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Abstract 

A flow observation technique based on spin-echo nuclear 

magnetic resonance (NMR) has been used to obtain statistical 

volumetric data of eddy motion in turbulent flow. The NMR pro- 

cedure, using 90"-180" Carr-Purcell pulses, was particularly . 
-. 

adapted to flow observation over very short times. This provided 

Lagrangian turbulende data for the initial phase of the correlation 

dec.ay. The technique used to nhtain the data is described. 
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1 .  

INTRODUCTION 

A more thoro.ugh understanding .of turbulence of a f l u i d  

i n  a pipe o r  o t h e r  duct  geometry i s  of i n t e r e s t  because o f  

t h e  wide range of i n d u s t r i a l  processes  which tu rbu len t  

motion a f f e c t s .  The b a s i c  phenomena of h e a t  and mass 

t r a n s f e r a r e  g r e a t l y  a f f e c t e d  by turbulence i n  t h e  system. 

With p r a c t i c a l  : a p p l i c a t i o n  i n  t h e  optimal design of 

r e f i n i n g ,  absorpt ion ,  and chemical r e a c t i o n  equipment, t h e r e  

i s  a g r e a t  incen t ive  t o  o b t a i n  a b e t t e r  understanding of 

turbulence.  .Although much research  has  been done on the  

s tudy of turbulence t h e  complexity of the'  s u b j e c t  has  made 

i t  d i f f i c u l t  t o  ob ta in  v a l i d  d i r e c t  measurements. Data 
. . 

have been c o l l e c t e d  i n  t h e  form of. c o n c e n t r a t i o n ~ p r o f i l e s  

o r  by using some type of an anemometer. With these  tech-  

niques i t  has  been shown t h a t  t h e  f l u i d  flow i s  inf luenced 

by t h e  measuring dev ice ,  which must be loca ted  i n  t h e  f l u i d .  

Th i s  type of i n v e s t i g a t i o n  y i e l d s  da ta ,  taken over r e l a -  

tive1.y long per iods  of t ime, but cannot provide information 

a t  the  very s h o r t  t imes when t h e  tu rbu len t  e f f e c t s  a r e  most 

r a p i d l y  changing. 

  his resea rch  employed the  n a t u r a l  phenomenon of sp in - '  

echo nuc lea r  magnetic resonance (NMR) t o  d e t e c t  molecular 

mot,ion i n  a flowing f l u i d  'sample. The spin-echo technique 

h a s  been used t o  measure molecular d i f f u s i o n  c o e f f i c i e n t s  

of s e v e r a l  l i q u i d s ,  but modif ica t ions  were requi red  t o  



adapt the technique to a highly turbulent sample. Spin- 

echo NMR* can be used to study the systemwithout physically . , 

affecting flow, and the data can be interpreted as a 

statistical "snapshot". of the position of the par,ticles at 

a particular instant in time. The technique provides 

several advantages .over more conventional measurement tech- 

niques. No foreign object or ,material, of substantial 

quantity, need be added to the system to follow the motion 

of the molecules. The principle of .spin-echo nuclear 

magnetic resonance is based on the orientation of the 

nuclear magnetic moment vectors of the system.: The only 

outside effect on the system is the magnetization of some 

of the system components. 

Turbulence measurements are generally made in.an 

Eulerian frame (stationary observer) where instantaneous 

velocity fluctuations separated by some distance are 

recorded. More meaningful results could be obtained by 

using a Lagrangian frame of reference (observer moving 

with the fluid) because the mixing properties of a turbulent 

fluid are closely related to, and may be predicted from, 

Lagrangian turbulence parameters. Spin-echo NMR provides 

Lagrangian measurements directly. . . 

Turbulence can be characterized by two parameters-- 

intensity,(eddy velocity) and scale (eddy lifetime). When 

considering isotropic turbulence,' the parameters represent 



a v e r a g e v o l u m e t r i c  values.  I s o t r o p i c  turbulence i s  descr ibed 

by Brodkey (7 )  as homogeneous, implying t h a t  the  v e l o c i t y  

f l u c t u a t i o n s  I n  t h e  system a r e  random and t h a t  t h e  average 

tu rbu len t  c h a r a c t e r i s t i c s  a r e  independent of p o s i t i o n  i n  

t h e  f l u i d .  I n  a d d i t i o n ,  the  v e l o c i t y  f l u c t u a t i o n s  a r e  

independent of t h e  axes of r e fe rence ,  and i n v a r i a n t  t o  a x i s  

r o t a t i o n  o r  r e f l e c t i o n .  

S t a t i s t i c a l  theory of turbulence has  p red ic ted  t h a t  

t u r b u l e n t  motion i s  a func t ion  of time and not  a cons tant  

as assumed i n  molecular d i f f u s i o n  work. Severa l  a t t empts  

have been made t o  c h a r a c t e r i z e  o r  c o r r e l a t e  turbulence as 

a func t ion  of time and a time dependence has  been shown. No 

d a t a  have been obtained a t  very  s h o r t  diff 'usion times, o r  

b y . u s e  of a s e n s i t i v e  d i r e c t  measurement technique as used 

i n  t h i s '  work. Spin-echo NMR has  the  advantage of observing 

motion over very s h o r t  d i f f u s i o n  t imes,  and t h e  disadvantage 

t h a t  i t . i s  p r e s e n t l y  l i m i t e d  t o  s h o r t  d i f f u s i o n  t imes o r  low 
. . 

flow r a t e s .  Howevdr, f o r  the  observat ion  t imes from 4 msec 

t o  10 msec, and a flow range 3,000 t o  7,000 Reynolds' number, 

t h i s  research  demonstrates t h a t  very s e n s i t i v e  measurements 

of tu rbu len t  motion can be made, and t h a t  a s i g n i f i c a n t  time 

dependence i s  ev iden t .  



PREVIOUS WORK 

An in t roduc to ry  d i scuss ion  of the  s tudy of f l u i d  t u r - ' .  

bulence may be found i n  chemical engineering t e x t s  such as 

those by Knudsen and Katz ( 2 3 ) ,  Sherwood and Pigford (37) ,  

and Bird -- e t  a l .  ( 5 ) .  More d e t a i l e d  t reatments .  of turbulence 

a r e  contained i n  such t e x t s  as Hinze (21) ,  Batchelor  ( 4 ) ,  

and Brodkey ( 7 ) .  The book by Hinze con ta ins  an extens ive  

t reatment  .of t h e  mechanisms and t h e o r i e s  of turbulence,  with 

reviews of measurement techniques and t r a n s p o r t  processes .  

Information on noniso t ropic  turbulence i s  presented.  

Ehtchelor  provides a thorough  discussion.^^ t h e  subJec t  of 

homogeneous turbulence.  The t h e o r e t i c a l  a s p e c t s  of homoge- 

neous turbulence a r e  emphasized, and experimental  d a t a  a r e  

presented t o  s u b s t a n t i a t e  the  var ious  t h e o r i e s .  

The development of the  s t a t i s t i c a l  theory  of turbulence 

i s  based on mathematical d e r i v a t i o n s  by'G. I. Taylor  (40,41, 

42).  H i s  c l a s s i c a l  work provides t h e  b a s i s  of turbulence 

reseeroh and w i l l  be d iscussed  i n  d e t a i l  i n  a l a t e r  s e c t i o n .  

Turbulent d i f f u s i o n  was s tud ied  by Hanrat ty ,  Latinen, 

and ~ i l h e ' l m  (20) .  Measurement of t h e  spreading of t r a c e r  

dye from a po in t  source y ie lded  information on d i f f u s i o n  

i n  g lass-sphere  beds f l u i d i z e d  by water.  A . p a r t i c u l a t e l y  

f l u i d i z e d  bed was well  descr ibed by the  s t a t i s t i c a l  turbu-  

lence'  equat ions  of  Taylor.  Experimental d a t a  confirmed 

t h e  theory t h a t  tu rbu len t  measurements were wi th in  a 



t u rbu len t  "mean f r e e  path" o r  s c a l e .  A s  a r e s u l t ,  f o r  

d i f f u s i o n  from a f ixed-po in t  source,  the  s i z e  of t h e  

tu rbu len t  d i f f u s i o n  c o e f f i c i e n t  depended on the  time of 

d i f f u s i o n .  The d i f f u s i o n  c o e f f i c i e n t  became cons tan t  only 

a f t e r  a long time i n t e r v a l  had e lapsed  i n  a given exper i -  

ment. 

Hanrat ty  (19) used' t h e  information derive'd 'from t h e  

s t a t i s t i c a l  a n a l y s i s  of turbulence t o  show t h a t ,  f o r  turbu-  

l e n t  t r a n s p o r t  processes  the  mixing depends on t h e  previous 

h i s t o r y  of the  d i f f u s i n g  m a t e r i a l .  The e f f e c t  of time on 

t h e  d i f f u s i o n  process  was examined f o r  t h e  case of hea t  t r a n s -  

f e r  from a hot  w a l l  t o  a cold  w a l l  through a t u r b u l e n t l y  

flowing l i q u i d .  G .  I. T a y l o r ' s  theory  of t u r b u l e n t  d i f f u -  

s i o n  f o r  a n  i s o t r o p i c  f i e l d  was used t o  desc r ibe  t h e  

p r o p e r t i e s  of t h e  hea t  sources  and cold s i n k s . a l o n g  t h e  

walls. These c a l c u l a t i o n s  were compared with temperature 
, 

p r o f i l e s  obtained as a s o l u t i o n  t o  F i c k t s  l a w  using a 

cons tant  d i f f u s i o n  c o e f f i c i e n t .  A marked d i f f e r e n c e  

between these  p r o f i l e s  w a s  shown'; then a comparison with 

a c t u a l  temperature measurements v e r i f i e d  the  time depen- 

dency. 

F l i n t  - e t  - .  al. (13) s tud ied  tu rbu len t  d i f f u s i o n  from a 

po in t  source loca ted  a t  t h e  c e n t e r  of the  tube.  The 

Lagrangian i n t e n s i t y  of t h e  turbulence i n  t h e  c e n t e r  of 

t h e  tube was c a l c u l a t e d  from t h e  d i f f u s i o n  d a t a .  The 



r e l a t i v e  l o n g i t u d i n a l  intensity, t h e  r a t i o  of the  square 

roo t  of the i n t e n s i t y  t o  t h e  average v e l o c i t y  a t  the  c e n t e r  

of t h e  tube,  var ied  from 0.058 a t  NRe = 9,700 t o  0.039 a t  
. . 

NRe = 83,000. The r e s u l t s  could n o t  be used f o r  d e t e r -  

mining t h e  form of t h e  c o r r e l a t i o n  c o e f f i c i e n t  because of 

inaccurac ies  i n  t h e  measurements a t  small d i f f u s i o n  t imes.  

Both a i r  and .water flow i n  3-inch d i a .  smooth pipe was 

used t o  ob ta in  t h e  d i f f u s i o n  da ta .  The d i f f u s i o n  c o e f f i -  

c i e n t s  and mean square displacements were c a l c u l a t e d  from 

concent ra t ion  p r o f i l e  measurements, and the  r e s u l t s  were 

somewhat h igher  than va lues  obtained from hot-wire s t u d i e s .  

The d i f f e r e n c e  might be explained by t h e  d i s tu rbances  

c rea ted  by t h e  t r a c e r  i n j e c t o r .  Mickelson (26) ,  us ing  a 

c a r e f u l l y  designed i n j e c t i o n  system i n  a much l a r g e r  

diameter pipe,  obtained tu rbu len t  i n t e n s i t i e s  i n  c l o s e  

agreement with those measured w i t h ' a  hot-wire anemometer. 

Sandborn (33)  measured l o n g i t u d i n a l  and r a d i a l  

. i n t e n s i t i e s  f o r  a i r  flowing i n  a 4-inch d i a .  pipe us ing  

hot-wire anemometry methods. D a t a  were obtained over t h e  

Reynolds1 number range 20,000 t o  200,000. Re la t ive  

l o n g i t u d i n a l  i n t e n s i t i e s  were s l i g h t l y  h igher  than corn- 
. , 

parable  r a d i a l ' i n t e n s i t i e s ,  but both decreased s l i g h t l y  

as Reynolds' number increased .  Re la t ive  l o n g i t u d i n a l  

i n t e n s i t i e s  a t  t h e  c e n t e r  of t h e  tube were 0.034 a t  20,000 

Reynolds1 number and 0.025 a t  l70,OOO Reynolds1 number. 



The relative radial intensities were 0.025 at 50,000 

Reynolds number and 0.0238 at 170,000 .Reynolds number, 

quite constant.. Sandborn also measured relative radial 

intensity profiles across the tube. These profiles -showed 

that the average intensity'was higher than that measured.. . . 

at the center of the tube. 

Air turbulence In a 5-inch square channel was investi- 

gated by Laufer (24) using a hot-wire anemometer. In a 

lower Reynoldst number range, 12,000 < NRe < 62,000, the 

relative longitudinal intensity at the center of 'the " 

channei decreased from 0.032*to 0.027 and the relative 

radial intensity changed. from 0.025 to 0.021. 
1 

Seagrave (35) studied mass transfer in turbulent liquid 

streams using water as the bulk fluid.  y ye was injected 
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 dye in each sample 

was determined colorimetrically. Average radial and axial 

eddy diffusivity components were reported. Variation of  

the'average radial diffusivity was linear with Reynoldst 

number over the range 3,000 to 7,500. 

GFOS sman and Charwat ( 17) measured longitudinal and 

radial turbulent intensities for water flow in a 2-inch 

dia. pipe using a method based on electromagnetic induction. 

The technique ' offered advantages in sensitivity lover, the 



hot-wire anemometer and concent ra t ion  measurement methods ' 

but s t i l l  requi red  e n t e r i n g  the  system with probes, and 

su f fe red  from a poor s i g n a l  t o  n o i s e x r a t i o .  A t  a Reynoldst 

number of 99,000, r e l a t i v e  r a d i a l  and l o n g i t u d i n a l  i n t e n -  

s i t i e s  of 0.013 and 0.017 respec t ive ly .were  measured a t  

t h e  c e n t e r  of t h e  tube.  Examination of i n t e n s i t y  p r o f i l e s  

showed t h a t  t h e  average r e l a t i v e  l o n g i t u d i n a l  i n t e n s i t y  

was about 0.018 and the  r a d i a l  value was 0.011 f o r  t h a t  

Reynoldsf number. These p r o f i l e s  showed maximum r a d i a l  

i n t e n s i t y  a t  t h e  center ,  of the  tube.  

Martin and Johanson (25)  used a hot - f i lm anemometer t o  

measure t h e  Eu le r i an  l o n g i t u d i n a l  i n t e n s i t y  and t ime s c a l e  

of turbulence i n  the  c e n t e r  of a tube f o r  a flowing water 

system. I n t e n s i t y ,  sca le ,  and c o r r e l a t i o n  c o e f f i c i e n t s  

were obtained f o r  v e l o c i t i e s  ranging from 0.5 t o  4.0 f t /  

Sec ( N ~ ~  = 19,000 t o  160,000). The Eu le r i an  parameters 

were c a l c u l a t e d  from measurements taken from photographs 

of t h e  osc i l loscope  t r a c e s .  These d a t a  were presented as 

c o r r e l a t i o n  versus  ,time over t h e  v e l o c i t y  range. The time 

s c a l e  of turbulence,  the  I n t e g r a l  of t h e  c o r r e l a t i o n  curve, 

decreased with inc reas ing  Reynoldst number from 40 msec a t  

a Reynoldst number of 19,000 t o  12 msec a t  a Reynoldst 

number of 160,000, 

Longitudinal  t u r b u l e n t  i n t e n s i t i e s ,  a u t o c o r r e l a t i o n s  

and energy s p e c t r a  were measured us ing  s e v e r a l  organic  



s o l v e n t s  bypat terson and Zakin ( 2 9 ) .  The flow of toluene,  

benzene, and cyclohexane i n  smooth 1 and 2-inch d i a .  tubes 

.was s tud ied  using a cons tan t  temperature,  hot - f i lm 

anemometer. Re la t ive  ' l o n g i t u d i n a l  i n t e n s i t y  p r o f i l e s  

showed t h a t  t h e  maximum values  occurred a t  a d i s t a n c e  about 

15 percent  of t h e  pipe.  r a d i u s  away from the  w a l l ,  and were 

about  two and one-half t imes h igher  than the  value measured 

a t  the  c e n t e r .  Eu le r i an  length  s c a l e s  of turbulence were 

c a l c u l a t e d  f o r  the  t h r e e  f l u i d s  of d i f f e r e n t  v i s c o s i t i e s .  

No v i s c o s i t y  e f f e c t  was noted f o r  t h e  d i f f e r e n t  so lven t s .  

An es t ima te  of the  o v e r a l l  average l o n g i t u d i n a l  i n t e n s i t y  

a c r o s s  t h e  tube from a p a r t i a l  i n t e n s i t y  p r o f i l e  was about 

50 percent  h igher  than t h e  i n t e n s i t y  a t  t h e  c e n t e r  of t h e  

tube.  

Most of the  r e s u l t s  from t h i s  previous work has  pro- 

vided Euler ian  information ( s t a t i o n a r y  observer) .  Param- 

e t e r s  obtained by t h e  Lagrangian method (observer  moves 

w i t h  t h e  f l u i d )  would provide information more d i r e c t l y  

r e l a t e d  t o  the n~ixihg  p r o p e r t i e s  of t h e  fPuid but 

Lagrangian measurement techniques were n o t  a v a i l a b l e .  The 

u t i l i z a t i o n  of spin-echo NMR phenomena as a measurement 

technique provides a Lagrangian technique f o r  i n v e s t i g a t i n g  

flowing systems. Research us ing  spin-echo NMR on dynamic 

samples was conducted by Arnold (3 ) .  Information on t h e  

e f f e c t  of a v e l o c i t y  p r o f i l e  on t h e  NMR s i g n a l  was obtained.  



Johnson (22)  extended t h i s  study, measuring apparent  

r a d i a l  d i f f u s i v i t i e s  f o r  water flowing i n  a tube. .  The 

r e s u l t s  were termed apparent  because t h e  NMR procedure 

determines t o t a l  movement i n  a d i r e c t i o n  p a r a l l e l  t o  t h e  

magnetic f i e l d  r a t h e r  than i n  a r a d i a l  d i r e c t i o n .  ' The NMR 

d a t a  were then. co r rec ted  t o  e s t ima te  a r a d i a l  d i f f u s i v i t y .  

These d i f f u q i v i t y  values increased l i n e a r l y  w i t h  Reynoldst 

nwnber over t h e  range, 1,060 < NRe, < 6,760. D i f f u s i v i t i e s  

s i g n i f i , c a n t l y  h igher  than t h e  molecular d i f f u s i o n  cons tan t  

were obtained f o r  Reynoldst numbers as low as 1,060. 

Conway (11) used spin-echo.NMR t o  measure average 

u n i d i r e c t i o n a l  d i f f u s i v i t i e s  f o r  water flow i n  t h e  range, 

220 < NRe < 3,740, a t  a s i n g l e  d i f f u s i o n  time. This  

research  provided a c a r e f u l  s tudy  of t u r b u l e n t  motion i n  

t h e  t r a n s i t i o n  flow range. 

Severa l  o t h e r  new nondes t ruc t ive  techniques have been 

developed f o r  .'study .of  f l u i d  flow. Some a r e  s p e c i f i c  t o  

flow a t  t h e  walls, while o t h e r s  can provide p r o f i l e  d a t a .  

Reiss  and Hanrat ty  (31, 32) used an e lec t rochemical  

technique analogous t o  the  cons tant  temperature,  hot-wire 

anemometer measurement. The concent ra t ion  of t h e  d i f f u s i n g  

spec ies  was cons tan t  a t  the  e l e c t r o d e  su r face  and t h e  

c u r r e n t  was propor t iona l  t o  the  r a t e  of mass t r a n s f e r  t o  

the  e l e c t r o d e .  V e l o c i t i e s  i n  the  region c l o s e  t o  t h e  w a l l  

were measured us ing  a d i f f u s i o n  c o n t r o l l e d  e l e c t r o d e  mounted 



f Iush  w i t h  t h e  wall. The t e s t  e l e c t r o d e  formed p a r t  of an 

e lec t rochemical  c e l l .  

An e lec t rochemical  c e l l ,  using 'an aqueous s o l u t i o n  o f '  

potassium f e r r i -  and fer rocyanide  w i t h  n i c k e l  e l e c t r o d e s  

was-used by Gordon and Tobias (16)  f o r  t h e  measurement of 

d i f f u s i o n  c o e f f i c i e n t s  f o r  the  f e r r i c y a n i d e  ion . .  The 

e lec t rochemical  technique has been extended by Mitchel l  

and Hanratty (27) and the  r e l a t i o n  between mass t r a n s f e r  

measurements and the  v e l o c i t y  f i e l d  was def ined .  more 

a c c u r a t e l y .  By measuring t h e  l i m i t i n g  c u r r e n t  a t  a n  e l e c -  

t rode  a t  12-1/2' t o  20' as we l l  as perpendicular  t o  t h e  

flow, S i r k a r  and Hanrat ty  (38) measured the  root-mean-. 

squared t r ansverse  component of t h e  tu rbu len t  v e l o c i t y  

f l u c t u a t i o n s  c l o s e  t o  the  w a l l .  

Capps and Rehm (8) have developed an  empi r i ca l  

expression based on t h e  experimental  d a t a  of Nikuradse f o r  

t h e  tu rbu len t  flow v e l o c i t y  d i s ' t r i b u t i o n .  This  r e l a t i o n -  

sh ip ,  which predic ted  d a t a  over a Reynolds ' number range 

from 9,000 t o  3, UOO, OUU, . had su r face  roughness as the  

primary parameter. Eddy d i f f u s i v i t y  p r o f i l e s  a c r o s s  t h e  

tube were given a t  s e v e r a l  Reynolds ' ,numbers. These. curves 

showed a maximum value a t  a d i s t a n c e  equal  about  40 percent  

of the  r ad ius  from t h e  w a l l .  

A s tudy of t u r b u l e n t  mixing was done by ~ h r i s t i a n s e n  

( 1 0 ) .  s t u d i e s  of t u r b u l e n t  motion and t u r b u l e n t  mixing are 



very similar, with the  s i m p l i f i c a t i o n  t h a t  dependent 

va r i ab les ,  pos i t ion ,  ve loc i ty ,  which a r e  v e c t o r i a l  i n  the  

s tudy of tu rbu len t  motion can be replaced  by s c a l a r  quan- . 

t i t i e s ,  composition, d i e l e c t r i c  cons tant ,  and temperature.  

Th i s  work p resen t s  a technique f o r  obta in ing  d i r e c t  t u r -  

bulence d a t a .  Time-average l i g h t - s c a t t e r  measurements using 

a l a s e r  generated l i g h t  gave d i r e c t l y  t h e  spectrum f o r  

s p a t i a l  v a r i a t i o n s  i n  concent ra t ion .  The concent ra t ion  

spectrum i s  a F o u r i e r . t r a n s f o r m  of the  concent ra t ion  cor re -  

l a t i o n ,  ~ ( r ,  t )  . S p a t i a l  ' r e so lu t ion  of l i g h t  s c a t t e r  was 

100 t imes b e t t e r  than the smal l e s t  probe used t o  da te ,  and 

t h i s  i s  a nondes t ruc t ive  technique which w i l l  no t  d i s t u r b  

l o c a l  motion. 

Another r e l a t e d  technique f o r  t u r b u l e n t  flow measure- 

ments was used by Golds te in  and Hagen (15) .  The Doppler 

s h i f t  of s c a t t e r e d  l i g h t  from a laser beam was used t o  

measure mean turbulence v e l o c i t i e s ,  and a l s o  t o  determine 

the p r o b a b i l i t y  func t ion  f o r  the  t u r b u l e n t  v e l o c i t y .  A 

phenomenon whish i s  evident  by NMR methods was noted. A s  

flow went through the  t r a n s i t i o n  from laminar t o  tu rbu len t ,  

t he  s i g n a l  was i r r e g u l a r  and e r r a t i c .  A s  flow became f u l l y  

tu rbu len t  the  s i g n a l  become s teady aga in .  Re la t ive  longi -  

t u d i n a l  i n t e n s i t i e s  were measured, and t h e s e  agreed we l l  

with an e x t r a p o l a t i o n  of t h e  d a t a  of Laufer (24) .  The 

r e l a t i v e  l o n g i t u d i n a l  i n t e n s i t i e s  decreased from 0.042 a t  



5,000 Reynoldst. number to 0.035 at 20,000 Reynoldts number. 

This technique presents some unique 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 -- et al. (14). A.photochromic 

dye was dissolved 'in the test fluid and irradiated with 

ultraviolet light to produce a colored trace, allowing 

quantitative measurements in the entire cross sect ion of 

the tube in both laminar and turbulent flow. .A ruby. laser 

was used to induce the tautomeric reaction in the dye, and 

quantitative measurements. were made from.high speed movies.. 

Mean ve1oci.t~ profiles were measured, and mean shear stresses 

at the wall- were calculated over a range of Reynoldst ,numbers. 

There was excellent agreement with other, well established. 

data. 



DIFFUSION I N  'ISOTROPIC TURBULENCE 

Turbulence has  bken def ined  by Taylor and Von Karman 

(43) as an i r r e g u l a r  motion which i n  genera l  makes i t s  

appearance i n  f l u i d s ,  gaseous o r  l i q u i d ,  when they  flow 

p a s t  s o l i d  su r faces  o r  even when neighboring streams of 

t h e  same f l u i d  flow p a s t  o r  over  one another .  These i r r e g u -  

lar  motions w i l l  p r e v a i l  even a t  s teady s t a t e  i f  t h e  flow 

system i s  tu rbu len t .  Because the  motion i s  i r r e g u l a r  it 

is  n o t  poss ib le  t o  descr ibe  t h e  motion i n  a l l  d e t a i l  as a 

func t ion  of time and space coordina tes .  But the  type of 

i r r e g u l a r i t y  i s  such t h a t  tu rbu len t  motion can be descr ibed  

by laws of p r o b a b i l i t y .  Therefore,  turbulence i s  a s p e c i a l  

type of i r r e g u l a r  motion showing random v a r i a t  ion  with t i m e  

and space coordina tes ,  but s t a t i s t i c a l l y  d i s t i n c t  .average 

values of t h e  f l u c t u a t i o n s  can be d iscerned.  

When the  turbulence has  t h e  same charac te r i za t$on  at  

a l l  p o i n t s  i n  the  flow f i e l d  i t  i s  r e f e r r e d  t o  as homoge- 

neous turbulence.  I f  the  s t a t i s t i c a l  parameters of turbu-  

lence  have no p re fe r red  d i r e c t i o n  the  turbulence i s  s a i d  

t o  be i s o t r o p i c .  Therefore,  i s o t r o p i c  turbulence i s  a 

d i s t i n c t  type of homogeneous turbulence.  

I s o t r o p i c  turbulence i s  the l e a s t  complex s t a t e  of 

turbulence t o  analyze because a minimum number of p r o p e r t i e s  

a r e  r equ i red  t o  c h a r a c t e r i z e  i t s  s t r u c t u r e  and behavior.  , It 

i s  a hypo the t i ca l  type of turbulence i n  t h a t  no a c t u a l  flow 



is completely isotropic. Such turbulence can be approached 

in flow with a high pressure drop and improved :by placing 

a grid network across the flow stream.' Because of its 

simplicity . . 'isotropic flow is often assumed at least as a 

first approximation,but with the information which is 

available about turbulent motion this.assumption represents 

a small error when compared with other unknowns. 

The development of the statistical theory of turbulence, 

byTaylor (40,4,4) for diffusion in isotropic turbulence 

will be summarized s'ince this has been the basis for modern 
I 

turbulence .research. 
t 

An isotropic turbulent field is assumed with a number 

of fluid particles starting from different posit ions at the 

same time. With the simplest assumption, that of diffusion 

in only one direction, motion perpendicular to the flow will 

be described. The fluid is flowing in the z direction'and 

motion in the y direction will be followed. If the turbu- 

lent velocity of a single particle in the y direction is 

~ ( t ) ,  the displacement of the particle aiter a time t is 

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 homogeneous flow,the, 

mean-square displacement in the y direction is given by 



where v ( t l )  i s  the  v e l o c i t y  of t h e  p a r t i c l e  when t = 0 and 

v ( t 2 )  i s  t h e  v e l o c i t y  a t t  = t .  The i n t e g r a t i o n  i n  the  
/ 

( t l , t2)  plane i s  over a square w i t h  l i m i t s 0  and t .  To : 

s impl i fy ,  ins t ead  of t h i s  square,  i n t e g r a t e  over twice the  

t r i a n g l e  formed by the  h a l f  square,  s i n c e  t h e  in tegrand i s  

syn-hetrical w i t h  r e spec t  t o  ti and t2. This  g i v e s  

Y 

The v e l o c i t i e s  a t  t h e  two in,s tances f o r  s h o r t  .times 

a r e  n o t -  independent, t h e y  a r e  c o r r e l a t e d  'by t h e  Lagrangian 

c o r r e l a t i o n  coefficient def ined  as 

where f i s  the  mean-square tu rbu len t  ve loc i ty . ,  To i n t r o - '  
. . .  

duce ~ ( t ~ ,  t p )  i n t o  Equation 3, v ( t l )  v ( t 2 )  can be a 

funct ion  of time change r a t h e r  than abso lu te  time s i n c e  

flow i s  s teady,  then 

where s = t2 - tl. S u b s t i t u t i n g  



r
n

.
 

a
 

h
 

'
 

rn 
w

 

P= 



F - 
= 2 t  = cons tant  

where D i s  t h e  molecular d i f f u s i v i t y .  . Systems involving 

molecular d i f f u s i o n  a r e  descr ibed  by F i c k l s  law us ing  

appropr ia t e  boundary c o n d i t i o n s . a s  

which involves the  assumption t h a t  the  d i f f u s i o n  char-  

a c t e r i s t i c s  of p a r t i c l e s  contained i n  a d i f f e r e n t i a l ,  

volume a r e , n o t  dependent on t h e  previous h i s t o r y  of t h e  

p a r t i c l e .  This  independence i s  not  p r e s e n t  i n  tu rbu len t  

d i f f u s i o n  s ince  9 / 2 t  i s  a func t ion  of time.,  anr ratty ( 1 9 )  . . 

d e r i v e s  the  r e l a t i o n s h i p s  f o r  so lv ing  a modified F i c k l s  l a w  

equat ion.  This  y i e l d s  a tu rbu len t  d i f f u s i v i t y ,  ~ ( t ) ,  def ined  

where E w i l l  vary w i t h  time. . . 

I f  a shape f o r  the  c o r r e l a t i o n  c o e f f i c i e n t  i s  'assuhed, 

-2 then Y can be c a l c u l a t e d  as a funct ion  of time. A s  observa-' 

t i o n  time .approaches. zero,  the  c o r r e l a t i o n  c o e f f i c i e n t  

approaches un i ty ,  and Equation 9  i n t e g r a t e s  t o .  

For longer  times, s e v e r a l  assumptions have been pro- 



posed. I f o n e  assumes t h a t  t h e  c o r r e l a t i o n  decays expo- 

n e n t i a l l y ,  , then 

and from the d e f i n i t i o n  of Lagrangian s c a l e , ,  . 
. 

S u b s t i t u t i n g  i n t o  Equation 9 

which . i n t e g r a t e s  to '  . . 

Only a t  long time, t > 10 TL does y 2 ( t )  reach a cons tan t  
-2 slope where E = Y (t)/2t i n  constant. A t  in termedia te  , - 

A t  very long d i f f u s i o n  t imes t h i s  becomes 



A .  similar t reatment  can be made i f  we assume a c o r r e l a -  

t i o n  decay 1 

then 

and Equation 9 becomes 

Th i s  inkegra tes  t o  . . 

and 

n t2  - -  
4Tit 2 T ~  4TL2 ~ ( t )  = $ T ~  [erf (7) + - ( e  - 111 

2 T ~  nt 

a t  long times t h i s  assumption a l s o  y i e l d s  . . 

-2 ~ ( t )  = v TL = cons tan t  (23)  

These equat ions  r ep resen t  proposed r e l a t i o n s h i p s  f o r  

d i f f u s i o n  as a func t ion  of time. Re la t ive  accuracy of t h e  



equations is unknown because they only differ a t  very 

short diffusion 'times, and valid data' in that time range 

have not been available. 



SPIN-ECHO NMR 

Basic Concepts. of NMR 

The magnetic p r o p e r t i e s  of the  nucleus have been of 

i n t e r e s t  e v e r  s i n c e  they  were f i rs t  pos tu la ted  t o  exp la in  

t h e  hyperf ine s t r u c t u r e  of s p e c t r a l  l i n e s .  It was supposed 

t h a t  t h e  nucleus i s  a small magnet whose i n t e r a c t i o n  with 

the  atomic e l e c t r o n s  s p l i t s  t h e  energy l e v e l s  between which 

t h e  e l e c t r o n s  make t h e  t r a n s i t i o n s  respons ib le  f o r  atomic 

l i n e  s p e c t r a .  Then, i n  a d d i t i o n  t o  i t s  known p r o p e r t i e s  . .  

of mass, charge, and i n t r i n s i c  angular  momentum, t h e  atomic 

nucleus possesses  a magnetic moment. The n u c l e i  behave as. 

t i n y  m g n e t s  wi th  p r o p e r t i e s  of a gyroscope. The observat ion 

of the  nuc lea r  magnetic resonance phenomenon i s  based on t h e  

magnetic moment p r o p e r t i e s  of t h e  n u c l e i .  

I n  t h i s  research ,  hydrogen nuc le i ,  which possess  

angular  momentum and magnetic moments, i n  water  were ob- 

served.  Not a l l  n u c l e i  possess  an angular  momentum and a 

magnetic moment. P u r e e l l  (30) givea a general rmlc t o  

determine i f  a given nucleus has  these  p r o p e r t i e s .  

I 1  I f  a nucleus con ta ins  an  even number of protons 
and an  even number of neutrons,  i t  w i l l  have zero  
angu la r  momentum and magnetic moment. I! 

When placed i n  a s t rong  magnetic f i e l d ,  go, t h e  magnetic 

moment of spinning hydrogen n u c l e i  tend t o  a l i g n  with t h e  

d i r e c t i o n  of t h e  magnetic f i e l d .  Because the  n u c l e i ,  exper i -  



ence a r e s u l t a n t  torque, t h e  'moments w i l l  p recess  about the  

d i r e c t i o n  of t h e  app l i ed  f i e l d .  A precess ing  moment forms 

a c o n e  of r o t a t i o n  about t h e  d i r e c t i o n  of the  app l i ed  

f i e l d .  The frequency of precession,  wo, i s  d i r e c t l y  

r e l a t e d  t o  the  magnetic f i e l d ,  KO, as 

where Y, t he  gyromagnetic r a t i o ,  1s  def ined  as the  r a t i o  of 

t h e  magnetic moment t o  the  nuc lea r  angular  momentum of t h e  

nucleus.  

The hydrogen nucleus can e x i s t  a t  two d i s t i n c t  energy 

l e v e l s .  I n  a s t rong  magnetic f i e l d  the  high energy n u c l e i  

w i l l  p recess  i n  one d i r e c t i o n  and t h e  low energy n u c l e i  

w i l l  p recess  i n  the  oppos i te  d i r e c t i o n .  Since precess ion  

frequency i s  d i r e c t l y  r e l a t e d  t o  the  f o r c e  of t h e  magnetic 

f i e l d ,  t h i s  f i e l d  determines the  energy change between these  

l e v e l s .  This  energy d i f f e r e n c e ,  p ropor t iona l  t o  wo, i s  

much l e s s  than the  f o r c e  a v a i l a b l e  by thermal v i b r a t i o n s .  

Therefore,  even i n  a magnetic S i e l d  t h e r e  i s  n e a r l y  ari 

equal  p r o b a b i l i t y  f o r  n u c l e i  i n  each energy l e v e l .  

To produce a n e t  magnetic moment i t  i s  necessary  t o  

c r e a t e  a populat ion imbalance. I f  t h e  magnetic nuc le . i . can  

t r a n s f e r  energy t o ,  and come i n t o  thermal equi l ibr ium with.  

t h e  surroundings,  the  equi l ibr ium w i l l  f avor  t h e  lower energy 

l e v e l .  This  imbalance, which i s  g iven  by the  Boltzmann 
. . 



f a c t o r ,  exp (-hw/kT), i s  very minute. For example, i f  w = 

~ O M C / S ~ C  and T  = 300' K, t h e  f a c t o r  i s  0.9999934. 1t . i s  . 

on t h i s  f r a c t i o n a l l y  minute su rp lus  of n u c l e i  i n  t h e  lower 

s t a t e  a t  thermal equi l ibr ium t h a t  the  observable NMR e f f e c t s  

depend. Operation a t  lower temperature w i l l  i nc rease  t h i s  

su rp lus .  

The energy change between l e v e l s ,  being propor t ional  

. ' t o  the  Larmor frequency, i s  of radio-wave frequency. There- 

f o r e ,  the  r a d i a t i o n  of a r a d i o  wave or ,  s ince  the  magnetic. 

f i e l d  o f  t h e  wave i s  t h e  e f f e c t i v e  component, an  o s c i l l a t i n g  
D 

magnetic f i e l d  of radio-wave frequency w i l l  e x c i t e  t h e  

n u c l e i .  When t h e  n u c l e i  a r e  subjec ted  t o  such r a d i a t i o n  

t h e r e  i s  again  an equal  p r o b a b i l i t y  of t r a n s i t i o n s  i n  e i t h e r  . .  

d i r e c t i o n .  A new populat ion d i s t r i b u t i o n  r e s u l t s  .: , .  

A r a d i o  frequency ( r f )  c u r r e n t  passed through a s h o r t  . 

c o i l  wound a x i a l l y  around a cylindr.Aca1 tube i n  which a 

water sample i s  placed w i l l  genera te  t h e  rf magnetic f i e l d ,  
- 
Hb perpendicular  t o  f i e l d  qo i n  F igure  1. This  fo rce  

changes the  d i r e c t i o n  of t h e  f i e l d  and as the  n u c l e i  a l i g n  

w i t h  t h i s  new d i r e c t i o n  because of the  r e s u l t a n t  torque,  

the energy absorbed by t h e  n u c l e i  with t h e  change of d i r e c -  

t i o n  produces an inc rease  i n  t h e  number of n u c l e i  i n  t h e  

h igher  energy l e v e l .  A s  t h e  moment d i r e c t i o n  changes the  

d i ' r ec t ion  of the  torque a l s o  changes. This  r e s u l t s  i n  t h e  

moment being pu l l ed  away from the  zo d i r e c t i o n .  This  moment 



Figure 1. .Change i n  torque d i r e c t i o n  i f  r f  f i e l d '  i s  not  
near Larmor frequency 



motion while the  rf pu l se  i s  being appl ied  i s  c a l l e d  

nu ta t ion .  

I f  t h e  frequency of t h e ' r f  cu r ren t  i s  the  same as 

t h e  frequency of nuc lea r  precess ion  than a l l  the  nuc l8 i  

w i l l  be r o t a t e d  by. torque f; i n  a f i x e d  d i r e c t i o n .  This  

i s  i l l u s t r a t e d  on Figure  1, where t h e  magnetic moment iJf . . 

r o t a t e s  a t  frequency wo around the  . f i e l d  KO. When the  r f  

pulse  i s  of frequency wo i t  occurs  at  a f i x e d  p o s i t i o n  A 

with r e spec t  t o  E, and each nucleus w i l l  be r o t a t e d  away 

from Ro. The i n i t i a l  ins tantaneous  torque i s  EA which t i p s  
- 

t h e  moment perpendicular  t o  t h e  plane of Eo - H . I f  t h e  
1~ 

r f  pu l se  i s  a t  any frequency o t h e r  than wo t h e  n u c l e i  w i l l  

be nu ta ted  a t  d i f f e r e n t  p o i n t s  during r q t a t i o n ,  i . e . ,  a t  

B then B' .. This  means t h a t  t h e  d i r e c t i o n  of n u t a t i o n  of 
. . 

t h e  n u c l e i  is' c o n s t a n t l y  changing because of an  e v e r  

changing torque d i r e c t i o n ,  and the  summation of t h e  moment 

n u t a t i o n  w i l l  be zero.  The frequency wo a t  which t h e  

magnetic n u c l e i  precess  i s  c a l l e d  the  Larmor frequency 

and the  magnetic resonance phenomenon, t h e  r e s u l t a n t  

moment of t h e  n u c l e i  i n  t h e  h igher  energy s t a t e ,  occurs  

only  when t h e , r f  c u r r e n t  i s  a t  t h e  Larmor frequency. 

The theory o,f NMR i s  d e a l t  with i n  g r e a t  d e t a i l  i n  

books by Andrew ( 2 )  and Abragam ( I ) ,  and i n  such '  papers as 

those by Pake (28), P u r c e l l  (30), and.Bloch ( 6 ) .  



Generation of t h e  Spin-Echo 

The pulsed NMR method known as t h e  spin-echo technique 

was developed by Hahn (18)  i n  1950 and l a t e r  modified by 

Carr and Purce l l  (9 ) .  For t h e  technique, as modified by 

Carr and Purce l l ,  rf r a d i a t i o n  i s  app l i ed  t o  a sample i n  

two b u r s t s ,  t h e  f i r s t  i s  c a l l e d  the  90' pulse  and t h e  

second t h e  180' pulse.  The sequence leading  t o  t h e  sp in-  

echo i s  i l l u s t r a t e d  i n  Figure 2. 

When a sample conta in ing  hydrogen n u c l e i  i s  placed i n  a 

s t rong  magnetic f i e l d ,  a n e t  magnetization vec to r  i n  , the 

d i r e c t i o n  of t h e  magnetic f i e l d  i s  generated (Figure  2 a ) .  

This  n e t  magnetization vec to r  c o n s i s t s  of a component of 

each nucleus i n  the  d i r e c t i o n  of the  app l i ed  f i e l d  summed 

over  a l l  of t h e  n u c l e i  within t h e  volume of the  c o i l .  When 

a rf pulse  a t  the Larmor frequency i s  app l i ed  through t h e  

a x i a l  c o i l  a magnetic f i e l d ,  El, i s  c rea ted .  This  f i e l d  

i s  o r i en ted  perpendicular  t o  t h e  s t rong  magnetlc f i e l d .  

The change . i n  f i e l d  d i r e c t i o n  causes a torque on , t h e .  n u c l e i  

which r e s u l t s  i n  t h e . t r a n s i t i o n  of n u c l e i  t o  the  h igher  

energy s t a t e  and moment n u t a t i o n .  The length  of time t h a t  

the  rf cur ren t  of cons tant  vol tage  i s  appl ied  determines 

the  angle ,  perpendicular  t o  t h e  x-z plane,  t h r o w h  which 

the  n e t  magnetization vec to r  i s  r o t a t e d .  A pulse  of proper  

length t o  t i p  the  magnetization vec to r  through go0, i n t o  

the  x-z plane,  i s  app l i ed  (Figure 2 b ) .  



Figure 2. Sequence of'moment nutation and precession 
which generates the spin-echo, as observed in 
the rotating system . . 



A f t e r  . th i s '  l e n g t h  of t ime t h e  rf p u l s e  i s  removed and 

t h e  magnet iza t ion  v e c t o r  p r e c e s s e s  about  t h e  s t a t i c  f i e l d ,  
- 
Ho. The l i n e s  of f o r c e  o f  t h e  p reces s ing  n e t  momentcu t  

t h e  c o i l s  of t h e  a x i a l  c o i l  and t h e  i nducedv61 tage  i s  picked 

up by t h a t  c o i l .  When t h e  n e t  moment i s  r o t a t e d  p r e c i s e l y  

i n t o  t h e  x-z p lane  t h e  l eng th  of t h e  x-z component i s  a 

maximum and t h e  induced v o l t a g e  i s  g r e a t e s t .  The f r e e  

p reces s ion  s i g n a l  beg ins  t o  decay immediately.  

The n u c l e i  tend t o  r e t u r n  t o  t h e i r  equ i l i b r ium,  lower 

energy  s t a t e ,  by a f i r s t  o r d e r  decay . w i t h  t ime c o n s t a n t  T1. 

A s  n u c l e i  r e t u r n  t o  t h e  lower energy  l e v e l  t hey  a l i g n  wi th  
- 
Ho which dec reases  t h e  magnitude of t h e  n e t  x-z component. 

The t ime c o n s t a n t  of  t h e  r e t u r n  ' t o  equ i l i b r ium,  T1, i s  

c a l l e d  t h e  s p i n - l a t t i c e  r e l a x a t i o n  t ime because t h e  

r e l e a s e d  energy  i s  exchanged between t h e  system of n u c l e a r  

magnets and t h e . l a t t i c e  of  v i b r a t i n g  atoms. 

The p reces s ing  n u c l e i  making up t h e  magnet iza t ion  

v e c t o r  l o s e  phase coherence because of ene.rgy ' i n t e r c h a n g e s  

w i t h i n  the s p l r ~  system. The v e c t o r  l o s e s  phase coherence 

by a time c o n s t a n t  T2, t h e  sp in - sp in  r e l a x a t i o n  t ime.  The 

sp in - sp in  decay r e s u l t s  because each i n d i v i d u a l  p reces s ing  

n u c l e a r  moment i n t e r a c t s  wi th  ne ighbor ing  s p i n s  through 

t h e i r  magnetic f i e l d s .  The t o t a l  magnetic f i e l d  of any 

s i n g l e  nuc leus  c o n s i s t s  n o t  on ly  of t h e  a p p l i e d  f i e l d  b, 
b u t  i n c l u d e s  a l s o  t h e  r e s u l t a n t  of t h e  s t a t i c  components 



of neighboring magnetic d ipo les .  The spread i n  the  app l i ed  

f i e l d  due t o  neighboring d i p o l e s  causes a v a r i a t i o n  i n  

precessi ,ng frequency which. r e s u l t s  i n  phase d i spe r s ion .  

Inhomogeneities i n  the  s t a t i c  f i e l d  a l s o  produce a d i s t r i -  . . 

but ion  of precess ional  f requencies  a c r o s s  t h e  sample. P r i -  

mar i ly  as a r e s u l t  of f i e l d  inh,omoge.neit'y, the f r e e  .pre- 

c e s s i o n a l  s i g n a l  i s  destroyed i n  a s h o r t  time as the  t i n y  

magnets fan out  i n  t h e  perpendicular  (x-z) plane,  some 
. . 

\ 

precess ing  f a s t e r ,  o t h e r s  slower than average (F igure  2 c ) .  

A t  a time T < T1 or .T2,  a second rf p u l s e  of s u f f i c i e n t  

d u r a t i o n  t o  r o t a t e  each moment 180' w i t h  r e spec t  t o  t h e  x-. 

a x i s  i s  app l i ed .  ~ e c a u s e  of t h i s  r e f l e c t i o n  about x, those. 

n u c l e i  which had a t t a i n e d  a phase lead  a r e  now lagging and ., 

t he  slower ones a r e  leading  (Figure  2d) .  When t h e  rf pu l se  
I 

i s  stopped, precess ion  again  cont inues around t h e  f i e l d  
- 
Ho. The phase coherence l o s t  because of f i e l d  inhomogene- 

i t i e s  i s  now regained a t  the  same r a t e  a t  which it was. 

l o s t  (F igure  2 e ) .  

A s  phase coherence i s  re -es tab l i shed ,  a sl&nal i s  

aga in  generated i n  t h e  pickup c o i l  w i t h  t h e  maximum ampli- 

tude occurr ing  a t  time 27 (Figure  2 f ) ,  a f t e r  which phase 

coherence i s  . l o s t  aga in .  The peak amplitude of t h i s  "spin-  

echo" i s  l e s s  than t h a t  of t h e  90' f r e e  precession s i g n a l  

because of s p i n - l a t t i c e  and spin-spin r e l a x a t i o n . '  F i g u r e  3 

shows a s imula t ion  of t h e  osc i l loscope  t r a c e  of the  90'- 



Figure 3a. 90' and 180' pulse shapes as viewed on the  
osci l loscope 

Figure 3b. Simulation of osci l loscope t r ace  of the 90' 
precession s igna l  and t h e  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 natural phenomenon of spin-echo NMR represents a 

very unique research tool because the entire 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 provided. 

Hahn (18) derived 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 Purcell.(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~ pulse sequence. Experimental results were in 

.close agreement with the theoretical relationships, . The . , 

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 magnetic resonance measurements have been 
I 

obtained by the observation of nuclear induction signals 

when the ensemble o'f nuclear spins is perturbed periodically 

by a small radiofrequency magnetic field. A large D.C. 
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magnetic field % establishes an oriented net spin distri- 
bution between the high and low energy levels,at thermal 

equilibrium. This produces a resultant magnetic 'moment 

No aligned parallel to fiO. The forced motion, nutation, 

of 5 results from subjecting the spin ensemble to a 
' rotating rf field Hl normal to -0. For resonance, the rf 

field must be of frequency w = w,, where zo = y G. The 

magnitude of the static field KO is equal the angular 

displacement divided by the gyromagnetic ratio 

The net moment is the summation of individual moments 
- 
M ~ (  w), where w varies due to inhomogeneities in the mag- 

netic field. 

The precession of H can b e  described by the torque 

equation 

if damping relaxation affects are neglected. 

The description of induction affects can be best 

explained by transforming to a coordinate system in which 

the x-z plane is rotating at angular frequency wo. If 

one c0nsiders.a moment precessing in this rotating system, 

the torque on the momen't due strictly to the rotation is 
- 

given by L = M x &, where Go = (0, wo, 0). Then to a 



stationary observer. outside the system, the total torque ,is, - . .  

DZ . . 
where is the torque observed in the rotating system and ' '  

rn x wo is the torque resulting from system rotation %. . . : . 
. 

Considering only the torque observed in the rotating system 

or by vector mathematics, 

Because the individual moments rotate in distinctive local 
- 
w fields go = - where go = (0, Ho, O), and Y 

If the mean moment' vector rotates at wo then 'the 'precession 

barque oral this vector as observed in the rotating aystem 

will be 

and the moment will appear stationary. ~ 1 1  other moments 

will appear to precess slowly with respect. to the rotating 

system, some faster, some slower. 



If the applied magnetic field inhomogeneity is 

assumed linear then 

where go is the static field parallel . to . the y-axis, G is , - 

the uniform magnetic field gradient in the y direction and 

y(t) is the instantaneous position in the y direction 

measured from the center of the tube. . .  

With this linear field gradient which is provided by 
. . 

the experiment, and by assuming no 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, 0, z) plane will appear stationary. Moments in 

(x,  y > 0, z )  planes will precess progressively faster, 

and moment's in (x, y < 0, z) planes will precess. progres- 

sively slower. A representation of the l(y) net moments is 

shown in F.igure 4a. 

Consider these moments when a rf pulse at frequency , .  

wo is applied. This  produces a ntagnr llo f ield El ,of 

frequency wo which rotates in the x-z plane.  his oscil- 
lating field can be represented as two vectors: 

- Hl H1 

HIL 
= (r Cos wet, 0, - Sin wet) 2 

H1 H1 
, =1R 

= (F cos (-wo)t, 0, - 2 Sin (-wo)t) 



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



. . 

which r o t a t e  i n .  oppos i te  d i r e c t i o n s .  s i n c e  i t '  has  been 

e s t a b l i s h e d  t h a t  t o  have' a n  e f f e , c t  the  f i e l d  must r o t a t e  a t  

(+  w o ) ,  t he  H f i e l d ,  which r o t a t e s  a t  - w o ,  may be ' 
. ' .  

1~ 
neglected.  The n u t a t i o n  t o r q u e  on each n e t  moment n ( y )  i s  

From t h i s ,  only t h e  E(0) moment w i l l  be nuta ted  d i r e c t l y  

i n t o  the  x-z plane.  The o t h e r  moments %(y) w i l l  p recess  

- e i t h e r  p o s i t i v e  o r  negat ive  w i t h  r e spec t  t o  uj0 dur ing  

nu ta t ion ,  and the  r e s u l t a n t  ensemble on removal' of the  90' 

pulse ,  w i l l  be as shown i n  Figure 4b. The magnitude of 

t h e  rf pulse  i s  determined by t h e  r e l a t i o n s h i p  of Equation 

25. Precession i s  now i n  the  y-z plane,, and w i s  equal  to,  

the  ' r e c i p r o c a l  of f o u r  t imes t h e  dura t ion  of t h e  90' pulse .  

A f t e r  the  90' pulse ,  t h e  torgue is aga in  given by 
* 

Equation 30, however, now E(y) Is i n  t h e  x-z plane and t h e  

torque causes r o t a t i o n  i n  t h a t  plane,  some forward, some 

. backward, w i t h  m(0) s t a t i o n a r y  i n  the  r o t a t i n g  system as ' 

shown i n  Figure 4c.  Moment r o t a t i o n  i n  the  x-z' plane c u t s  

l i n e s  of f o r c e  of t h e  app l i ed  f i e l d  fi0 and induces a 

vol tage .  



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 internal fields due .to neighboring nuclei 

and the forces. due to thermal lattice vibration must, be' 

included. Although these fields are much weaker than 

externally applied fields, they are of importance because 

their, cumulative affects act over a longer period of time. 

Consider a finite moment E. .The effects on 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,. only., thermal agitation can 

change the energy of the total spin system. Internuclear 

actions leave the total energy' c~~stant. The dominant 

part of the total spin energy En is caused by the strong 

external field KO in the y direction. 

Major changes in the total energy are therefore nec- 

essary due to a change of the polarization and it will be 

the thermal agitation which will be responsible for-these 

changes. The equilibrium value that IV$ will approach 

under the influence of thermal agitation is given by 
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. . 

where X is the magneiic susceptibility. 

If at any time % # Mo, it will approach this value 

exponentially with the characteristic time constant TI, 

the thermal or- longitudinal relaxation time. We can . . 

describe the rate of change of %, due to. thermal agitation 

. . . . alone .by 

which gives 

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

tends to return to the zo orientation. It is also the 

time for randomly oriented moments to align when placed in 

a strong magnetic field. 

For most substances, T1 is quite long, but : by the 
addition 'of a small amount of paramagnetic material the 

time can be shortened greatly. The molecules of the 

paramrgnetic substance act essentially as catalysts, with 

the relatively strong fields of their permanent magnets 

greatly reducing the relaxation time T1. 

Fields due to neighboring'nuclei also contribute to 

the establishment of the equll.ibrium because of their 

thermal agitation. . These fields are so small. that alone' . 



they would lead to extraordinarily long thermal relaxation . 

times with the influence .being;negligible. Internuclear 

actions can, though, be of importance for the changes of 

the other two components, Mx and MZ. The fact that the 

nuclei of their moments participate in the thermal agitation 

is of minor importance to M, and Mz 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 

energy .En into kine tic energy of the atoms. 

Processes, in which the total sp.in energy does not' 

change and which therefore affect only the Mx and M, com- 

ponents are not necessarily due .to internuclear forces 

alone. Small, irregular inhomogeneities in and the 
. . 

presence of othermoments such as paramagnetic ions will 

cause similar affects. Such action on Mx and MZ can be 

described including internuclear effects, by an effective 
. . 

irregularity of the, y field of order K'.. Then with this , 

11 field one has a transversalff relaxation time, T2, ' which 

is the time necessary for M, and M, to be appreciably 

affected. T2 is a time constant characterizing the rate 

at which or Mz decrease. 



.The effect of. the "transversal"~relaxat'ion time is 

considered to be exponential. Thus, 

and 

The same equation is used for Mx and M, because the system 

is assumed to be isotropic; 

The total rate of change 0f.R is obtained by adding 

the three effects 1) external forces, 2 )  longitudinal 

relaxation, and 3) 'transverse relaxation. The three . , ' 

components' of are then 



This  torque equat ion i s  not  w r i t t e n  i n  the  r o t a t i n g  

coordina te  system. 

Effect  . - of diff 'usion . , 

The e f f e c t  of p a r t i c l e  motion produces a s i g n a l  

a t t e n u a t i o n  i n  add i t ion .  t o  those dAscussed i n  the  preced- 

i n g  development. P a r t i c l e  d i f f u s i o n  inc reases  the  r a t e  of ' .  

phase d i spe r s ion  because the  average  f i e l d  seen by a .  , 

. . p a r t i c u l a r  nucleus between times 0 and T ' i s  n o t . n e c e s s a r i l y  

the  same f i e l d  seen by th i ' s  nucleus between t5mes T a ~ d  27. 

When a p a r t i c l e  moves i n t o  a d i f f e r e n t  magnetic f i e l d  i t s  

precess ion  r a t e  changes. A s .  a r e s u l t , ,  t'he"phase 1os.t 

between 0 gnd 7 ,  w i l l  n o t  i n  genera l  be t h e  same as t h e  

phase coherence regained by time 27. 

To measure the  e f f e c t  of d i f f u s i o n  it i s  necessary t o  

c r e a t e  a f i e l d  g rad ien t  i n  the  y d i r e c t i o n .  The g r a d i e n t  

G i s  obtained by p lac ing  symmetrically on each s i d e  of 

t h e  sample a c i r c u l a r  c o i l  of wire.  The cur ren t  d i r e c t i o n s  

should be such t h a t  t h e  f i e l d s  oppose each o the r .  The 

g r a d i e n t  must be small though so  H1 >> a, where a i s  t h e  

s tandard dev ia t ion  of t h e  y  f i e l d .  This  i s  requi red  so  

" t h a t  the  ind iv idua l  nuc lea r  moment frequencies  w i l l  be 

n e a r l y  equa3 t o  wo, and . thus  w i l l  a l l  be nutated very near  
. . 

t o  t h e  x - z  plane by the  90' pulse  (Figure  4 ) .  I n  addi -  

t i o n ,  if the  value of G i s  c a l c u l a t e d  from t h e  c u r r e n t  i n  

t h e  wires  i t  i s  necessary t h a t  G be l a r g e  compared t o  t h e  



average g rad ien t  i n  the  f i e l d  due t o  t h e  magnet. Figure 5 

shows t h e  opposing c o i l s  and how they  produce a l i n e a r  

g r a d i e n t  i n  t h e  y  d i r e c t i o n .  The theory and design informa- 

t i o n  f o r  the  g r a d i e n t  c o i l s  i s  given i n  Tanner ( 3 9 ) .  

The e f f e c t  of d i f f u s i o n  can be analyzed by cons ider ing  

the  motion i n  the  y  d i r e c t i o n  t o  be represented  by random 

d i s c r e t e  s t e p s .  For s i m p l i c i t y  we assume t h a t  a molecule 

remains i n  a given y p o s i t i o n  e x a c t l y  t 1  seconds, then 

abrup t ly  jumps t o  a new p o s i t i o n  whose y coordina te  d i f f e r s  

from the  previous one by bai, where b  i s  a f ixed  d i s t a n c e  

and ai, a random v a r i a b l e  whose value i s  e i t h e r  1 o r  ( -1) . 
The g r a d i e n t  of KO i n  t h e  y d i r e c t i o n  i s  cons tant  and 

of magnitude G,  gauss/cm. Let ~ ~ ( 0 )  be t h e  f i e l d  i n  which 

a given nucleus i s  loca ted  a t  t = 0 .  A t  some l a t e r  time 

t = j t t  the  nucleus w i l l  be i n  a f i e l d  H Y ( j t t )  given by 

A f t e r  N s t e p s ,  a t t  - N t t ,  t h e  phase angle  4 of the  pre-  

cess ing  moment of t h i s  nucleus w i l l  d i f f e r  from the  value 

60 it would have had a t  t h i s  same time i f  t h e  nucleus had 

remained i n  t h e  i n i t i a l  y  loca t ion .  The change i n  pre- 

cess ion  angle  i s  given by 



Figure - 5. Gradient of the s t a t i c  magnetic, Field . . 



O f  major. i n t e r e s t  here  i s  t h e  change i n  t h e  r a t e  of pre-  . 
. 

cess ion  and t h e  r e s u l t i n g  discrepancy i n  phase caused by 

t h e  t r a n s p o r t  of t h e  nucleus i n t o  a region where t h e  , '  

app l i ed  f i e l d  i s  d i f f e r e n t  . S u b s t i t u t i n g  f o r  ~ ~ ( t , ) '  

Since t h e  a i l s  a r e  random . . 

This  d i s t r i b u t i o n  w i l l  be Gaussian i n  t h e  l i m i t  of 

l a r g e  N.  So 

If N i s  l a r g e  the  lower powers of N can be dropped and one 

can a l s o  t r a n s f e r  from random s t e p s  t o  continuous d i f f u s i o n .  

By comparing the  s o l u t i o n  t o  the  d i f f u s i o n  equat ion 

, . 
where f ( x ,  y, z )  i s  t h e  p r o b a b i l i t y  d e n s i t y , .  then 



and 

where a is the standard deviation of Q(y). The distri- 

bution in phase of the moments across y after time ,t.' will be 

3 @ D ~  
4n y2 G* Dt3 -1/2 - 4G2 y2.Dt3' . ~ ( 6 ~ )  = ( 1 ' .  e 

3 

which represents the normal or Gaussian distribution. The 

intensity of the generated echo at time t is then a summa- . . 

tion over the frequency range 

for the echo following the 90' pulse. 
- 
~ ( t )  may be thought of as ~ ( t )  in the rotating system. 

The moment magnitude varies as expressed by Equation 54, 

and it rotates at wo generating the voltage represented 

by the 90' precession signal as shown on Figure 3. Since 

the probability distribution of the phase dispersion 

across the sample in the y direction is Gaussian, Equation 

511 integrates to , 

v2~2 Dt3 - 0 2 
- 3 - 

- - e 2 IMI(~) = ,1n0l e (55) 



However, t h e  echo a f t e r  the  180' pulse  i s  of prime impor- 

tance .  The e f f e c t  o n . ~ ~ u a t i o n  47 w i l l  be t o  r eve r se  t h e  
7 s i g n s  of a l l  terms beyond .j = - . I f  during t h e  time . 
t ' 

N t  ' i n t e r v a l  t ,= N t t ,  one 180' p u l s e  was appl ied  a t  t = - 
2 '8 

then 

N N where. c  = 1 from 0 'c j c - , = -1 from - < j < N.  hi^ 3 2 2. 
glves 

. I 

and i n  the  l i m i t  of l a r g e  N 

The i n t e n s i t y  of the  echo a t  any time t i s  given by 

Thus, decay caused by d i f f u s i o n  p l u s  n a t u r a l  r e l a x a t i o n  I 

.produces echo aktenuat ion  w i t h  time expressed as 

For  ' the  ' d i f f u s i o n  e f f e c t  t o  be s i g n i f i c a n t ,  



\ 

o r  the  t r ansverse  r e l a x a t i o n  w i l l  dominate t h e  a t t e n u a t i o n .  

Gradient c a l i b r a t i o n  

T h e  preceding d e r i v a t i o n  o f  t h e  shape of t h e  sp in-  

echo conta ins  no re fe rence  t o  the  volume of the  sample. 

The d i f f u s i o n  c o e f f i c i e n t  D refers t o  t h e  average volumetric 

value,  and t h e  shape o f  t h e  sample i s  a c t u a l l y  accounted 

f o r  by the g r a d i e n t  term G.  

Taking logarithms, Equation 60 i s  

~f I n  IHl ( t )  + 1 i s  p l o t t e d  a g a i n s t  t3 t h e  value of D 
I h l  T2 - 

can be c a l c u l a t e d  from t h e  s lope  of t h e  s t r a i g h t  l i n e  

curve.  These d a t a  must be obtained with a cons tant  f i e l d  

g rad ien t  and d i f f u s i o n  time. E r r o r  i n  determining t h e  

s lope  w i l l  in t roduce u n c e r t a i n t y  t o  the  value of D. 

The curve i s  a l s o  inf luenced by t h e  value of Tp.  The 

c o r r e c t  value f o r  T2 i s  q u i t e  d i f f i c u l t  t o  measure. An 

a l t e r n a t i v e  method may be used t o  determine d i f f u s i o n  

c o e f f i c i e n t s ,  and i t  provides t h e  b a s i s  f o r  measurement 

of p a r t i c l e  motion i n  a dynamic system. The'system requine-  

ment of Equation 60 i s  a cons tant  volume sample. When a 

flowing sample i s  measured over a range of t imes,  sample 



volume w i l l  change and the  cons tant  D cannot be determined. 

  ow ever,‘ i f  the  d a t a  i s  obtained . at .  f i x e d  d i f f u s i o n  time, 

In ~ ( t )  can be p l o t t e d  a g a i n s t  G* and t h e  d i f f u s i o n  c o e f f i -  . ' , 

c i e n t  D ca lcu la ted  from the  s lope.  For a t u r b u l e n t  sample 

t h e  p a r t i c l e  movement i s  much g r e a t e r ,  and the  cons tant  D 

i s  ac. tual ly  ~ ( t ) ,  the  tu rbu len t .  d i f f u s i v i t y .  A.lthough . . 

t he  d a t a  a r e  obtained f o r  a flowing sample, the  system 

volume remains cons tant  because the  flow r a t e  and d i f f u s i o n  

time a r e  no t  var ied .  

This  technique makes i t  unnecessary t o  measure T2; but 

a p rec i se  measurement of the  magnetic g r a d i e n t  i s  mandatory 

s ince  the  values of B a r e  squared. Because t h e  g rad ien t  

i s  provided .as i n  Figure 5, an  accura te  measure' .of t h e  

' c u r r e n t  through the  c o i l s  can be used t o  determine G.  

A s  s t a t e d ,  the  value of G i n  Equation 60 incorpora tes  

t h e  sample shape. The sample shape determines the  r e l a t i o n -  

s h i p  between the  g r a d i e n t  and t h e ,  c u r r e n t  through t h e  

g rad ien t ,  c o i l s .  

For a symmelrlcal g ~ a d i e n t  impoaed on thc f i e l d  go(y), 

t h e  s i g n a l ,  a t  any time t ,  of the  90' pu l se  i s  given by 

- 
I l l  ( t )  = I%l j' f ( & ( ~ ) )  Cos Y (WY) - H0(O))t d % ( ~ )  

which i s  summed a c r o s s  t h e  frequency range a t  a given time. 

For a l i n e a r  g rad ien t ,  f ) i s  represented  by an equal  



d i s t r i b u t i o n  of f i e l d  from Eo(-r) t o  % ( r )  as shown i n  

Figure 6a. The magnitude of the  average moment i s  

IFil( w )  = 
1 % 1  

CSA of sample * Gradient 

Then m ( w )  i s  mul t ip l i ed  by t h e  sample w i d t h  f o r  which i t  

a p p l i e s .  A s  a simple example, assume a square sample as 

shown i n  Figure 6b. Then 

. . 

Sin  Y Gyt 
= . IH01 ' ( 6 5 )  

Gy y t  

This  r e l a t i o n s h i p  of t h e  90' echo shape, with G could then 

be used t o  c a l i b r a t e  t h e  g rad ien t  c o i l s .  

A more u s e f u l  c a l i b r a t i o n  would be f o r  a c y l i n d r i c a l  

sample ( ~ i g u r e  6c)  . Then 

rn 
- 

''0' (2, s i n  Q )  Cos y (%(,) - ~ ~ ( 0 ) )  tdiio(y) I m l c t ,  = J' 3 
-m 



Figure 6 .  Moment dis tr ibut ion f o r  d i f ferent  sample 
shapes 



Sin  Q (COS y(Gr Cos Q ) ~ G ( - r  Sin  QdQ) Gnr . . 

- 2 - n Sin  Q C o s ( y G r t C o s Q ) d Q  

y .  G r t  

  qua ti on 66 provides the  r e l a t i o n s h i p  requi red  t o  

c a l i b r a t e  t h e  g rad ien t  f o r  a c y l i n d r i c a l  sample. Measure-. 

ment of t h e  time requi red  f o r  the  90' precession s i g n a l  

t o  decay a t  d i f f e r e n t  c u r r e n t  s e t t i n g s  determines G as a 

func t ion  of g rad ien t  c o i l  c u r r e n t .  

E f f e c t  of Flow 

Although t h e  technique of obta in ing  d i f f u s i v i t y  d a t a  

a t  f ixed  t imes by varying g rad ien t  permits  measurements t o  

be made with dynamic samples, t h e r e  is  a flow c h a r a c t e r i s t i c  

which must be considered. I n  spin-echo NMR measurement only 

moments which remain i n  the  sample f o r  t h e  e n t i r e  d i f f u s i o n  

time con t r ibu te  t o  t h e  spin-echo peak vol tage .  I n  a turbu-  

l e n t  flowing sample' a v e l o c i t y  p r o f i l e  i s  ' e s t a b l i s h e d ,  and 

more moments i n  t h e  f l u i d  n e a r e r  t h e  pipe w a l l  c o n t r i b u t e  

t o  the  s i g n a l  a t  time 27 s i n c e  t h e  p a r t i c l e s  i n  t h e  c e n t e r  

of the  tube have l e f t  the  r ece iv ing  c o i l .  Therefore,  a t  

1onger .observat ion  t imes and h igher  r a t e s  t h e  sample con- 



t a i n s  p rogress ive ly  l a r g e r  percentages of the  moments near  

the  w a l l ,  and the  d i f f u s i v i t y , v a l u e  i s  no longer  an average 

volumetric q u a n t i t y .  I n  t h e  extreme, t h i s  exp la ins  why the' 
-. spin-echo technique i s  l i m i t e d  t o  a small range of flow 

r a t e s  and d i f f u s i o n  times, s i n c e  moments must remain wi th in  

t h e  volume of t h e  re 'ceiving c o i l '  f o r  t h e  time 27 t o  induce 

t h e  spin-echo s i g n a l .  

Ca lcu la t ion  of Dif fus ion  Parameters i n  a 
Flowing Sample 

The peak amplitude of t h e  spin-echo may be expressed as , ' ,  

where ~ ( t )  desc r ibes  the  . a t t e n u a t i o n  of t h e  spin-echo by 

e f f e c t s  o t h e r  than d i f f u s i o n .  The f a c t o r  k accounts  f o r  

d i f f u s i o n  . e f f e c t s  and equals  e i t h e r  the  molecular d i f f u s i o n  

c o e f f i c i e n t  o r  t h e  d i f f u s i v i t y  depending upon flow r a t e .  

A s  d iscussed  w i t h  r e s p e c t  t o  g r a d i e n t  c a l i b r a t i o n ,  t h e  
-- 

t r a d i t i o n a l  technique f o r  ob ta in ing  k experimental ly  i s  t o  

p l o t  In "I ( t ,  versus  t3 and c a l c u l a t e  k from t h e  s lope  ( 9 ,  
A ( t )  

12) .  ~ ( t )  can be determined by measuring spin-echo a t t e n u a -  

t i o n  w i th  zero  g r a d i e n t .  Woessner (45) proposed ano the r  

method b y  whidh Ill ( t )  i s  measured a t  a '  func t ion  of G k t  a 

f ixed  value of t .  The s lope  of a p l o t  of i n  versus  G2 

i s  used t o  c a l c u l a t e  k. T h i s  procedure o f f e r s  more 

s i m p l i c i t y  i n  opera t  ion  s i n c e  t h e  pulse  sequence t iming 



need not  be var ied  during a run, and i t  i s  not  necessary t o  

measure ~ ( t ) .  This  g rad ien t  p l o t  procedure a l s o  al lows 
. . 

examination of a flowing sample, which would not  be poss ib le  

by t h e  time v a r i a n t  technique. 



EXPERIMENTAL WORK . . 

NMR Equipment 

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

tion system, electromagnet with power supply, sample coil, 

amplifying equipment' and a means of displaying the ind6ced 

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

shown in Figure 7. The following is specifications on the 

equipment. 

1. Electromagnetr-Varian Associated Model V-3700-1 

water cooled magnet, 6-inch dia. cylindrical pole 

caps, 1-1/4-inch air gap, field deviation not to 

exceed 0.1 gauss within 2.7 cm of pole cap axis. 

2. Magnet power supply--Varian Associated Model V-2900, t 

2 KW, current regulation to within 10 ppm for f 10 

percent line or load changes, field ripple less 

than 10 milligauss peak-to-peak in air gap. 

3. Trigger pulse generator--Magnion, Inc. Model PG- 

302 piilse p~ogranmel*, iiidi.uidua1 pulse width 

control. from 1 to 10 microseconds, delay time 

range 100 microseconds to 2 seconds, sequence 

recycle periods from 10 msec to 20sec with both 

automatic and manual options. 

4. 10 MC/S~C exciter--Magnion, Inc. Model TF-311, 

10 watt power output. 



Figure 7. Schematic diagram of' the spin-echo MMR c ircuit  . 



5. Gated amplifier--Arenburg Ultrasonics pulsed 

oscillator Model PG-~~O-C, converted to gated 

amplifier opera'tion, 100 watts peak power output. 

6. Balanced tuning .circuit--Twin coil balanced net-. 

work. 

7. Preamplifier--Arenberg Ultrasonics Model PA-620-B, 

gain 35 db. 

8. Amplifier--Arenberg Ultrasonics Model WA-600-c 

wide band amplifier, gain 85 db, 10 volt maximum 

detector stage output, recovery from extreme over- 

load in less than 0.1 msec. 

9 .  Oscilloscope--Tektronic, Inc. type 561 with a type 

3A1 DC to 15 MC/S~C amplifier.and a type 3B3 time 

base with delayed sweep triggering. 

10. Boxcar integrator--Princeton Applied Research 

Model CW-1, 10 volt maximum output with input 

sensitivity adjustment from 0.2 to 100 volts, time 

base range from 10 microseponds to 1 second, gate 

width adjustable from 10 to 100 percsnt of time 

base, and time constant range 0.1 msec to 100 sec. 

11. Digital voltmeter--Hewlett Packard Model 3440A 

with a 3443~ high gain-auto range plug-in unit, 

five digit read-out with voltage ranges of 10, 

100, and 1000. volts and accuracy.of better than 

0.05 percent of reading. 



C i r c u i t  components 3 through 9 were operated from.a 'Sorenson 

Model ARC 1000 ' AC r e g u l a t o r  providing supply vol tage regula-  

t i o n  t o  0.1 percent .  

The sample c o i l ,  which was both the  r f  pulse  t r a n s m i t t e r  

and t h e  response s i g n a l  r ece ive r ,  cons i s t ed  of 11 t u r n s  of 

number 20 Nyclad copper wire 3/8 inch i n  length  . . w i t h  an 

i n s i d e  diameter of 0 .475 , inches .  The g rad ien t  c o i l s  had 12 

t u r n s  each of number 20 Nyclad copper wire w i t h  a.mean 

r a d i u s  of 6.625 inches and a separa t ion  d i s t a n c e  of 0.52. 

inches .  The arrangement of t h e  pickup co i l -g rad ien t  . . coiLs,  

as i l l u s t r a t e d  i n  F igure  8, was mounted i n  a s p l i t  p l e x i g l a s s  

block. Di rec t  c u r r e n t  w a s  suppl ied t o  t h e  g r a d i e n t  c o i l s  by 

a Lambda Model LH 127 FM c u r r e n t  regula ted  power supply, 

which was modified by an i n t e g r a t e d  c i r c u i t  t o  g ive  c u r r e n t  

r e g u l a t i o n  t o  f 0.01 percent .  The p l e x i g l a s s  block was he ld  

r i g i d l y  i n  the  magnetic f i e l d  by a brass support  a r m  bol ted  

t o  t h e  magnet frame. 

The s e t  of rf pu l ses  were generated in  t h e  ga ted  

e x c i t e r  as low power 10 M C / S ~ C  ri' s i g n a l s .  These' s i g n a l s  

were then ampl i f ied  and squared o f f  ( f a s t  r i s e  t ime) i n  the  

gated a m p l i f i e r .  The t r i g g e r  pulse  genera to r  determined 

the  length  of each pulse,  and a l s o  t h e  time between pu l ses .  . ' 

The 10 M C / S ~ C  rf output  was connected t o  the  sample c o i l  

through a tuning network and t h e  resonance frequency of t h e  

tuning c i r c u i t  was matched with the  frequency of t h e  rf out -  



Figure 8. Sample and f i e l d  g rad ien t  c o i l  arrangement 

AXIS 



. put. Then by varying the magnetic field strength the 

Larmor frequency of the hydrogen nuclei was changed t~ a 

mean frequency of 10 MC/S~C. 

Flow .Sys tem 

The gravity flow system used for 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 was supported in a vertical position by a rigid 

aluminum framework which was fitted with clamps for align- 

ment. 

Water was reci'rculated in the system by a Randolf 

roller pump which was chosen over a centrifugal pump 

because it added only a negligible amount of heat to the 

water. The room. temperature in- the area of the equipment 
0 

was.thermostat1cally controlled to 25 C. ' The water 

temperature changed less than 0.3' C during an experimental 

run even though water temperature was not regulated by heat 

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 length 248 tube diameters of straight tube for 

flow profile development preceding the sample coil. 



NMR 

Figure 9.  Schematic diagram of the flow system 



., 
. ~xperimental Procedure 

 he spin-lattice relaxation time, TI, of distilled 
water is quite long, approximately one second. Since this 

is a measure of .the .time required for moment orientation 

in a magnetic field, it is necessary to reduce this time 

when studying flowing systems. Time constants T1 and T2 

were artificially shortened by the addition of a small . . 
3 

amount of paramagnetic salt (Mnc12 - 2~~0). . This was not 

a critical concentration, a solution of 0.0005 to 0.001 M 

MnC12 - 2 H20 was satisfactory. The catalytic action of 

the paramagnetic ions is quite complex. A detailed discus- 
° 

sion of the relaxation processes and -the artificially 
! 

shortening interaction is given by Pake (28). 

The procedure for tuning spin-e,cho 'M circuits and 

the establishment of the 9 0 ~ - 1 8 0 ~  pulse sequence has been 

described in detail by Schwartz (34). After the circuit 

was tuned, each pulse width was set. To determine the 

length of the 90' pulse, the programmer was set at the 

time corresponding to the first maximum of the 90' Induc- 

tion signal (Figure 3). 

Because it is much easier to determine the minimum or 

zero S.nduction signal thah a'maximum value, the preferred 

procedure is to f irst set the time duration of the 180' 

pulse. This represents nutation from the y to (-y) 

direction on Figure 2. The 90' pulse is then set for 



e x a c t l y  one-half the  power of. t h e  180' pulse.  

The c o r r e c t  180' pu l se  was placed on the scope and a 

photograph of i t  taken. The a r e a  of t h e  pul'se was then 

measured with a planimeter .  Since the  a r e a  i s  p ropor t iona l  

t o  t h e  pulse power, t h e  90' pulse  c o u l d t h e n  be s e t  very 

accura te ly .  The 9 0 ~ - 1 8 0 ~  sequence cons is ted  of pulses  of 

2 .5 and 5.0 microseconds i n  length  w i t h  a vol tage of 800 

v o l t s  peak-to-peak. During t h e  course o f .  the research  some' 

of the  pu l se  genera t ion  equipment had t o  b e  r epa i red .  Peak- 

t o  peak vol tage had dropped t o  3.25 v o l t s ,  w i t h  pu l se  t.imes. 

of 11.5 and 23.0 microseconds.. Thi,s v a r i a t i o n  . i n  pulse  

length  d id  not  appear t o  a f f e c t  the  d a t a .  The magnitude 

of the  generated rf magnetic f i e l d ,  (Ell( , as given by 

Equation 35, f o r  t h e  800 v o l t  pulses  was 23.5 gauss.  

Ca l ib ra t ion  of t h e  osc i l loscope  time base was checked. 
. . 

The v a l u e s , o f  27 i n  each run were s e t  by using t h e  boxcar 

i n t e g r a t o r  g a t e  as a mark, then  by us ing  t h e  delayed sweep 
. . 

of t h e  scope t h e  time between pulses  could be ad jus ted  

very accura te ly .  The acc,urbacy in pos i t ion ing  t h e  gate was . 

about * 0.01 d i v i s i o n s .  The pu l se  de lay  time was s e t  

exac t ly ,  so  the  tlme measurement accurac.y w a s  a minimum ' . 

of 5. 0.1 percent .  
. . 

The echo amplitudes were measured w i t h  a boxcar 

i n t e g r a t o r .  This  instrument i s  e s s e n t i a l l y  a .well con- 

t r o l l e d  c a p a c i t o r  which i s  charged t o  t h e  average vol tage 



'at t h a t  po in t  on t h e  s i g n a l  t h a t  is  being measured. By 

r e p e a t e d  measurements, w i t h  t h e  g a t e  of the  i n t e g r a t o r  

a l igned  with the  peak of t h e  spin-echo, the  vol tage  can be 
. * 

measured a c c u r a t e l y  even 1.n a .noisy s i g n a l .  The i n t e g r a t o r  
L 

output ,  always between 0  and 10 v o l t s ,  was measured with 

t h e  d i g i t a l  vol tmeter .  T h i s . s i g n a 1  . . f l u c t u a t e d  f o r  a turbu-  

l e n t  sample, but  s ince  t h e  logari thm of the  vol tage was 

p l o t t e d ,  accuracy t o  t h r e e  s i g n i f i c a n t  f i g u r e s  provided 

s a t , i s f a c t o r y  r e s u l t s .  

A s  has  .been s t r e s s e d ,  t h e  value of t h i s  technique us ing  

t h e  g r a d i e n t  p l o t  method of a n a l y s i s  i s  dependent on t h e  

accuracy of the  g rad len t  c o i l  c a l i b r a t i o n .  A s  der ived,  the  

shape  of t h e  90' induct ion  s i g n a l  f o r  a. c y i i n d r i c a l  sample 

i n  a cons tant  f i e l d  g r a d i e n t  perpendicular  t o  i ts  a x i s  i s  . 

The c o i l  system i s  c a l i b r a t e d  with a s t a t i c  sample by 

measurement of t h e  time of t h e  90' f r e e  induct ion decay. 

~ ~ ( y ~ r t ]  i s  equal  t o  zero  at to = 0 , .  and again  a t  t l  = 
. . 

decay time. Then 



For each value of g r a d i e n t  c o i l  c u r r e n t ,  Equation 69 g i v e s  

t h e  f i e l d  g rad ien t .  Photographs of t h e  echo were taken at  

each cur ren t  s e t t i n g .  Then the  decay time was measured as 

a c c u r a t e l y  as poss ib le .  A s  t h e  g r a d i e n t  increased,  t h e  zero  . . 

a t  tl became much sharper .  Time measurement accuracy was 

about 0 . 1  s c a l e  d i v i s i o n .  The c a l i b r a t i o n  curve used i s  

shown i n  ~ i ~ u r e  10. Severa l  s e t s  of c a l i b r a t i o n  d a t a  were 

taken over the  c u r r e n t  range of 0 t o  500 ma,and.  t h e  

r e s u l t i n g  d a t a  were f i t t e d - b y  a l i n e a r  l e a s t  squares  calcu-  

l a t i o n .  . . 

Woessner (45)  p o i n t s  out  c e r t a i n  precaut ions  which 

must be taken t o  mainta in  accuracy when us ing  t h e  g r a d i -  

e n t  p l o t  method. I n  Equation 67 t h e  numerical term ~ ( t )  

has  been found to be independent of both the  r f  n u t a t i o n  

ang les  and dev ia t ions  from exac t  resonance. However, t h e  

echo can be a r t i f i c i a l l y  damped by excessive f i e l d  g r a d i e n t ,  

because not  a l l  t h e  n u c l e i  a r e  nu ta ted  through the  same 

ang le  by the  rf pu l ses  as the  g r a d i e n t  changes ( ~ i g u r e  4) .  

For v a l i d  d a t a  t h e  moments must be nutated through the  

same angle  a t  each g r a d i e n t .  Woessner checked t h i s e x p e r i -  

mental ly  by examining the a t t e n u a t i o n  a t  very s h o r t  t imes 

s o  t h a t  t h e  exponential ,  term i n  Equation 67 was u n i t y .  The 

echo amplitude was measured as a func t ion  of ~ d / ( z ~ l .  The 



CURRENT, ma 

Figure 10. Calibration curve for the  f i e ld  gradient 
c o i l s  



decrease i n  amplitude was 5 percent  when ( G ~ / ( E ~  1) = 1. The 

percentage damping var ied  as 5 ( ~ d / ( % ( ) *  up t o  ( ~ d / l E ~ ( )  = 

3 .  For  v a l i d  d a t a  (glil( must be s e v e r a l  t imes l a r g e r  than 

Gd. The maximum grad ien t  used i n  t h i s  research  was l e s s  

than  4 gauss so  

and t h e  damping e r r o r  was 
. . .  

5 ( 0 . 1 3 7 5 ) ~  = 0.1% 

This  i s  a very important l i m i t a t i o n  t o t h e  g r a d i e n t  p l o t  

method as compared t o  t h e  c l a s s i c a l  method,' t h a t  of varying 

time. For samples having e i t h e r  s h o r t  T2 values o r  small 

d i f f u s i o n  c o e f f i c i e n t s ,  o r  f o r  flowing samples  a t  :high r a t e s  

and s h o r t  observat ion time, l a r g e  magnetic f i e l d  g r a d i e n t s  
. . 

a r e  necessary t o  produce echo a t t e n u a t i o n .  

The d i f f u s i v i t y  d a t a  were obtained by t h e  fol lowing 
. . 

procedure once t h e  p u l s e ' t i m e s  had been s e t :  

1. The. t ime T between pulses.  was s e t .  For t h e  

minimum c a l i b r a t e d  time' s c a l e  on t h e  osc i l loscope  

g r e a t e r  than I, a s h o r t  g a t i n g  pulse  from . . t he  

boxcar i n t e g r a t o r  was pos i t ioned .wi th  t h e  leading 

edge d i r e c t l y  a t  t = T .  Then the  scope was . . 

switched t o  delayed sweep and t h e  g a t e  pulse  

loca ted  again .  On t h i s  expanded s c a l e  t h e  180' 



pulse  was then s e t  a t  t h e  leading  'edge o f .  t he  
. . 

g a t i n g  pulse.  

2. The f l o w . r a t e  was s e t  by v i s u a l  observa t ion  of 

t h e  rotameter .  A motor w i t h  g e a r  reduct ion  was 

used t o  a c c u r a t e l y  s e t  the  flow r a t e .  

3 .  The g r a d i e n t  c u r r e n t  was s e t  t o  a predetermined 

value,  with the  c u r r e n t  i n d i c a t i o n  recorded. 

Recorder accuracy was 0.1 percent  of range, which 

w a s  e i t h e r  125, 250, o r  500 m a .  

4. The boxcar i n t e g r a t o r  g a t i n g  pu l se  was then 

pos i t ioned a t  the  peak of t h e  spin-echo. The 

s e n s i t i v i t y  s c a l e  of t h e  i n t e g r a t o r  was s e t  and 

t h e  g a i n  of t h e  video a m p l i f i e r  was a d j u s t e d  s o  

t h a t  the  induced peak vol tage  a t  the  minimum 

g r a d i e n t  value f o r  t h a t  run was about 10 v o l t s .  

The g a t e  - p u l s e  width was then s h o r t e n e d  s o  t h a t  

only t h e  peak vol tage  was i n t e g r a t e d ,  and t h e  

time cons tant  f o r  t h e  i n t e g r a t o r  was s e t  t o  g i v e  

t h e  optimum f l u c t u a t i o n  damping. 

5. The vol tage  value was read from t h e  d i g i t a l  

vol tmeter  and recorded, then the  g rad ien t  c u r r e n t  

was increased  and the  peak vol tage  again  recorded.  

6 .  The g r a d i e n t  was u s u a l l y  increased  u n t i l  t h e  

'. induced peak vol tage  was about 3 v o l t s .  



7. The, flow r a t e  was. then s e t  a t  a d i f f e r e n t  value ' ' 

. . 

and s t e p s  3 t o  6 repeated.  ' 

The above d e s c r i p t i o n  r e p r e s e n t s  t h e  technique requi red  

t o  obta in  each ind iv idua l  d i f f u s i v i t y  value.  The d a t a  were 

then p l o t t e d  as explained previously and t h e  d i f f u g i v i t y  

value ca lcu la ted  from t h e  s lope  of the  c u r v e .  Figure 11, 

r e p r e s e n t s  t h i s  curve f o r  a t y p i c a l  s e t  of d a t a .  Four s e t s .  

of d a t a  were obtained a t  each of f o u r  de lay  t imes,  and at  

seven d i f f e r e n t  flow r a t e s .  



Figure 11. Data for determining d l f f u s i v i t y  using the 

gradient p l o t  method 



RESULTS AND DISCUSSION 

Diffusivity as a Function of Time 

Average volumetric unidirectional . . eddy diffuslvity 

measurements were made for flowing samples over .a range of 

rates and diffusion times. Since the assumption 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~volumetric quantities. 

The effect of diffusion time on diffusivity value; was 

discovered independently of statistical turbulence theory 

while an attempt was being made to extend the work of Conway 

(11) to higher flow rates. One method of obtaining a low 

noise spin-echo NMR signal with attenuation at normal 

gradient for higher flow rates is to operate at shorter 

delay times. In preliminary work several different delay 

times were used and a wide band of data resulted. When it 

was realized that these data were a function of time, a 

1iLei~atui-e search led to eqi.~.a.t.l.ons such as 17 and 22. The 

time range of 4.0 to 10.0 msec diffusion time represented 

about the maximum region that the spin-echo equipment could 

accommodate up to a Reynoldst number of 7000. 

These diffusivity data are presented -on Figure 12.. 

Data were taken at seven different Reynoldst numbers in the 

range 3000 < NRe C 7000. Seven values were considered 

adequate since the resultant curve was quite smooth. The 
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Figure 12. Diffusivity versus Reynolds' number as a 
function of diffusion time : 



curves shown represen t  polynomial l e a s t  squares  f i t s  t o  the  

d a t a .  Each po in t  was r e p l i c a t e d  f o u r  times. - The average 

volumetric d i f f u s - i v i t y  and t h e  root-mean-square (RMS) 

e r r o r  f o r  each d i f f u s i o n  time a r e  given on Table 1 i n  t h e  

Appendix. 

The time dependence of the  d i f f u s i v i t y  d a t a  was q u i t e  

c o n s i s t e n t  f o r  flow r a t e s  above 5000 Reynoldst -number. 

Below t h i s  r a t e ,  though t h e  d a t a  was very reproducible ,  

t h e  time dependence was nonl inear  and e r r a t i c .  This  

.probably r e s u l t e d  because the  flow sample was no t  completely 

tu rbu len t  o r  t h e  flow p r o f i l e  had not  developed. Spin-echo 
11 NMR i s  such a s e n s i t i v e  t o o l  t h a t  one can almost see" flow 

t r a n s i t i o n .  From osc i l loscope  observat ions  i t  appeared 

t h a t  the  t r a n s i t i o n  range was much ' l a r g e r  than has been 

repor ted ,  with echo f l u c t u a t i o n  beginning a t  about a 

Reynoldst number of 1800 and no t  becoming s t a b l e  u n t i l  

f low reached a Reynoldst number of about 4000. 

The da ta ,  f o r  5000 > NRe > 7000, from Figure  12 were 

c r o s s  p l o t t e d  as ~ ( t )  versus 27 a t  f ixed  Reynoldst number. 
1 These po in t s  were then f i t t e d .  by a non l inea r  l e a s t  squares  

program t o  Equations 17 and 22. The computer program d e t e r -  
-2 mined t h e  bes t  values of v and TL t o  f i t  the  d a t a .  Figure 

13 represen t s  examples of these  curves ,  Nei ther  t h e o r e t i c a l  

equat ion appears  t o  f i t  t h e  d a t a  adequately,  dev ia t ing  most 

a t  t h e  s h o r t e s t  t imes.  Because t h e  Equations 17 and 22 a r e  
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Pigure 13. Nonlinear least squares fits to diffusivity 
data For the assumed correlations 



based on assumptions of t h e  shape of the  c o r r e l a t i o n  curve, 

and because the re  i s  no comparable d a t a  i n  t h i s  time \ . range, 

t h e  following r e l a t i o n  was used t o  improve t h e  f i t  a t  s h o r t  
-asl/2 

t imes.  ,If  ~ ( s )  = e  1/2 then TL = 2/a2 o r  a = ( 2 1 ~ ~ )  
, . 

This  g i v e s  

The nonl inear  l e a s t  squares  f i t  t o  t h i s  equat ion i s  ' . ' 

a l s o  shown on Figure 13. Although t h e r e  i s  only a small 

d i f f e r e n c e  i n  the  f i t  of these  equat ions t h e r e  a r e  s i g n i f  - 
i c a n t  d i f f e r e n c e s  i n  t h e  values f a r  T~ a n d  TL. Since t h e r e  

a r e  no d a t a  ins the  l i t e r a t u r e  t o  compare t o  a t  these  s h o r t  

t imes one cannot say  which, i f  any, of t h e  r e l a t i o n s h i p s  

6 i s  ' c o r r e c t .  It appears ,  t h a t  f o r  t h i s  experimental  
\J 

appara tus  t h e r e  was s l i g h t l y  more c o r r e l a t i o n  a t  very 

s h o r t  t imes than i s  p red ic ted  by t h e  exponentAa1 c o r r e l a -  

t i o n  decay assumptions. The d a t a  a r e  l i s t e d  i n  Table 2.  

While each assumed c o r r e l a t i o n  decay g ives  c o n s i s t e n t  
-2 r e s u l t s  f o r  v  , t h e  eddy v e l o c i t y  perpendicular  t o  flow, 



overall correlation was not shown to be a function of 

Reynolds I number. Figure 14' shows a correlation curve for 

this research which is representative of each of the three 

theoretical equations. At a Reynolds1 number of 5000, 

turbulence might not be strong enough to satisfy the,. . . 

required isotropic conditions. At a Reynolds1 number of 

5500 and 6000 the curves are nearly 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 isotropy in the 

sample, since there should be a distinc't curve .,for each dif - .. 

ferent Reynolds1 number,. The assumption of an isotropic 

sample, at least in the radial direction, which is necessary 

for mathematical solution of turbulence theory equations, 

can only be approached in actual experimentation. 

Eulerian correlation data similar to Figure 13 were 

obtained by Martin and Johanson (25). However, they were 

reporting on longitudinal turbulence fluctuations, which 

the work of Laufer (24) and Sandborn (33) has shown to be 

somewhat-different than the radial components. Using 

photographs of hot-filmanemometry signals displayed on an 

oscilloscope, values of voltage versus time were obtained. 

'-2 These data were then computed to determine u(t), u (t.), 

and u(t) u(t + tl) values. The correlation coefficient 

was calculated directly by Equation 4. Thesedata were in 
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Figure 14. .Correlation c o e f f i c i e n t ,  ~ ( t ) ' ,  at; di f ferent  
Reynolds ' numbers 



a much h igher  Reynolds1 number range because a . 6 - i n c h  d i a .  

tube was used, 19,000 <, 'NRe  < 160,000. A c o n s i s t e n t  

family of c o r r e l a t i o n  curves r e s u l t e d  from t h i s '  exper i -  

mentation. 

Lagrangian I n t e n s i t i e s  

The t h r e e  s e t s  of i n t e n s i t y  d a t a  g i v e n  i n  Table 2, make 

i t  d i f f i c u l t  t o  compare :with e x i s t i n g  d a t a ,  but the  values 

ca lcu la ted  by Equation 17 appear  t o  be i n  . c lose r  agreement 

w i t h  Euler ian  d a t a  which has been c i t e d  ( 2  33) .  On 

comparison of r e l a t i v e  r a d i a l  i n t e n s i t y ,  as shown i n . ~ i g u r e  

15, t h e  values obtained by t h l s  research  a r e  h i g h e r  than 

an  e x t r a p o l a t i o n  of the  work of Sandborn and a l s o  Laufer would 

i n d i c a t e .  For r e l a t i v e  r a d i a l  i n t e n s i t i e s ,  t hese  two l n v e s t i -  

g a t o r s  ' were i n  c lose  agreement. I n  c a l c u l a t i n g  the  ' r e l a t i v e  

values,  the  maximum v e l o c i t y  a t .  the  c e n t e r  of t h e  tube was 

no t  measured i n  t h i s  r e sea rch .  The maximum v e l o c i t y  was 

est imated from t h e  average v e l o c i t y  using the  d a t a  of Seneca1 

and Rothfus (36).  , The T ~ g r a n g i a n  d a t a  of Conway ( 11) are 
.J 

a l s o  somewhat lower, but i t  was ca lcu la ted  by Equation 1 3  

which assumes a c o r r e l a t i o n  c o e f f i c i e n t  of un i ty .  Figure 

14 shows that; c o r r e l a t i o n  decays even i n  t h e  s h o r t  ' t ime of 

3 msec. I f  the  d a t a  were r e c a l c u l a t e d  us ing  .Equation 17 

h igher  i n t e n s i t i e s  would r e s u l t  .. Both t h e  work of Conway 

and the  present  study, us ing  NMR methods, i n d i c a t e  a s l i g h t  

decrease i n  r e l a t i v e  i n t e n s i t y  as Reynoldst number decreases . .  
. . 
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Figure 15. Conlpariscrn of turbulent r a d i a l  i n t e n s i t i e s  . 
with e x i s t i n g  data 



This  i s  t h e  opposi te  of research  done using anemometry 

techniques (24,25,33) .  The change i n  s lope  may be t h e  

r e s u l t  of s h i f t i n g  from poin t  values i n  the  c e n t e r  of t h e  

duct  t o  average va lues .  Measured p r o f i l e s  (25, 33) have 

shown t h a t  t h e  average value i s  h igher  than the  c e n t e r  

value.  From t h i s  the  spin-echo NMR research  d a t a  could be 

somewhat h igher ,  as ind ica ted  on Figure 15. 

. Another reason f o r  t h i s  t r end  may be t h a t  turbulence 

i s  s t i l l  no t  f u l l y  developed. Only a small f l o w  range has  

been s tud ied  so  the  ques t ion  cannot y e t  be resolved and, 

at present ,  spin-echo NMR. i s  l i m i t e d  a t  about t h i s  maximum 

flow r a t e ,  but Hinze (21)  s t a t e s  t h a t  turbulence i s  not 

f u l l y  developed below a Reynoldst number of 10,000. The 

v i s u a l  observa t ions  of NMR s igna l s ,  seem t o  confirm t h i s  

idea,  i f  not,  t h a t  s p e c i f i c  value.  

The agreement between t h e  i n t e n s i t y  va lues  obtained i n  

t h i s  research  and t h a t '  of Conway, compared t o  those measured 

by anemometry methods, confirms t h a t  spin-echo.NM%can be 

a n  effective method f o r  otudying turbulenoe. Fur the r  

a p p l i c a t i o n  a t  h igher  Reynoldst numbers, w i t h  more exper i -  

mental precaut ions  taken t o  produce Iso t ropy,  should y i e l d  

more c o n s i s t e n t  c o r r e l a t i o n  r e s u l t s .  These d a t a  would 

e i t h e r  confirm o r  improve the  p r e s e n t . t h e o r y  of s t a t i s t i c a l  

turbulence.  



CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

1. Spin-echo NMR provides a very effective technique for 

studying fluid turbulence in a pipe. The technique 

gives a method for statistically following the motion 

of particles in a fixed volume of fluid. . The spin- 

echo technique has the advantage, when compared to 

other methods, of rapid, direct measurement without . . 

physically or chemically disturbing the flow.,' 

2. The collection of valid, diffusivity data as'a function 

-2 of time. gives the. turbulence parameters, v and TL, 

once'a correlation decay shape is assumed. Further 

work with this technique should clearly distinguish 

the correct correlation ,decay shape, then the turbulent 

flow parameters can be easily determined from diffusivity- 

time data using nonlinear least squares 'techniques. 

. . 3. Spin-echo NMR is a very sensitive analyt'cal technique, 

not limited by the response times or fsequencg semi- 

tivity limitations of many existing methods. With the 

electronic equipment available, such as the boxcar - . 

integrator, signals can be extracted from very noisy 

outputs . 
4. 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 



at the.critica1 -Reynolds1 number, but the transition 
, 

and its effect on the data i.s evident over a much - 
larger range. 

Recommendations 

1. 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 the magnitude 

at which the gradient causes artificial nutation. At . . 

these short times, T1 can be decreased to improve the . . 

time limitation of thermal-equilibrium. 

2. This study should be extended to much higher Reynolds1 

numbers; i.e., 200,000. To d o  this will require 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 field homoge- 

neity of the existing magnet' would allow this. 

3. The spin-echo technique can be used to study the flow 

of suspensions or emulsions. By adding nonresonant 

solids to the system, the effect of concentration on . 

turbulence could be determined.. 



NOMENCLATURE . . 

~ ( t )  attenuation function for .effects other than. 

diffusion, dimensionle'ss 

D molecular diffusion coefficient, cm2/sec . . " 

d tube diameter, cm 

~ ( t )  turbulent diffusivity, an average over time t, 

Gi magnetic field gradient in y-direc tion, gau&a/cm 
. . . . - 

static magnetic vector in' y-direction . , Ho 

magnetic vector of the rf pulse; 10 MC/S~C ' . 

' 

El 

!El magnitude of vector W, gauss 

I gradient coil current, ma 
. , 

first order ~ e s s ~ l  function Ji 
- 
L = dE/dt torque on the moment a 
WY) summation of the moments in each y-location 

( x - z  plane) at time ;t 

w t )  ' summation of all the moments in the coil at 

time t 

N ~ e  Reynolds' number 

~(4)~) distribution in phase of moments across y after , 

. 

time t 

R(s) Lagrangian correlation coefficient,, dimension-. 

less 

longitudinal, or spin-lattice, relaxation time, T1 

sec 



transversal, or spin-spin, relaxation time, sec 
. , 

length of the 90' pulse, sec t90 

t180 length of the 180' pulse, sec 

Lagrangian time scale of turbulence, sec T~ 
instantaneous turbulent velocity' of.particles in . . 

y-direction, cm/sec 

Lagrangian turbulence intensity, the mean-square 
2 2 turbulent velocity in the y-direction,: cm /sec 

distance in y-direction which a particle travelled 

in time t, cm 

average displacement in y-direction of a. large 

number of particles in time t, cm 

mean-square distance travelled in . y-dire& . tion by 

2 particles during time t,. cm 

gyromagnetic ratio of nuclei, gauss-lsec-l' 

phase of each m(y) moment 1 

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

t = O  

difference ln phase from b,,after time t 

time duration between the leading edges of. the 90' 

and '180' pulses, sec 

27 total diffusion time, .sec 

X . . magnetic susceptibility of the nuclei 
I 

wo resonant angular frequency of the center moment, 

Larmor frequency, sec-l 



1. Abragam, A. The principles of nuclear magnetism. 
London, England, Oxford. 1961. 

2. Andrew, E. R. Nuclear magnetic resonance. Glasgow, 
England, Cambridge. 1955. 

3. Arnold, D. W. Flow mqasurement by nuclear magnetic 
resonance techniques. Unpublished M.S. .thesis. Ames, 
Iowa, Library, .Iowa State,University of Science and 
Technology. 1963. 

4. Batchelor, G .' K. HomogeneQus turbulence. G.lasgow, 
England, Cambridge. 1953. 

5. Bird, R. B.,. W. E. Stewart, and E. N. Lightfoot. 
Transport phenomena. New York, N.Y., Wiley. 1960. 

6. Bloch, F. Nuclear induction. Phys. Rev. 73:679-712. 
1948. 

7. Brodkey, R. S. The phenomena of fluid motions. 
Reading, Mass., Addison-Wesley. 1967. 

-- - 

8. Capps, D. 0. and T .  R. Rehm. Empirical expressionfor 
the turbulent flow velocity distribution. I. and E. 
C. Proc . Des. and Dev. .7:311-3.13. 1968. 

. . . - - . . , . . . . . . - . . . --. . - .-. 

9. Carr, H. Y. and E. .M. Purcell. Effect of diffusion on 
free precession in nuclear magnetic resonance experi- 
ments. Phys . Rev. 94 :630-638. 1954. 

- -- . - - - _ . - 

10. . Christiansen, D. E. Turbule,nt liquid mixing. I. 'and 
E .  C. Fund. 8:263-271.' 1969. .. . .. 

11. Conway, J. E. A study of turbulent diffusion using 
spin echo NMR techniques. Unpublished Ph.D. thesis. 
Arnes, Iowa, Library, Iowa State University of Science 
and Technology. 1968. 

12. Douglass, D. C. and D. W. McCall. Diffusion in 
paraffin h drocarbons. Jour. Phys. Chem. 62:1102- 
1107. 195g. 

13. Flint, D. L., H. Kada, and T. J. Hanratty. Point source 
turbulent diffusion in a pipe. A. I. Ch. E. Jour; 6: 
325-331. 1960. 



Fran t i sak ,  F.  A.,  A. Palade de I r i b a r n e ,  J. W .  Smith, 
and R. L. Hwnmel. Nondi.sturbing t r a c e r  technique 
f o r  q u a n t i t a t i v e  'measurements i n  tu rbu len t  flow. I. 
and E. C .  Fund. 8:160-167. 1969. 

Goldstein,  R .  J. and W .  F. Hagen. Turbulent flow 
measurements u t i l i z i n g  the  Doppler s h i f t  of s c a t t e r e d  
l a s e r  r a d i a t i o n .  Phys. F lu ids  10:1349-1352. 1967. 

Gordon, S.  L. and C .  W .  Tobias. Unpublished M.S. 
t h e s i s .  Berkeley, Ca l i fo rn ia ,  Library,  Univers i ty  of 
C a l i f o r n i a .  1963. 

Grossman, L. M. and A.. F .  Charwat.  The measurement 
of tu rbu len t  v e l o c i t y  f l u c t u a t i o n s  by t h e  method of 
e lectromagnet ic  induct ion .  Rev. S c i .  I n s t r .  23:741- 
747 1952 

Hahn, E. L. Spin echos.. Phys. Rev. 80:580-594. 
1950 

Hanratty,  T. J. ' Heat t r a n s f e r  through a homogeneous 
i s o t r o p i c  tu rbu len t  f i e l d .  A. I. Ch. E . , ' Jour .  2:42-. 
45. ,1956. 

Hanratty,  T .  J., G .  Latinen, and R.  H.  Wilhelm. 
Turbulent d i f f u s i o n  i n  p a r t i c u l a t e l y '  f l u i d i z e d  beds 
of p a r t i c l e s .  A'. I. Ch. E. Jour .  2:372-380.. 1956. 

Hinze, J. 0. Turbulence. New York, N.Y., McGraw- 
H i l l .  1959. 

Johnson, D. C . Apparent r a d i a l  eddy d i f  f u s i v i t i e s  
c a l c u l a t e d  from spin-echo NMR observat ions .  Unpublished 
M.S. t h e s i s .  Ames, Iowa, Library,  Iowa S t a t e  Univers i ty  
of Science and Technology. 1966. 

Knudsen, J. G.  and D. L. Katz. F l u i d  dynamics and h e a t  
t r a n s f e r .  New York, N.Y., McGraw-Hill. 1958. 

Laufer, J. I n v e s t i g a t i o n  of tu rbu len t  f low i n  a two- 
dimensional channel. N a t .  Advis. Cornm. f o r  Aero. 
Report TN 1053. 1951. 

Martin, G. Q.. and L. 'N. Johanson. Turbulence char-  
a c t e r i s t i c s  of l i q u i d s  i n  pipe flow. A:I.  Ch, E. 
Jour.' 11:29-33. 1965. 



26. Mickelson, W. R. An experimental comparison of the 
Lagrangian.Eulerian correlation coefficients in 
homogeneous isotropic turbulence. Nat. Advis. Comm. 
for Aero. Tech. Note NACA TN 3750.. 1955. 

27. Mitchell, J. E. and T. J. Hanratty. A study of turbu- 
lence at a wall using an electrochemical wall shear- 
stress meter. J. Fluid Mech. 26:lgg-221. 1966. 

28. , Pake, G. E. ~undamentals of nuclear magnetic resonance 
absorption. I. Amer. Jour . Phys. 18 :438-452. 1950. 

29. Patterson, G. K. and J. L. Zakin. Hot-film anemometry 
measurements of turbulence in.pipe flow:' organics 
solvents. A. I. Ch. E. Jour. 13:513-518. 1967. 

30 Purcell, E. M. Nuclear magnetism in relation to 
problems of the liquid and solid states. Science 
107:433-440. 1948. 

31. Reiss, L. P. and T. J. Hanratty. An experimental 
study of the unsteady nature of the viscous sublayer. 
A. I. Ch. E. Jour. 9:154-160. 1963. 

. . 

32. Reiss, L. P. and T. J. Hanratty. .~easurement of . 

instantaneous rates of mass:trsnsfer to a small sink 
on a wall. A. I. Ch., E. Jour. 8:245-247. 1962. 

33. Sandborn, V. A. Experimental evaluation ,ofmomentum 
terms in turbulent pipe flow. Nat. Advis. Comm. .for 
Aero. . Tech. Note NACA TN 3266. 1953. 

34. Schwartz, J. Spin echo apparatus. Rev. Sci. Instr. 
28 : 780-789. 1957. 

35. Seagrave, R. C. Mass transfer in liquid streams, 
Unpublished M.S. thesis. Arne$, Iowa, Library, Iowa 
State University of Science and Technology. 1959. 

36. Senecal, V. E. and R. R. Rothfus. Transitional flow 
of fluids in smooth tubes. Chem. Eng. Prog. 49:533- 
538, 1953. 

37. Sherwood, T. K. and R. L. Pigford. Absorpblon and 
extraction. New York, N.Y., McGraw-Hill. 1952. 

38. Sirkar, K. K. and T. J. Hanratty. Limibing behavior 
of the transverse turbulent velocity fluctuations 
close to a wall. I. and E. C. Fund. 8:189-192. 
1969 



39. Tanner, J. E. Pulsed field gradients for NMR spin- 
echo diffusion measurements. Rev. Sci. Instr. 36: 
1086-1087. 1963. 

40. Taylor, G. I. Diffusion by continuous movements. 
London Math. Soc. Proc. 20~196-211. 1921. 

41. Taylor; G. I. statistical theory of turbulence. 
Royal Soc,.  ondo don) Proc. 151~:421-454. 1935. . . 

42. Taylor, G. I. Statistical theory, of -turbulence. 
Royal Soc.  o on don) Proc. 156~:307-325. 1936. 

43. Taylor,, G. I. and T. Von Karman. Turbulence. Jour. 
Royal Aeronaut. Soc. 41:1109-1143. 1937. 

. Torrey, H. C,. Bloch equations with diffusion terms. 
Phys. Rev. 104:563-565. 1952. . . 

45. Woessner, D. E. self -diffusion measurements in 
liquids by the spin echo technique; Rev. Sci. Instr. . . 

31:1146. 1960. 



ACKNOWLEDGMENTS. - 

The au thor  wishes t o  express  h i s  g r a t i t u d e  to D r .  , ' 

L .  E.  Burkhart f o r  h i s  c o n s u l t a t i o n  and encouragement 
. . 

. . 

provided during t h e  course of t h i s  research .  . ' 





Table 1. Diffusivity data as a function of diffusion time 

. . . . . . 

Avg. ~ ( t )  RMS error- $ ' RMS 

N ~ e  (cm2/sec) x lo3 (cm2/sec) x lo3 error . . 

. . 

, 2 ~  = 4 msec 



Avg. ~ ( t )  RMS e r r o r  $ RMS 
( cm2/sec) x 103 (cm2/sec) x 103 e r r o r  

. .  . 

27 .= 6'msec 

4.4000 0.6175 14.033.1 ' 

9.8323 0 3590 3.6513 



Table 2. Lagrangian parameters f o r  each assumed c o r r e l a t i o n  shape 

P -2 v -2 
TL L v 

2 
TL 

* ~ e  cm2/sec2 msec cm /sec2 msec cm2/sec2 msec 




