﬁ‘to its known properties .
of mass, charge, and intrinsic angular momentum, the atomic
nucleus possesses a magneticvmoment. 'The nuclei behave as-
tiny magnets with properties bf a gyroscbpé. The observation
'of the nuclear maghetic resonance phénomenon‘is based‘on thé
magnetic moment propérties of the ﬁuclei;v |

In thié research, hydrogen nUciei, which possesé
éngular momentum and magnetic moments, in water were ob-~
served. Not all nucleil possess an angular momentum and a
magnetic moment. Purcell (30) gives a general rule tb
determine 1if a given nucleus has these properties,

"If a nucleus contains an even number of protons

and an even number of neutrons, it will have 2zero
angular momentum and magnetic moment."
When placed in a strong magnetic field, ﬁb, the magnetic
moment of spinﬁing hydrogen nuclei tend to align with the

directlon of the magnetic field. Because the nuclei'éxperi-
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ence a resultant‘tbrque, the moments will precess about the
direction of the applied field. A precéssing momeqt forms
a cone of rotation about the direction of the applied
field. The frequency of precessibn, Wy, 1s directly

related to the magnetic field, Hp, as

where vy, the gyromagnetic'ratio, is defined as the fatio of.
the magnetic moment to the nuclear angular moméntum of the
nucleus. | |

The hydrogen nuéleusvcan'exist at two diétinct energy
levels. In a strong magnetic field the-high energy nudlei
wlll precess in one direction and the low energy huclei
will precess in the opposite'directioh. Since pfecéssioﬁ
frequency is directly related to the fofce of the magnetic
field, this fleld determinés‘the energy change between these .
levels., ' This énergy difference, proportional to w,, 1s
much less than the force available by‘thermal vibrations.
Therefore, even 1n a magnetic tield there is nearly an
equal probability for nucleil in éach-energy level. .

To produce a net'magnetic moment it is necessary to
create a populationiimbalance. If thé magnetic nuclel can -
transfer energy to, and come into thermai equlilibrium withj~
the surroundings, the equilibrium will favor the lower energy

level. This 1mbalance, which 1s given by the Boltzmann
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factor, exp (—hm/wr), 1s very minute. For example, if w
40 MC/sec and T = 300° K, the factor'is 0;9999934. Itnis

on this fractionally minute surplus of nuclei in the lower
state at thermal equilibrium that the observable NMR effects
, depend. Operation at lower temperature willl increase this
surplus. | | '

7 The energy change between levels, being'proportional
"to the Larmor-frequency, is of radio-wave frequency There-
-fore, the radiation of a radio wave or, since the magneticf
field of the wave is the effective component, an osciilating
magnetic field of radio-wave frequency will.excite the‘
_nucleil. When the nuclel are subjected to euch radiation
there is again an equal probability of transitions in either
direction. A new population distribution. resulté'

A radio frequency (rf) current passed through a short
coil wound axially around a cylindrical tube in which a .
water sample is placed will generate the rf magnetic field,
Hi, perpendicular to field ﬁb in Figure 1. This force |
changes the direction of the field and as the nuclei align
with this new direction because of the resultant torque,
the energy absorbed by the nuclel with the chenge of direc—
tion produces an increase in the‘number.of nuclel in the
higher energy level.' As the moment direction changes the
direction of the torque also changes. This results in the

moment belng pulled away from the Eb direction. This moment
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Figure 1. .Cha.ng'e in torque direction if rf field 1s not
' near Larmor frequency
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motion while the rf pulse is being applied is called
lnutation. » |
- If the frequency of the rf cﬁrrent 1s the same as

the frequency of nuclear precession than all the nucléi
will be rotated by torque L in a fixed direction. This
'is 1llustrated on Figure 1, where the magnetic mdment M
rotates at frequency w, around the field Hj. When the rf
pulse is of frequency Wy, it occurs at a fixed position A
with respeét to M, and each nucleus will be rotated away
from Hy. The initial 1né£antaneous tofque is Ip which tips
the moment perpendicular to the plane of Hp - ﬁiA. If the
rf pulse is at any frequency other than w, the nuclei will
be nufated ét different polints dufing rotation, 1.e., at
B then B'.. This means tﬁat'the~d1rection of nutation of
the nuclei is constantly éhdnging because of an-ever
changing torque direction,‘and the summation of_the moment
nutation wiilAbe zefo. The frequéﬁcy Wo at‘which the
magnetic nuc;ei precess 1is called the Larmdr frequency
and the magnetic resonance phenomenon, the resultant
moment of the nuclel in the highér energy state, occurs
only when the rf current is at the Larmor frequency.

The theory-qf NMR 1s dealt ﬁith in great detaill in
books by Andrew (2) and Abragam (1), and in such papers as
those by Pake (28), Purcell (30), and Bloch (6).
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Generation of the Spin-Echo

The pulsed NMR method known as the spin-echo technlque
was developed by Hahn (18) in 1950 and later modified by
Carr and Purcell (9). For the technique, as modified’by
Carr and Purcell, rf radiation 1s‘appliedAto a sAmple in
 two bursts, the first is called the 90° pulse -and the
second the 180° pulse. The séquence leading to the spin-
echo 1is illustrated in Figure 2. |

When a sample containing hydrogen nucleil is placed in a
strong magnetic field, a net magnetization Vector in the |
direction of the magnetlic field is geﬁerated (Figure 2a).
This net magnetization vector consists of a component.bf‘ !
each nucleus 1n the direction of ﬁhe applied_field’éummédA
over all of the nuclei within the volume of the.coil.j-When
a rf pulse at the Larmor frequehcy is applied,throﬁgh.the
‘axial coil a magnetic field, Hy, 15 created. 'This field
-1s orilented perpendicular to the strdng.magnetic field.‘
The change -in field direction causes a torqué on~the.nuclei;
which results in theltransition of nuclel to the higher'
energy state and moment nutation. The length of time that ‘
the rf current of constant voltage is.applied,determines
the angle, perpendiculaf to the x-z plane, through which
the net magnetization vector is rotated; A pulsé of proper
length to tip the magnetization vector through 90°, into
the x-z plane, 1is applied (Figure 2b).
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Figure 2. Sequence of moment nutation and preces‘s:!.'oh
which generates the spin-echo, as observed in
the rotating system ‘



After this' length of time the rf pulse is removed and
the magnetization Qector precesses about the static field,
ﬁb. The lines of force of the precesSingAnet moment cut
the coils of the axial coll and the induced'vdltage is picked
up by that coil. 'When.the net moment 1is rotated precisely
into the x-z plane the length of the x-z component is a
maximum and thelinduced voltage 1s greatest. The free
preceséion signal beéins to decay immediately.

The nuclei tend to return to their equilibrium, lower
energy state, by a first order decéy-with time constant Tq.
As nucleil return to the lower energy level they align with
ﬁb which decreases the magnitude of the het x-z component.
The time constant of the return to equilibrium, Tl’ is
called the spin-lattice relaxation time because the
released energy 1s exchanged between the system of nuclear
magnets and the -lattice of vibrating atoms.

The precesSing.nuclei making up the magnetization
vector lose phase coherence becduse of energy interchanges
within the splin system. The vector loses phase coherence
by a time constant Tp, the Spin—spin relaxation time. The
spin~spin decay results because each individual precessing
nuciear moment interacts with neighboring spins through
their magnetic'fields. The total magnetic fileld of any
siﬁgle nucleus consists not bnly of the applied field ﬁb,

but includes also the resultant of the static componénts
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of neighboring magnetic diboies. ‘The Spread in the applied
field Que to_neighboring dipoles causes a variation in
precessing freﬁuency which results in phase dispersion.
Inhomogeneities in the static field also produce-a distri-'
bution of precessional frequencies acro$s the sample. Pri-
‘marily as a result of field'inhomogeneity;.the free.pré-
cessional signal is destroyed 1n a short time as the tiny
magnets fan out 1n.the ﬁeppendicular (x-z) plane, some
preceséing faster, others slower than ave:age (Figure 2c).

At a time T < Ty or T,, a second rf pulse of sufficienﬁ
duration to rotate éach'moment 1809‘w1th»respect to the x-
‘axis is applied. Because of this reflection about X, those
nuclei which had attained a phase lead are now lagging and
the slower ones are leading (Figure 2d). When the rf pulse
ié stopped, precession again cohtiﬁues around the field
Hp. The phasé coherence lost because;df field inhbmogene-
ities 1s now regained at the same rate at which 1t was:
lost (Figure 2e). |

As phase coherence is re-established, a signal iS‘
again generated in the pickup coil with the maximum ampli-
tude occurring at time 27 (Figure 2f),.after which phase
coherence is lost agdin. The peak amplitude of this "spin- N
echo"‘is less than that of the 90O free precession signal
because of spin-lattice and spin-spin relaxation.  Figure 3

shows a simulation of the oscilloscope trace of thé 909-
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Figure 3a. 90° and 180° pulse shapes as viewed on the
: ‘ oscilloscope
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Figure 3b. Simulation of oscllloscope trace of the 90°
precesslon slgnal and the spin-echo
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180° pulse sequence and the precession'signals of these

pulses followed by the spin-echo.

Mathematical Analysis of Spin-Echo NMR

The ﬁatural phenomenon of spin-echo NMR represents a
very uhique research tool‘becauee the eﬁtire procedure can
be described mathematically with a minimum number of
assumptions. »Because of the precision with which mathe-
matics describe this technique, a quite complete derivation
is brovided. | | | |

Hahn (18)'der1ved'an expression for the effect of
molecular diffusion on the spin-echo from a 90°-90° pulse
~sequence using a phase probability function to account for
particle movement. Carr and Pureell.(g) approximated_mole-
cular diffusion_by a random walk\technique and obtained a
similar expression for the attenuation of the spin-echo'of
a 90°-180° puilse sequence.‘ Experimental results were in
close agreement with the theoretical relationships. vThe_f
relationship was worked out by Torrey (44) using classical
mathematics and was again varified by Douglass and McCall
(12) who used a probability density function to describe
the phase distribution.

Nuclear‘masnétie'resdnance measurements have been .
obtained by the observation.of nuclear induction signals
when the ensemble of nucleer spins 1s'perturbed periodically ’

by a small radiofrequency magnetic field. A large D.C.



33

magnetic field Hy establishes an oriented net. spin distri-
bution between the high and low enefgy levéls‘at thermal
equilibrium. This produces é resuifant ﬁaghetic‘momeht '
Mb alignéd parallellto Hg. The forced motion, nutation,
of My results from subjecting the spin ensemble‘to a
rotating rf field Hy normal tofﬁb. Foffresonahce;<the rf
field must be of frequency w = w,, where Eb = Y,ﬁb- The
magnitude of the static field Hy is equal the angular
displacement.divided'by the gyromagnetic fatio

2mue,

Y
The net moment is the:summation_of.individuai momehtS’
My(w), where varies due to,inhomogenéitiesiin}the mag%
netic field. | » | ‘ |
Thé-préceséioh of M can be described by the pordue
equation
WM - y(@xH S

if damping relaxation affecﬁs are neglected.

| The description of 1nductioﬁ affects can be best
explained by!transformihg to a dbordinaté system ih which
the x-z plane is rotating at angular frequency wo. It |
one conslders a mpment precessing in thils rotating system,
the torque on the moment due strictly to the rotation is

given by L = M x @,, where B, = (0, w,, 0). Then to a
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stationary observer outside the system, the tofal torque is,

an WM — -
oMoy omx o, (2

at - dt
where g% 1s the torque obsefved in the rotating'systém“and
M X Wy 1s the~torque resulting from syStém rdtatibn Wy i
Considering only the torque‘obsefved in the rotating éyéteh
Ly mxE) - WxT  (28)

or by vector mathematics,

DM = o o o
gt = Mx(vH-w) | ()
Because the individual moments rotate in distinctive local

fields ﬁb = % where Hy = (0, Hg, O),“and.‘

»2E=ﬁx(m-mo) - o - (30)

If the mean moment vector rotates at wo-then‘the”precessibn
torque on this vector as observed in the rotating system

willl be

DM~ Mx(® -T,) = 0 . (31)
dt » ' o .
and the moment will appéar stationary. All other moments
will appear to precess slowly with respect to the rotating

system, some faster, some slower.
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If the applied magnetic field inhomogeneity is

assumed lilnear then
Ho(t) = Ho + ay(t) - (32

where Fy 1s the static fleld parallel to the y-axis, G is
the uniform magnetic field gradient in the y%direction.an§H 
y(t) 1s the instantaneous position in the y directionA'
measured from the center of the tube. -

‘With this linear field gradient which ié provided.by'
the experiment, and by éssuming_ﬁo,gradient_in‘the X and .z

directions, .the representation of the moments.in a rotating

system before the rf pulse would be as follows. All moments

in the (x, O, z) plane will appear stationafy, 'MomentsAin
(x, y >0, z) pianes will precess progressi&ély faster, - |
and moments in (x, y < 0; z)'pignes will precess. progres-
sivelyvslower, A representation of the M(y) net moments 1is
shown in Figure 4a.

Consider these moments when a rf pulse at frequency -
w, 1s applied. This produces a magnelic field H) of
frequency wy which rotates in the x-z plane. This oscil-

lating field can be represented as two vectors:

R

— . Hy Hq , ‘

o= (5= Cos wot, 0, %~ Sin wet) ' | (33)
Hy Hy '

Hy = (5 Cos (-w,)t, 0, 5 Sin (-wy)t)
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il

Figure 4. Influence of static field gradient on
. precession and nutation (exaggerated dif-
ferential motion) .

b}
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which rotate in opposite directions. Since it has been
established that to have an effect the fleld must rotate at
field, which rotates at - wy, may be ' '

(+ wg), the H1R

neglected. The nutation torque on each net moment M(y) 1s

M)~ Wx(B-TF 4y H) - (34)
Froxﬁ this, only the M(0O) moment will be nﬁtated directiy
into the x-z plane. ‘The other moments M(y) will precess
.elther poéitive or negatlive with respect to uw, during
nutation, and the resultant ensemble on rembvallof the 90°
pulse, will be as shown in Figure 4b. The magnitude of
the rf pulse 1s determined by the relationship of Equation
25. Precession is now in the y-z plane, and w is equal to
 the reciprocal of four times the duration of the 90° puise;
|5, | _ 2}'(21—%_) | '
1 0 (35)
Y
After the 90° pulse, the torque 1s again given by'
Equation 30, however, now M(y) is in the Xx-z plane and the
torque causes rotation in that plane, some forward, soﬁe
backward, with M(O) stationary in the rotating system as
shbwn in Figure 4c. Moment rotétion in the x-zxplane cuts
lines of force of the applied field H, and induces a

voltage.
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Effects of natural relaxation

The signal generated by these rotating moments begins
to decay immediately. Natural inhomogeneities and relaxa-
tion effects provide damping of the torque equations;
Effects such as 1nterna1”fields due to neighboring nuclei
and the forces:due to thermal lattice vibration must‘bé‘
included. Although these fields are much weaker than
externally applied flields, fhey are. of importance because
thelir cumulative affects act over a longér period‘of time.

Consider a finite moment M. .The effectsvon»it-due to
thermal agitation and internuclear action can be explained
in the following manner. The two actions are similar but
with one essential difference,,onlygthermallagitation can
change the energy of the total spin system. InternucleafA'
actions leave the total energyAconStant. The’dominant .
part of the total spin energy E, 1s caused by the strong

external field Hp in the y direction.
En. = - Ho My . ' (36)

Major changes in the total energy are therefore nec-
essary due to a change of the polarization<and it will be
the thermal agitatioﬁ which will be responsible for’theée |
changes. 'The equilibrium value_that M& will approach

under the influence of thermal agitation is given by

ﬁ0 = X Ho (37)
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where X 1is the magnetic susceptibility.

If at any time My # My, it will approach this value .

exponentially with the characteristic time constant Ty,

the thermal or longitudinal relaxation time. We can

describe

alone by

dMy

dt

the rate of change of M, due to. thermal agitation

which gives B

Yy

Mo

L
= 1 - e T1

~ (39)

This describes the rate at which a vector in the x-z plane

tends to
time for
a_strong

For
addition

time can

return to the Hy orientation. It is also the
randomly orieﬁted_ﬁoments to'élign‘when'pléced in
magnetic field.» | _' |

most substances, T, is quite long, but by the

of a small amount of paramagnetic material the

be shortened greatly. The molecules of the’

paramagnetic substance act essentiaily as catalysts, with

' the relatively strong flelds of their permanent magnets

- greatly reducing the relaxation time T;.

Fields due to neighboring nuclei also contribute to

the establishment of the equilibrium because of their

thermal agitation. These flelds are so small that alone
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‘they would lead to extraordinarily long thermal relaxationl
times with the influenceAbeing‘negligible. Internuclear
actions can, though, be of importance for the changes of(
the other two components, My and M,. The fact that the
nuclel of their moments perticipete in the thermal agitation
is of minor importance'to Mx andez because they are only
effected by changes which do not change,the‘energy of the
total spin system. These changes, in M#'and Mz‘can, there-
fore, take place without the_necessity of transferring spin o
energy E, into kinetic energy of the atoms. | '
: Processes in.which the total spin energy does not
change and which therefore affect only the My and M com-~
ponents are not necessarily due ‘to internuclear forces r
alone, Small, irregular inhomogeneities in Ho and the
presence of other moments such as paramagnetic ions will
cause similar affects. Such action on My and M, can be
described including internuclear effects, by an.effective
irregularity of the y field of’order ﬁf. 'ThenAwith this
field one has a "transversal" relaxation time, Ta,'which
1s the time necessary for My and M, to be appreciably -
| affected. T, is a time constant characterizing the rate

at which M, or M, decrease.

(40)
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The effect of the "tfansversal"~relaxation‘time is

consideréd to be exponential. Thus,

dMy Mx aMm M ,

- = - —— . 2 3 - —g 41

dt T, ° a& T, | ()
and

X = e T2 ‘ a ( }"I'Q)

Mxo ‘ S ,

The same equation is used'for My and M, because the‘syﬁtem
1s assumed to be isotfopic: .

The total rate of change of M is obtained by adding
the three effects 1) external'fqrces,A2) 1ongitud1né1
relaxation, and 3) transverse relaxétion.* The ﬁhfee‘Ai o

components of M are then

dMy N
35 " Y (Msz.‘- MZHY) + T—_Q = 0
dM T My - M) ‘ L
y
e - v (MgHy - MH) 4+ Y == 0 R 5
Tl ’
dM; M,

g Y ULy - M)+ T = 0

am - _ Ty _ 1 ' |
at = Y (M x H) E; (Mx + Mz),- %;-(My - Mo) . _  _(&4)»
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This torque equation is not written in the rotating

céordinéte system.

Effect ~of diffusion

Thé effect of particle motion'produces a signa;
| attenuation in addition~to those discussed in the precéd-
ing developﬁent. Pdrticle diffusion increases the fate of
phase dispersion because the average field seen by a.
particular nucleus'between times O and T ‘is notAnecessarily;
the samé field seen by this nucleus between tihes T and 2T,
When a particle moves into a different magnetic field its
_precession rate'changes{ As-a result, thejphase lost |
" between O énd T will not in general be ‘the same as~th§
phase coherence regained by time 2r.

To,méasure‘the effect_of.diffusion 1t 1s necessary to
: create a field gradient in the'y direction. The gradient
G is obtained by placing symmetrically on each side of
the sample a circular coii of Wiré; The cufrent directions -
should be such that the fields oppose each other. The -
gradient must be small though so Hy >> o;“wheré o is the
standard deviation of the y field. This 1s required so
' ‘that the individual nuclear moment frequencies wili be
nearly equal to'wo, and~£hus will all be nutated very near
to the x-z plane by the §0°,puise (Figure 4);_ In addi- ”
tion, if the value of G 1s calculated from the current in

the wires it is necessary that G be large compared to the



43

average gradlient in the field due to the'magnet.‘ Figure 5
shows the oppﬁsing coiis and.how'they pfoduce a linear
gradient in the y diréction. .The theory and designfinforma-
tion for the gradient coils is given in Tannef (39).

The effect of diffusiéh can be analyZéd by consldering
the motion in the y'directionlto be représented'by<rand6m
discrete steps. ~For simplicity'wévassuﬁe that a molecule
remains in a given y position exéctiy t“éeconds, then
| abruptly Jumps to a new position whose y.coordinatefdifférs
from‘thé previous one by ba,, whefe b 15 a fixed distance
.and a4, a random ?ariable whoée valﬁe is elither i or (-1).

The gradient of Hp in the y direction 1is constant and
of magnitude G, gauss/bm. Let H&(O).be the fiéld-in‘which'
a given nucleus is'loéated atlt;$~0. At some'later time

t = Jt! the nucleus will be in a field Hy(Jt')'given by

Hy(J’c.') = Hy(0) +lGlb izl ay I (45)

After N steps, at.; = Nt', the phase angle'¢ of thebpre- |
cessing moment of this nucleus willl differ from the value
¢o 1t would have had at this same time if the nucieus had
remained in the initlal y location. The change_in pre-
cession angle is given by | ‘

b = b-b - %

v Ol S m0) (ue)
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Of major interest here 1s the change 1in the rate of pre-
cession and the resulting discrepancy in phase caused by
the transport of the nucleus into a region .where the

applied field is different. Substituting for Hy(t)

. SN N
b = Gb v t' = T a;o= Gbyt' T (N+1-3J)ay
J=1 1=1 - L j=1 -
(47)
Since the ai's are random
- N o - a
bp = Gb v t' T jay : © . (48)
=1 ' S B
This distribution will be Gaussian in the limit of
large N. So o -
<42 o o202 42¢r2 §‘7Jé |
= 622 v3'Z a(w + (XL - (u9)

6

o
If N is large the lower powers of N can be'droppedfand one
can also transfer from random steps to continuous diffusion.

By comparing the solution to the diffusion equation

pv2r = &£ I - S (50)

where £(x, y, z) 1s the probability density,. then
. 2 M . N

D = E%T., o o : (51)
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~and
0.2 5 - 2 62 v* pt3 » '
D Tavg 3 = o7 C (52)'

where o is the standard deviation of Hy(y). The distri-

bution in phase of the moments across y after time t. will be

s 3 -3 6p?
P(dp) = (‘”‘ L Ve ez 2o
. 2 :

2m .o

which represents the normal or'Gaussian distribution., The
intensity of the generated echo at time t 1s then a summa

tion over the frequency range

-

Iﬁl(t) = Ml f “Cos ¢y ’P(¢)D)vd¢D’ - (54)‘

for the echo following the 90 pulse

 M(t) may be thought of as Mx(t) in the rotating system.
The moment magnitude varies as expressed-by Equation 54,
and 1t rotates at w, generating the voltage represented
by the 90° precession signal as shown on Figure 3. Since
the probability distribution of the phase dispersion: |
ecross the sample in the y directlon 13 Gaussian, Equation

5/ integrates to :
) Y2G2 Dt3 02
1= , -3 ) o
®(t) = [Ml e = e 2 - (55)
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However, the echo after the 180° pulse is of prime impor-

tance. The effect on Equation 47 will be to reverse the

signs of all terms beyond J = %T . If during the time
. ' '
interval t .= Nt', one 180° pulse was applied at t = Eg—-%
then -
. N 3
0p = ¢ -0, = Gbyvt' T cy T ay (56)
where cJ = 1 from O < jJ < 5 = -1 from Y < J < N. This
gives ' '
< ) 2 > = 2p°12,2 [ﬁ - N o '
and in the limit of large N
2 2 3 .
. Dt .
<,¢D2 avg = Q__%%_____ = o° (58)

The intensity of the echo at any time t is given by
N m y2G2 Dt3
Ml(e) =[] [ cos 0p P(dp) abp = IFol e 12
-0 . .
(59)
Thus, decay caused by diffusion plus natural relaxation

-produces echo attenuation with time expressed as

o - _P_’+‘(_'Y2G2.Dt3) .
W(t) = [Wyle T2 12 - (60)

For the diffusion effect to be significant,
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_12 o oqp 3 | , . o (61)
Y2G2 D . o

A

or the transverse relaxation will dominate the attenuation.

Gradient calibration

The .preceding derivation of'the‘shape of the spiﬁ-
echo contains ho reference to the'volumerf thé sample.
Phe diffusion coefficient D refers to thé average volﬁmetric
value, and the shape of the sample is actuélly accounted
for by the gradient term G. | |

Taking logarithms, Equation 60 15

RPN 7116 R e pe3 o ‘-(62)v
M, | Tp. - 12 - * .

If 1n |Eﬂ£§)'+ £ 1s plotted against t> the value of D

1M, | Tp

can be calculated from the slope onthe straight line
curve. These data must be obtained with a constanf field
gradienf and diffusion time. Error in determining'the
slope will introduce uncertainty‘to the value of D.

The cﬁrve is also influenced by the.valué of To. The
correct value for T, 1s quite difficult to measure. An
alternative method may be used to detefmiﬁe diffusion
coefficients, and it pfbvides the basis‘for meésurément
of particle motion in a dynamic system., The system require-
ment of Equation 60 is a consténﬁ volume sambie. When a

flowing sample 1s measured over a range of times, sample
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volume will change.and the constant D cannot be determined.
However, if the data is obtained at fixed diffusion time,
In M(t) can be plotted against G2 and the diffusion coeffi-
cient D calculated from the slope. For a turbulent sample
the particle movement 1is much greaﬁer, and the constant D
is aqtually E(t), the turbulent diffusivity. Although

the data are ob;ained for a flowing sample, thé systém'

- volume remains constant because the flow rate and diffusion
time are not varied.

Thisbtechnique makes 1t unnecessary to measuré To, bﬁt.
a precise,measuremeht of the magnetic gradient is handatofy
since the values of G are squared. Because the gradient
-is provided as in Figure 5, an accurate measure of the .
‘current through the colls can be used to determine G.

As stated, the value of G in Equation 60 1ncorp6rates
the sample shape. The sample shape determines the relation;
ship between the gradient and the,curfent through the
gradlient coils. | |

For a symmetrlcal gradient imposed on the field Hy(y)
the signal, at any time t, of the 90° pulse 1s given by

-]

Wl(e) = Il [ £(fig(y)) cos v (Holy) - Hy(O)e alg(y)

- .
(63)
which is summed across the frequency range at a given time.

For a linear gradient, f(Hp(y)) is represented by an equal
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distribution of field from Hy(-r) to Hy(r) as shown in
Figure 6a. The magnitude of the éVerage moment 1s '
|y |

: CSA of sample * Gradient (64)

Then M(w) is multiplied by the sample width for which it
applies. As a simple example, assﬁme a square sample‘aé '
shown in Pigure 6b. Then

_ !M | | |
Ml(t) = 4632 (2y) Cos vy (Ho(y) - HO(O)) tafly(y)

|MO' Ho(O) + Gr

= Gy Cos v. (Ho(y) - Ho(o)) thO(Y)
O(O) o

- IFMy| SinyGye (e
' Gy vt ' S '
This/reiationship ofvthe 90O echo:shape,with G could then-
be used to calibrate the gradient coils. |
A more useful calibration would be for a eylindrical
sample (Figure 6¢). Then |

.}

Wl(t) = Lr ;T;é (2r Sin 6) Cos y- (Hp(y) - HO(O)) taHg(y)
Hp(O) + Gr ‘
= ‘r 2|M2Liin 2 cos vy (Gy) t'(Gdy)

Ao (0)
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Figure 6. Moment distribution for different sample
shapes
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0

_ 2|M | - <

= Gnr Sin @ (Cos 'y(Gr Cos ©)tG(-r Sin €d0)
n . ‘ ) . o

. _ n )
2|Mp| - 5 -
=5 Lr. Sin® © Cos(y Gr t Cos 6)do
Y0 : ' '

2|Mo| 31 (v art)
 y.Grt

(66)

Equation 66 provides the relationship'requ;fed to.
calibrate the gradient for a cyiindrical sample. :Megsure—
menﬁ of the time required for the 90O precession signdl
to decay ét different current settingé detefmines G as é_

function of gradient coil current.

"Effect of Flow

Althoughfphe technique of obtéihing diffusivifyAdata
at fixed times by varying gradient permits measurements to
be made with dynamic samples, there is a flow characteristic
" which must be‘considered. .In spin-echo NMR measurémént only
moments which remain in the sample for the entire diffuéioﬁ
time conﬁribute to the spin-echo peak voltage. Iﬁ a turbu-
lent flowing sample a velocity pfofilé is‘eétabiished,'and~
more moments in the f luid nearer the pipe wall contribute
to the signal at time 2T since the particles in the center
of the tube have left the receiving coil. Therefore, at

longer observation times and higher rates the sample con-
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tains progressively largér perceﬁtages of the mohents near
the'wall, and the diffuéivity‘value is no longer an average
volumetric quantity. In the extreme, this explains why the
spin-echo technique is 11hited to a small range of flow |
rates ahd diffuéion‘times, since moments must remain within
the volume of the receiving coil fop the timé 21 to induce
the spin-echo signal.
Calculation of Diffusion Parameters 1in a
Flowing Sample :
The peak dmpiitude of the'spih~echo may be expressed as
| v262 kt3 -
IMI(t) = I|Molalt) e 12 - (67)

where A(t) describes the attenuation of the spin-echo by
effects other than diffusion. The factor k accounts for
diffusion effects and equals either the molecular diffusion
coefficient or the diffusivity depending upon flow rate.

As'discussed wlth respect to gradient calibration, the
traditional technique for obtalning k experimentally ié to
plot 1n l%%%§) versus t3 and calculate k from the slope (9,
12). A(t) can be determined by measuring spin-echo attenua-
tion with zéro gradient. Woessner (45) proposed another |
method by which |M|(t) is measured at & function of G at a
fixed value of t. The slope of a plot of 1n |M| versus G2
1s used to calculate k. Thils procedure offers more

simplicity in operation since the pulse sequence timing
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need not be varied during a run, and it 1s not neceSsary to
measure A(t). This gradient plot,procedure also allows -
examination of a flowing sample, which would not be possible

by the time variant technique

L3
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EXPERIMENTAL WORK

NMR Equipment

‘The spin-echo NMR equipment consisted of a pulse genera-

tlon system, electromagnet with power supbly, sample colil,

‘amplifying equipment and a meahs of displaying phe induced

voltage signal. A diagram of the spin-echo NMR-circuit:is o

shown in Figure 7. The fcilowing 1sfspeC1f1cations on the

equipment.

1.

Electromagnet--Varian Assoclated Model V-3700-1
water cooied magnet, 6-inch dia. c&lindri@&l polé
caps, 1-1/ﬂ-1nch:a1r gap, field deviation‘not to
exceed 0.1 gauss within é.7 cm of pole cép axis.

Magnet power supply--Varian Associated Model V-2900,

2 KW, current regulation to within 10 ppm for t 0

percent lineror load changes, field ripple less
than 10 milligauss peak-to-peak in air gap.
Trigger‘pﬁlse generator--Magnion, Inc. Model PG-
302 pulse programmér, 1nd1viduél pﬁlse width
control. from 1 tb 10 microseconds, delay time -
range 100 microseconds to 2 seconds, sequence
recycle periods from 10 ﬁsec to 20 sec with both
automatié and manual options.

10 MC/sec exciter--Magnion, Inc. Model TF-311,

10 watt power output.
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11.

57
Gated amplifier--Arenburg Ultrasonics pulsed
oscillator Model PG-650-C, converted to gated
amplifier operatiqn, 100 watts peak power output.
Balanced tuning circuit--Twin coil balanced net-

work.

. - Preamplifier--Arenberg Ultrasonics Model PA-620-B,
" gain 35 db.

Amplifier--Arenberg Ultrasonics Model WA-GOO-C
wide band amplifier, gain 85 db, 10 volt maximum
deteétor stage output, reéovery from extreme over-
load in less than 0.1 msec. |
Oscillqscope-aTektronic; Inc, type 561 with a ﬁ&pe
3A1 DC.to 15 MC/sec amplifier-and a type 3B3 iime'

base with delayed sweep tfiggering.

Boxcar,integrator-—Pfincetoh Applied Research

Model cw41, 10 volt maximum output with ihput .
sensitivity adjustment from 0.2 to 100 volts, time

' base range from 10 microseconds to 1 second, gate

width adjustable from 10 to 100 percent of time
base, and time constant range 0.1 msec to 100 sec.
Digital voltmeter--Hewlett Packard Model 3440A-’A‘
with a 3443A high gaiﬁ-auto range plug-in uniﬁ;
five digit read-out with yoltage ranges of 10;
100, and 1000  volts and aécuracy_of better than

0.05 percent of reading.
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Circuilt components 3 through 9 were operated from'a'Sorenson
Model ARC IQOO'AC regulator providing supply voltage regula-
tion to 0.1 percent.

The sample coll, which was both the rf pulse transmitter
and the response signal receiver, consisted of 11 turns of
number 20 Nyclad cbpper wire 3/8 inch in length with an
inside diameter of 0.475 inches. The grédient coils had 12
turns each of number 20 Njclad copper wire with a mean
radlus of O. 625 inches and a separation distance of 0.52
inches. The arrangement of the plckup coll-gradient coils,,
as illustrated in Figure 8, was mounted 1n a split plexiglass ;
block. ‘Direct current was supplied to the gradient coils by
a Lambda Model LH 127 FM current régulated power-supply,
which was modified by an integrated circuit to give current
regulation to T o.01 percent. The plexiglass block was held
rigidly in the magnetic field by a brass support érm bolted
to'the magnet frame. » |

The set of rf pulses were generated in the gated .
exciter-as low power 10 MC/sec rt signals. These signals
were then amplified and squared off (fast rise time) in the
gated amplifier. The trigger pulse generator determined
the length of each pulse, and also the time between pulses.
The 10 MC/sec rf output was connected to éhe sample coil
thfough a tunihg network and the resonance frequency of the

tuﬁing circuit was matched with the frequency of the rf out-
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“put. Then by varying the magnetic field.strength‘the

Larmor frequeney of the hydrogen nuclei Was'changed to a

mean frequency of 10 MC/sec.

Fipw.System _

The gravity flow system used fer this study'is shown
Schematically in Figure 9. A steady flow of water at room'
.temperature was obtained from a constant head tank; the.
flow rate was measured with a calibrated rotometer. The_
flow tube wae supported in a vertical positioh by a figid
aluminum framework which was fitted with»clamps‘for align--
ment. | | |

weter was recirculated in the system by a Randolf -
rolier pump which was chosen over a centrifugal pump '
because it added only a negligible amount of heat to the
water. The room temperature 1n the érea of the equipment
was . thermostatically controlled to 250 C.’ The water
temperature changed less than 0.3° C'during an experimenfal
run even though water temperature was not regulated by ﬁeaﬁ '
eXchange.

A glass tube, 0.405 cm dia. with a standard dia.
deviation of less than 0.002 cm, was used in this research.
There was a lengéh 248 tube diameters of straight tube for

flow profile development preceding the sample coil.
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Expérimentai Procedure

The spin-lattice relaxation time, T;, of distilled
water 1s quite long, apprdximateiy one second. Since this
is a measure of the time required for moment orientation>
in a magnetic field, it 1é.nécéssary'to reduce this time
when studyihg flowihg<systems. Time'constants T, and Tp
were artificially shortened by the addition of a small -

" amount of paramagnetic salt (Mnéle - 2H,0).  This was not
-a critical concentration, a solution of 0.0005 to 0.001 M
MnCl, - 2 Hy0 was satisfactofy. The catalytic action of
the paramagnetic ions is quite complex. A detailed discus-
sion of the relaxation processes and -the artificially
shbrtening interaction is given by Pake (28).‘

The procedure for tuning spin-echo NMR circuilts and
the establishment of the 90°-180° pulse sequence has been
" described in detail by Schwartz (34).A After the circuit
was tuned, each pulse width was set. To determine the
length of the 90Q pulse, the programmer was set at the
time corresponding to the first maximum ot the 900 induc-
tion signal (Figure 3).

‘Because it is much easier to determine the minimum or
zero Induction signal thad/a'maximum value,,the preferred
procedure is to first set‘fhe time duration of the 180°
puise- This represents nutation from the y to (-y)

direction on Figure 2. The 90° pulse is then set for
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| exactly one-half the power of the 180° pulse.

The correct 180° pulse ‘was placed on tﬁe scope and &
photograph of it taken. The area of the pulsé was then
measured with a planimeter. Since the area is proportional
to the pulse power, the 90O pulse could‘then be set very . -
accurately. The-90°-180°.sequence consisted of pﬁlses of
2.5 and 5.0 microseconds in length with a voltage of 800
volts peak-to-peak. ‘During the course of.tﬁe research some
of the pulse generation equipment hadeto,be fepaired. Peak-
to.peak‘voltage had dfopped to 325 volts, with pulse times
of 11:5 and 23.0 microseconds. This Variation-in pulse
length did not appear to affect the data. The magnitﬁde '
Qf'the generated rf magnetic field, |ﬁi|, as glven by :
Equation 35, for the 800 volt pulses ﬁasv23.5‘gauss."

" Calibration of the oscilloscope time base was checked.
The values of 27T in each run were set by using the boxcar
integrator gate as a mark, then by using fheadelayed Sweep '
of the scope the time between pulses could‘be adjusted |
very accurately. The accuracy in posaitioning ﬁhe gate‘was
about t 0.01 divisions. The pulse delay time was set |
exactly, so the time measurement accurac& was a minimﬁm
| of £ 0.1 percent. _

The echo aﬁplitudes were measured with a bexcer
integrator. This‘instrument is essentially a well con-

trolled capacitor which is charged to the average voltage
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at that point on the signal that is being'meésured. By
repeated‘measﬁremeﬁts,lwith the gate of the integrator
aligned with the peak of the spin-echo, the voltage can be
measured éccurately even 1in a~néisy signal. The integratpr
_ output, always betweeh O and 10 volts, was measured with'
the digital voltmeter. This,sighal fluctuaﬁed for a turbu-
lent sample,  but Since the logarithm of the voltage was
plotted, accuracy to three significant figures provided
satisfactory results.

As has been sﬁresséd, the value of this technique using
the gradient plot method of analysis is dependent on the
accuracy of the gradient coil calibration. As defived, the
‘shape of the 90° induction signal for a?cyiindrical sample

in a constant fileld gradient perpendicular to its axis is

M 231 (vart | - '
M ._ili__f_l> (68)

YGrt

The éoil system is calibrated with a static sample by
measurement of the time of the 90o free induction decay.
Ji(vert) is equalitﬁ zero.ét‘to = O,:and again at ty =
decay time. Then | .

i
o

Ji(vartg) = 0 ; ¥Grty

3.832

Ji(varty) = 0 ; YGrty

Yor(ty - to) 3.832
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YGr(2i8§2to)_ ' S (69)
For each value of gradient coil current, Equatién 69 gives
the field gradient. Photographs of the echo were taken at
each current setting. Then the decay tihe was measured as
accurately aé possible. 'As the grédient increased, the zero.
at ty became much'shafper. Time measufement accuracy was
about ¥ 0.1 sqale division. The calibrétion curve used.is,
shown in Figure 10. Several sets of calibration data weré
taken over the current range of O to 500 ma, and the
resulting data were fittedyby a linear least squares calcu-
lation.

Woessner (45) points out certain precdutions which
must be taken to maintain accuracy when using the gradl-
ent plot method. In Equation 67 the numerical termAA(t)
has been found to be independent pf both the ff nutation
.angleﬁ and deviations from exact resonance.l However, the
echo can be artificially damped by exdéssiVe~fieid gradient,
because not all the nucleil are nutated through the same
angle by the rf pulses as the gradient changes (Figure 4).
For valid data the moments must be nutatéd through the
‘same angle at each gradiehty Woessner checked this‘ekperi-
mentally By examining the attenuatlon at verj short times 
so that the exponential term in Equation 67 was unity. The

echo amplitude was measured as a function of Gd/lﬁil. The



40 T 1 )

N
o
|

6= [7631+ 46.62) |o-3 _

GRADIENT GAUSS /CM
o
|

o) 4 | | ]
(0] 100 200 300 400 500

CURRENT, ma

Figure 10. Calibration curve for the field gradient
coils : ' :



67
decrease in amplitude was 5 percent when (Gd/qﬁi|)=.l. Thé
percentage damping varied as 5(Gd/1ﬁi’)2 up to}(Gd/lﬁi[) =
3. For‘valid data'|ﬁ1| must be several times larger.than
Gd. - The maximum gradient used in this research was less
thén 4 gaﬁss‘so.

a 4 (0.81)
1 235

Q

= 0.1375

E

and the damping error was

5(0.1375)2 = 0.1% |
This 1s a very important limitation to - the gradient plot
method as compared to the classical method; that of Varying"
time. For.samples having either short To values or small
diffusioh coefficients, or for flowing sémpleézat:high rates
and short obServation.time,Alérge‘magnetié fiel& gradigﬁts
are necessary to produce eéhb‘attenuation.
The diffusivity data were obtained by the following
procedure once the pulse'timés:had been set: . -
1. The time T'beﬁween pulses was set.'.Fof'the
minimum calibrated time Scale on fhe oscilloscopé
greater than T, a short gating pulse ffom‘the
boxcar integrator was positioned’withnthe.léading
edge directly at t = 1. Then the scopé was
switched to delayed sweép and the gate pulse

located again. On this expanded scale the 180°
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£

pulse was then set at the leading edge of .the

gating pulse.

The flow rate was set by visual observation of

the rotameter. A motor with gear reduction was

‘used to accurately set the flow rate.

The gradient current was set to a predetermined
value, with the current indication recorded.

Recorder accuracy was 0.1 percent of range, which

- was elther 125, 250, or 500 ma.

The boxcar integrator gating pulse was then

positioned at the peak of the spin-echo. The

sensitivity scale of the integrator was set and

the gain of the video amplifier was adjusted so

~that the induced peak voltage at the minimum

gradient value for that run was about 10 volts.

The gate -pulse width was then shortened so that

oniy the peak voltage was integrated, and the

time constant for the 1ntégratér was set to givé
the optimum fluctuation damping.

The voltage value was read from the digital
vo;tmeter and recorded, then the gradient current

was increased and the peak voltage again recorded.

- The gradient was usually increased until the

induced peak voltage was about 3 volts.,
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. 7. The flow rate was.then set at a different value
and steps 3 to 6 repeafed.

The‘above description represents the technique re§uired
to obtain each individual diffusivity value. The data were
then plotted as explained previously and the'diffusivity
value calculated from the slope of the curve. Figﬁré 11
represents this curve for a typical sef of data. vFour éeﬁs«
of data wefe obtained at each of four delay times, and at

seven different flow rates.
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RESULTS AND DISCUSSION

Diffusivity as a Function of Time

Average volumetric unidirectional eddy diffusivity
measurements were made for flowing samples over -a range of
rates and diffusion times. Since the és#umption of isotropy
is requisite for a statistical study of turbulence; and was
'also made in the mathematical NMR derivations, the diffu-
sivities can be termed.actual‘leumétric quantiﬁies.

The effect of diffusion time on diffﬁsivity values. was
discovered independently of statistical turbﬁlence ﬁheory_
while an attempt was being made to'ék§end the work of Conway
(11) to higher flow rates. One method of obtaining‘a low ;w
noise spihfecho NMR signal with attenuation af normal |
gradient for ﬁigher flow rates is to operate at shorter
.delay times. 1In preliminary work_several different delay-'
times were used and a wide band of data resulted. IWhen it
was realized that these data were a function of time, a
literature search led to equations such as 17 and 22. The
time range of 4.0 to 10.0 msec diffusion time representéd.
about the maximum regilon that the spin-echo equipment could
accommodate up to a Reynélds' number of 7000. |

These diffusivity data are presented on Figure 12.4
Data were taken at seven different Reynolds' numbers in the
range 3000 < NRe < 7000. Seven values were considered

adequate since the resultant curve was quite smooth. The
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curves shown répresent polynomial least Squares fits to the
data., Each point was replicéted four timés.' The average
volumetric diffuéivity and the root-méan—square (RMS)

error for each diffusion time are given on Table i in the
Appendix.

The time dependence of the diffusivity data was quite
consistent fof flow rates above SOOO Reynolds' number,
Below this rate, though the data was very reproduciblé,
the time dependence was nonlinear and erratic. This
.probably resulted because the flow Sample was not completely
tgrbulent or the flow profile had not developed. Spin-echo |
NMR is such a sensitive tool that one can almost "see" flow
transition. From oscilloscope observations 1t appeared
that the transition range was much larger than has been
reported, with echo fluctuation beginning at aboﬁt aA
Reynolds' number of 1800 and not becoming stable until
flow reached a Reynolds' number of about 4000.

The data, for 5000 > Nge > 7000, from Figure 12 were
cross plotted as E(t) versus 27 at fixéd Reynolds' number.
These‘koints were then fitted- by a nonlinear least squares
progfam to Equatlions 17 and 22, The‘computer program deter-
mined the best values of Ve and TL to fit the data. Figﬁre
13 represents examples of these curves, .Neither theoréﬁical
equation appears to fit the data adequately, deviating most

at the shortest times. Because the Equations 17 and 22 are
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based on assumptions of the shape of the cOrrelation cﬁrve,
~and because there is no comparable data in this time - range,

the following relétion was used to improve the fit at short

times. 1If R(s) = e-aSI/2 then Ty, = 2/&2 or a = (2/TL)1/?.
This giyes
| 'F‘t'] 1/ X
» - Elml-e (872 9))
. (1“_231») 1/ e_[%]l/z ' 4 ‘
. - 1/, - IR _i :
- 5222— (1 - e [TIJ ((.—1.2-%)1/2 + 1))] o .('_70)'

The nonlinear 1eas£ squafes fit to this eqﬁation‘is'
also shéwn on Figure 13. Although there 1s only a small
difference in the fit of these equations there are signif4
1cant.diffefences in the values for VQ andﬁTL. Sihce there
are no data-in’tﬁe literature to,qompare to at these short
times one cannot say which, if any, of the relationships

1s'corréct. It appears that for this experiﬁ%ntal
apparatus there was sliéﬁtly more correlation at very
short times than 1s predicted by the exponentiél édrfela-b
tion decay assumptions. The data are listed ianable 2.
While each assumed correlatioh decay gives consistent

results for 72, the eddy velocity perpendicular to flow,
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overall correlation was not shown to be a function of
Reynolds' number. Figure lh‘shoWs a correlation curve for
this research which 1s representative of each of the three -
theoretical equations. At a Reynolds' number of 5000,
turbulence might not be strong enough to satisfy the .
required isotropié conditions. At.a'Reynolds' number of
5500 and 6000 the curves are hearly identical, and similarly
at 6500 and 7000 another curve is shown. This'is evident
from the nearly equal values of TL‘given in Table 2. ‘The
result probably indicates the lack of 1sotropy in the |
sample, since there should be a distinc%.curveﬂfor,eaCh dif- -
ferent Reynolds' nuﬁberd The assumptidn of an 1sotropic

| sample, at least in the radial directioh, which is ﬁeceSsary
for mathematical solution of turbulence theory.equations,
can only be approached in actual experiﬁehtation.

Eulerian correlation data similar to Figure 13 were
obtained by Martin and Johanson (25). - However, they were
reporting on 1ong1tudina1'turbulence flﬁctﬁations, which4
the work of Laufer (24) and Sandborn (33) has shown to be
somewhat~d1fferen£ than the radial compdnents. Using
photographs of hot-film anemometry sigﬁals displayed on an
oscllloscope, values of voltage versus time were obtained.

These data were then computed to determine ﬁ(t),~ﬁe(t),

and u(t) u(t + t') values. The correlation coefficient

was calculated directly by Equation 4., These data were in



7

O
—

o
o
l

o
=3
I
I

x
-
2
w
O
&
o 7000 . . o
; 041—6500 5000 . = -
o . .
= 6000
< 5500
w2 — : —
@
S
o
0 5 10 15 20 25 .30

TIME ,MSEC

Figure 14, ~Correlation'coefficient, R(t), at different
‘'Reynolds' numbers : .



78

a much higher Reynolds' number range because a.6-inch dia.
tube was used, 19,000 < Nge < 160,000. A consistent
family of correlation curves resulted from this experi-

mentation.

Lagrangian Intensities

The ﬁhree sets of intensity data given in Table 2, make
it difficult to compare with existihg data, but the values
calculated by Equation 17 appear to be in closer agreement
with Eulerian data which has been cited (24, 33). On H
comparison of relati&e radial intensity, as shown in Figure
15, the values obtained by this research are higher than.
an extrapolation of the work of Sandborn aﬁd,aiso Léufer wduld
indicate. For relative radial intensitieé'these two investi-
gators were in close agreement; In CaICulating'the'relative
yalﬁes, the maximum velocity aﬁ-the center éf the tube was
not measured in this research. The maximum veloclty was
~estimated from the average velocity using the data of Senecal
and Rothfus (36). - The Lagrangian data of ConWayJ(ll) are
also somewhat lower,'buf 1tvwas calculated by Equation 13
which assumes a correlation coefficient of unity. Figure
14 shows thét correlation decays even in the short time of
3 msec. If the data were recalculated using Equation 17
higher intensitles would result. Both the work of Conway
and the present study, using NMR methods, indicate a slight

decrease 1in relative 1nteﬁsity as Reynolds' number decreases. -
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This is the opposite of research done using anemometry
techniques (24,25;33). The change in élope may be the
resﬁlt of shifting from point values in the center of the
duct to average values. Measured profiles (25, 33) have
shown that tﬁe average value 1is higﬁer than the center
value. From this the spin-echo NMR research data could be
somewhat higher, as indicated on Figure 15.

_ Another reason for this trend_may be ﬁhat tufbulence‘
is still not fuliy de&eloped. Only a small flow rdnge has
been studiled so the duestion éannot yet beAresolvedAand,
at present, spin-echo NMR 1s limited at about this maximum
flow rate, but Hinze (21) states that turbulence is not
fully developed below a Reynolds' number of 10,000, The
visual observations of NMR signals seem to confirm this
idea, if ndt,that specific value.

The agreement between the intensity valu¢S'obtained in'
this research and that of Conway, compared to those méasured
by anemometry methods, confirms that spin;echofNMR'can be
an effective method for otudyiﬁg turbulence;. Further
application at higher Reynélds' numbers, with mbré experi-
mental precautions taken to produce isotropy, should yield
more consistent correlation results. These data would
either-cohfirm or improve the present theory of statistical

turbulence. .
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CONCLUSIONS AND RECOMMENDATIONS

Conclusions

Spin-echo NMR provides a very effective technique for
studying fluld turbulence in a pipe. The technique'
gives a method for statistically following the ﬁotion
of particles_in'a fixed volume of fluid. The spin-

echo technilque has the advantage, when compared to

‘other methods, of rapid, direct measurement without

'physically or chemically disturblng the flow. -

The collection of valld diffusivity data as a function
of time gives the.turbulencé parameters, 72 and Ty,
once a correlation decay shape is assumed. Further
work with this technique should clearly'distinguish

the correct correlationidécay shape, then the turbulent

flow paraméters can be easily determined from_diffusivityé

time data using nonlinear least squares techniques.

Spin-echo NMR is a very sensitive analytical technique,
not limited by the response times or frequency sensi-

tivity limitations of many existing methods. With the

‘electronic equipment available, such as the boxcar

integrator, signals can be extracted from very noisy '
outputs., | |

The complete transition range of laminar to fully
developed turbulent flow can be ascertained using spin-

echo NMR; The induced voltage signal is very erratic
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at the critical Reynolds' numbér, but the transition

\

.and 1ts'effect on the data 1s'éviden£ over & much
. -

larger range.

Recommendations

Diffusion data at 7000 Reynolds' number should be taken -

to diffusion times as short as possible with the existing
equipment. These data will be limited by fhe magnitude

~at which the gradient causes artiflcial nutation. At

these short times, Tl can be decreased to improve the

‘time limitation of thermal-equilibrium.

This study should be exténded to much higher Reymnolds'
npmbers; i.e., 200,000, To do this will réquire larger

pumping'equipment and a magnet‘haVing larger‘diameter

‘pole faces and a wider air gap. The use of a.longer_'

axial receiving.coil would permit data collection at
longer diffusion times. It appears that fleld homogé-
neity of the existing magnet would allow this.

The spin-echo technique can be used to study'the'flow
of suspensions or emulsions. By adding nonresopént
solids to the system, the effeét of concentration on

turbulence could be determined.-
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NOMENCLATURE

atﬁehuation fﬁnction for effects oﬁher than.
diffusion, dimensionieSs |
molecular diffusion coefficient, cmz/sec

tube diametef,‘cm |

turbulent diffusivity, an average over tihé t;
em?/sec |

magnetic field gradient in y- direction, gauss/bm
static magnetic vector in y-direction

magnetic vector of the rf pulse, 10 MC/sec’

“magnitude of vector H, gauss:

gradient co;l current, ma

first order Bessel function

torque on the moment M

summation of the-moments in each y-loé@tion

(x-z plane) at time t

" summation of all the moments in the coll at.

time t
Reynolds' number

distribution in phase of moments across y after

~time t

Lagranglan correlation coefficieht,,diménsion;'

less

longitudinal, or spin-lattice, relaxation time,

sec



Y(t)

7(t)

‘gyromagnetic ratio of nuclei, gauss"lsec_

8l

‘transversal, or spin-spin, relaxation.timé,_sec '

length of the 90o pulse, sec
length of the 180o pulse, sec

.Lagrangian time scale of turbulence, sec

instantaneous turbulent velocity'pprafticles in
y-direction, cm/sec e | | '
Lagrahgian turbulence intensity, the meaﬁ-squéré
turﬁulént velocity in the y-direction,'j'cme/.slec2

distance in y-direction which a particle travelled

in time t, cm

average displacement in y-direction of a.large
number of particles in tlme t, cm
mean-square distance travelled in y-direction by

particles during time t, em®

-1

phase of each M(&) preceésing-moment

phase of the initial random walk M(y) moment at

t =0 |

difference in phase from 0, after time t

o

time duration between the leading edges of. the 90

and 180°. pulses, sec

~total diffusion time, sec

magnetic susceptibility of the nuclei

resonant angular frequency of'the center moment,

Larmor frequency, sec™1
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Table 1. Diffusivity data as a function of diffusion time

Avg. E(t)

2.8339

RMS error %'RMS
Nge (cm2/sec) x 103 . (em?/sec) x 103 error
_ 27 =4 mséc
3000 4,0700 - 0.2208 5.42U7.
4000 8.4058 0.6554 7.7973
- 5000 14.3890 0.4836 3.3606
5500 17.2548 | 0;9123 5.2874
6000 '21.1008' 1.4471 ©6.8583
6500 25.5073 1.5522 6.0855
7000 - 29.7160 2.0173 6.7888-'
_ar =-8gmsec--b . '
3000 6.0880 10.9369 - .15:3894.
4000 13,4640 1.3649 . 10.1375
5000 22.1365 1.8774 . 8.4808
5500 26.9243 2,2638 © 8.4081
6000 34.6515 2.3216 6.6998 |
6500 38.7873 2.5048‘ 6.4578
7000 46.5645 6.0859
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Avg. E(t) | RMS error - % RMS
(em?/sec) x 103 (em?/sec) x 103 error

21 = 6 msec .

14,4000

0.6175 14,0331
 9.8323 0.3590 - . 3.6513
17.1068 1.8094 . 10.5772

20,4388 1.6063 ©7.5598
26.6285 2.1548 | ; 8 8.6921
32.2725 2.1543 6.6753
38.4638 4,2041 . 10.9300

27 = 10 msec . _
6.4735 N - 0.3386 - .5.2308
13.1610 1.3864 ~10.5343
'27.4420 1.1766 . . 4.2875
34,6048 2.3389  6.7588
41,6865 1.2399 | 2.9743
48,2120 3.4575 7.1714
56.5483 5

.8649 ~10.3716




Table 2.

Lagrangian parameters for each assumed correlation shape

R = ™88 R = e-a.32 - R e-a(s)l/Q |

v2 71, ve T ve Ty,

Npe cm?/sec? msec cm2/sec msec em?/sec ‘msec

3000 2.55 4. ou 2.01" 4.53 3.98 | 3.63

. 4000 5.83 3.49 4,62 3.91 9.50 2.8

5000 7.50 9.02 6.50 7.56 9.61 14,91

5500 9.21 9.72 8.12 7.83 11.58 17.38

6000 11.31 1 9.65 110,04 7.57 14,18 17.53

6500 14,40 6.91 12.22 6.38 ©19.40 9.45
7000 17.13 6.81 14,59 6.21 23.06

9.30
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