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1. INTRODUCTION 

Knowledge  of  turbulent  transport  properties  in  the  extreme  lower 

atmosphere  is  essential  for  determining  water  vapor  mixing,  evapora- 

tion  rates,  diffusion  of  pollutants  and,  generally,  transport of any 

material.  Turbulent  transport  can  be  analyzed  by  either  the  transfer 

theory o r  statistical  description.  In  the  transfer  theory (or 

K-theory)  the  rate  of  turbulent  transport  of  material  is  assumed 

locally  proportional  to  the  gradient  of  its  concentration.  The 

proportionality  factors  are  expressed  by  turbulent  exchange  coeffi- 

cients (or  eddy  diffusivities).  Phenomenological  models  of  this  sort 

basically  represent  the  turbulent  transport  as  an  enhanced or  "speeded- 

up"  molecular  diffusion.  Transfer  theories  provide  hence  an  overall 

gross  estimation  of  turbulent  transport  in  terms  of  the  K-coefficients. 

Initial  development  along  this  line  is  due  to  Boussinesq  [l], G . I .  

Taylor [ 2 ]  and  Prandtl [3].  Comprehensive  discussions  of  the  transfer 

theory  can be furthermore  found  in G.I. Taylor [ 4 ] ,  Prandtl [5], 

von  K6rmin  [6],  Sutton  [7],  Monin [ 8 ] ,  Priestley [9], Hinze [lo], 

Pasquill [ll] and  numerous  other  references. 

A fundamentally  correct  picture  of  the  actual  mechanism  of 

turbulent-transport  processes  can  be  achieved  by  following  the  motions 

of  the  fluid  elements  as  they  wander  through  the  flow  field.  Statis- 

tical  description  of  turbulent  transport  accomplishes  this  by  repre- 

senting  the  movement  of  the  fluid  particles  in  terms  of  suitable 

average  properties of the  fluctuating  velocity.  In  this  approach 

the  mean-square  particle  displacement,  which  is  essentially  a 

measure of turbulent  diffusion,  is  estimated  in  terms  of  the 

Lagrangian (or material)  turbulent  velocity  autocorrelation.  The 
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turbulent  exchange  cdefficient  is  then  the  time  rate of change of the 

mean-square  particle  displacement.  Determination  of  turbulent  exchange 

coefficients  hinges  therefoie  upon  knowledge of the  Lagrangian  auto- 

correlation.  Statistical  analysis  possesses  inherently  the  potential 

t o  provide  a  complete  description of turbulent  motion  and  transport. 

The  statistical  approach  was  first  suggested  for  homogeneous  turbu- 

lence  by G . I .  Taylor  in  1921  [12]  and  further  extended  by G . I .  Taylor 

[ 13,141,  Kamp; de F6riet [15],  Heisenberg [ 161  and  many  others. A 

collection of the  classic  papers on statistical  theory  by G . I .  Taylor, 

von  Kirmgn,  Howarth,  Kolmogoroff,  C.C.  Lin  and  others  can  be  found  in 

Friedlander  and  Topper [17]. Extensive  reviews of the  statistical 

treatment  can  be  found  in  Frenkiel [ M I ,  Townsend [ 191,  Hinze [ 101, 

Batchelor  [20], C.C. Lin  [21],  Pasquill [ll], Lumley  and  Panofsky  1221, 

Lumley  [23],  Monin  and  Yaglom  [24],  Csanady  [25]  and  a  great  number of 

other  references. 

Direct  estimation of  the  Lagrangian  autocorrelation  is  extremely 

difficult  due  to  intrinsic  problems  associated  with  measuring  the 

velocity of each  moving  fluid  particle.  Consequently,  myriad  attempts 

have  been  made  to  deduce  the  Lagrangian  autocorrelation  from  the 

readily  measurable  Eulerian  velocity. A thorough  review of these 

methods  will  not  be  given  here  since  the  background  literature  is 

easily  accessible. On the  other  hand,  their  main  features  pertinent 

to  the  work  presented  herein  are  briefly  discussed.  The  available 

approaches  for  the  estimation of the  Lagrangian  autocorrelation  can  be 

generally  categorized  into  three  broad  groups  based on their  salient 

traits.  These  three  classes  are: (1) the  linear  correlation; (2) the 

moving-frame  autocorrelation;  and, (3)  the  probability  method.  All 
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these  three  methods  infer  basically  that  the  Lagrangian  autocorrelation 

exhibits  similarity  to  some  particular  Eulerian  correlation  function. 

In  the  linear  correlation  approach  it  is  proposed  that  the 

shape of the  Lagrangian  autocorrelation  is  similar  to  either an axial 

Eulerian  cross-correlation  E261  or  a  single  Eulerian  autocorrelation 

[27]  provided  that  the  turbulence  is  homogeneous  and  isotropic. The 

Lagrangian  autocorrelation  is  then  derived  by  simply  contracting or 

stretching  either of the  foregoing  Eulerian  correlations  by  means of 

an empirical  linear  factor of proportionality.  In  neither  case, 

however,  does  the  coefficient  of  proportionality  possess  a  unique  value. 

The  linear  cross-correlation  method  was  put  forth  by  Mickelsen  in  1955 

[26]  based  on  a  mass  diffusion  experiment  in  the  core of a  pipe  where 

the  turbulence  is  isotropic.  In  this  approach  the  time  and  space 

coordinates  of  the  Lagrangian  autocorrelation  and  the  Eulerian  longi- 

tudinal  cross-correlation,  respectively,  are  related  by  a  single’ 

linear  coefficient of proportionality.  Values  of  this  contracting 

proportionality  factor  varying  from  0.55  to  0.725 (32% variation), 

depending  on  the  mean  and  turbulent  velocity  levels,  were  reported. 

An average  value  for  this  factor  of  roughly 0.6 was  further  proposed 

throughout  a  turbulent  velocity  range  from  0.55  to  4.27  m/s  (1.8  to 

14 ft/s). 

It  is  postulated  in  the  linear  autocorrelation  approach  that  the 

Lagrangian  autocorrelation  is  identical  in  shape  with  a  single  Eulerian 

velocity  autocorrelation  at  a  fixed  point  in  space  but  their  time 

scales  are  different.  The  underlying  hypothesis of this  method,  which 

was  advanced  by  Kay  and  Pasquill  in  1959  [27],  is  that  in  homogeneous 
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turbulence  the  Lagrangian  autocorrelation  decays much more slowly  than 

the  Euler ian  veloci ty   autocorrelat ion  measured a t  a fixed  poi'nt. 

Consequently, it was suggested  that   the   former  can  be  obtained by 

l inear   s t re tch ing   of   the   t ime  coord ina te   o f   the  la t ter .  Values  of  the 

l inear   s t re tch ing   fac tor   changing  randomly  from 1.1 t o  8.5 (87% va r i a -  

t i o n )  were inferred  based on a diffusion  experiment a t  ground  level. 

Despi te   this   considerable   scat ter ing  an  average  Lagrangian time s c a l e  

of four times the  Eulerian time s c a l e  was suggested.  This  presumption 

was put   for th   in   the  l ight   of   lack  of  a sys temat ic   var ia t ion   o f   the  

t ime  scaling  coefficient  with  the  changing wind  and s t r a t i f i c a t i o n  

c h a r a c t e r i s t i c s .  I t  is  important t o  remark t h a t   t h e   a u t o c o r r e l a t i o n  

l inear   ex tens ion   y ie lds   bas ica l ly  a c ross -cor re la t ion   cont rac t ion  

f ac to r   equa l   t o   un i ty  [ll]. A similar l inear   s t re tch ing   of   the   t ime 

coordinate  in  relating  the  Lagrangian and Euler ian   au tocorre la t ions  

was proposed by Angel1 i n  1964 [28] based on moni tor ing   the   t ra jec-  

t o r i e s  of t e t roons  a t  heights  near 762 m (2500 f t ) .  An average  value 

of  about 3 . 3  was put   forward   for   the   l inear   t ime  coef f ic ien t .   This  

average  value was impl ied   in   sp i te  of observing a strong  tendency 

f o r   t h i s  time scale to   i nc rease  from 1 t o  7 (86% variat ion)   with 

decreasing  turbulence  intensi ty  from 0.35 t o  0.05. Although  not 

e x p l i c i t l y   s t a t e d  it appears   that  homogeneous turbulence was insinu- 

a ted.   In   addi t ion,   the  time coeffici .ent augmented with  increasing 

s t a b i l i t y .  The similari ty  in  shape  of  the  Lagrangian  autocorrelation 

and $he Euler ian   cor re la t ion  measured a t  a f ixed   po in t   (essent ia l ly  

the  Euler ian  autocorrelat ion)  was f u r t h e r  set f o r t h   i n  a q u i t e  

i n d i r e c t  way by Snyder  and Lumley i n  1971 [29] .  In t h i s  work t h e  

motion  of  single  spherical   beads  of  different  weights  in a v e r t i c a l  
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wind  tunnel  in  homogeneous  and  isotropic  turbulence  was  monitored 

photographically.  The  heavy  particle  correlations  were  interpreted  as 

representative  Eulerian  correlations  while  the  light  particle  correla- 

tions  were  construed  as  Lagrangian  autocorrelations.  Based  on  these 

far-reaching  assumptions  the  ratio  of  Lagrangian  to  Eulerian  auto- 

correlation  integral  time  scales  was  crudely  estimated  to  be  about 3. 

In  the  moving-frame  autocorrelation  approach  it  is  implied  that 

the  Lagrangian  autocorrelation  can  be  estimated  by  the  envelope  of  a 

set  of  Eulerian  space-time  cross-correlations  of  the  longitudinal 

fluctuating  velocity  in  homogeneous  and  isotropic  turbulence.  This 

envelope,  which  connects  the  peaks  of  the  cross-correlations,  is  in- 

terpreted  as  a  moving  Eulerian  autocorrelation  which  would  be  measured 

by  a  probe  traveling  steadily  at  the  mean  velocity.  This  scheme  was 

put  forward  by  Baldwin  and  Walsh  in 1961 [30] and  further  explored  by 

Baldwin  and  Mickelsen  in  1963  [31]  based on  a  pipe  diffusion  experi- 

ment  in  isotropic  turbulence  resembling  that  described  in  Ref. 26. 

It  is  basically  implied  in  this  method  that  the  moving  Eulerian  auto- 

correlation  and  the  Lagrangian  autocorrelation  are  of  similar  shape  but 

of different  scales.  Values of the  factor  relating  the  varying  axial 

separation  distance of the  cross-correlations  to  the  time  coordinate 

of the  Lagrangian  autocorrelation  ranging  from  1.2  to 0.14 (88% varia- 

tion)  were  reported  for  longitudinal  turbulent  velocity  changing  from 

0.55 to  1.46  m/s  (1.8  to 4.8 ft/s)  [31].  It  is  interesting  to  note 

that  the  corresponding  range of  the  linear  autocorrelation  stretching 

factor [27]  would  be 40 to  4.7. 

A similar  equivalence  between  the  moving  Eulerian  time  correla- 

tion  and  the  Lagrangian  autocorrelation  was  proposed  by  Deissler  in 



6 

1961  [32]  for  decaying  homogeneous  turbulence.  It  was  further  shown 

that  these  two  autocorrelations are approximately  equal  for  low  tur- 

bulence  levels  (large  decay  times)  and  small  diffusion  times, On the 

other  hand,  based on'a heat  dispersion  experiment  in  approximately 

isotropic  turbulence  Shlien  and  Corrsin  in  1974 [33]  asserted  that  the 

Lagrangian  autocorrelation  is  rather  different  in  shape  from  the 

moving  autocorrelation.  In  this  work  the  Lagrangian  autocorrelation 

was  estimated  by  trial  and  error  utilizing  the  Lagrangian  micro  and 

integral  time  scales  which  were  computed  from  dispersion  data. 

The  probability  method  is  based  on  the  conjecture  that  for  very 

long  time  intervals  the  displacements of fluid  particles  become 

statistically  independent of the  velocity  distribution  in  homogeneous 

turbulence.  Then  it  was  inferred  that  the  Lagrangian  autocorrelation 

approaches  asymptotically  the  average  weighted  Eulerian  space-time 

cross-correlation  function.  In  other  words,  the  Lagrangian  auto- 

correlation  is  approximated  asymptotically  by  a  domain  integral  over 

the  entire  flow  field  (volume  integral) of  the  Eulerian  two-point 

two-time  cross-correlation  when  the  weight  function  is  the  particle 

displacement  probability  density  function.  Generally,  this  probabii- 

ity  density  function  is  unknown.  This  scheme  was  initially  advanced 

by  Corrsin  in  1959  [34]  for  homogeneous  turbulence  and  extended  by 

Saffman  in  1963  I351  for  small  time  intervals  in  isotropic  turbulence. 

In  the  latter  case  the  Lagrangian  autocorrelation  is  expressed  by an 

integro-differential  equation  for  the  mean-square  displacement of  a 

fluid  particle  in  terms of the  spectrum  function of  the  Eulerian  space- 

time  cross-correlation.  Additionally,  a  normal  probability  density 
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function  for  the  displacement  was  assumed.  The  Lagrangian 

autocorrelation  was  then  computed  for  isotropic  turbulence  assuming  an 

exponential  decaying  spectrum  and,  subsequently,  compared  with  the 

moving  Eulerian  autocorrelation. As a result  it  was  found  that  the 

ratio of the  integral  time  kcales  of  the  moving  Eulerian  autocorrela- 

tion  and  the  Lagrangian  autocorrelation is roughly  1.25  times the 

longitudinal  turbulence  intensity  for  small  values  of  the  latter  [35]. 

As regards  the  linear  autocorrelation  approach  the  foregoing  result 

yields a linear  autocorrelation  stretching  factor  of  5.6  for  an 

axial  turbulence  intensity  of  about 0.14. 

The  probability  approach  was  further  explored  by  Kraichnan  in 

1964 [36]  in  isotropic  turbulence  without  any time interval  restric- 

tions. In this  analysis  the  Lagrangian  and  Eulerian  velocity  fields 

were  expressed  in  terms  of a passive  scalar  labeling  field  [37]  and 

the  direct-interaction  approximation  for  this  scalar  field  [38,39] 

was  utilized. The Lagrangian  time-covariance  (autocorrelation)  was 

then  represented  by  an  average  of  the  Eulerian  space-time  covariance 

(cross-correlation)  over  the  effective  volume  occupied  by  the  particle 

displacement  probability  distribution  function  at  any  difference  time 

(lag  time).  Basically, a similar  domain  integral  representation  was 

introduced  as  an  asymptotic  approximation  in  Ref.  34.  The  direct- 

interaction  approximation  predicts  furthermore  that  the  Lagrangian 

autocorrelation  falls  off  more  rapidly  than  the  Eulerian  autocorrela- 

tion  at a fixed  point  [36].  This  leads t o  a linear  autocorrelation 

factor  smaller  than  unity  which  is  in  opposition  with  the  results 

presented  in  Ref.  27. 
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AT1 additional  attempt  to  relate the Lagrangian  autocorrelation 

to  the  Eulerian  correlation  function  using  the  probability  approach 

was  reported  by  Philip  in  1967 [40]. In  this  paper  it  is  proposed 

that  the  Lagrangian  autocorrelation  in  isotropic  turbulence  can  be 

estimated  by  a  space-time  integration of the  weighted  Eulerian 

correlation  function  of  the  longitudinal  turbulent  velocity  in  an 

arbitrary  direction  (space-time  cross-correlation) . The  probability 

density  distribution  function  governing  the  probability  of  finding 

at  a  given  position  after  a  certain  time  interval  a  particle re- 

leased  at  some  arbitrary  point  in  space  was  introduced  as  the  weight 

function.  Although  this  hypothesis  possesses  some  physical  plausi- 

bility,  its  rigorous  justification  is  not  possible  and,  consequently, 

the  pressing  need for supplying  experimental  support  was  recognized 

by  its own proponent [40] .  The  Lagrangian  autocorrelation  was  then 

expressed  by an integral  equation  assuming  a  Gaussian  probability 

density  distribution  function  and  an  exponential  decaying  Eulerian 

space-time  cross-correlation.  This  integral  was  solved  in  terms of  a 

parameter  which  depends  on  the  Eulerian  axial  turbulent  velocity,  and 

Eulerian  integral  time  and  longitudinal  length  scales.  Subsequently, 

it  was  found  that  the  ratio of the  integral  time  scales of the 

Lagrangian  autocorrelation  and  the  moving  Eulerian  autocorrelation 

increases  with  diminishing  longitudinal  turbulence  intensity. The 

method  suggested  in  this  paper [40] is  by  and  large  similar  in  a 

number of respects  to  the  analysis  presented  in  Ref. 35. On  the  other 

hand,  the  values  of  the  integral  time  scales  ratio  suggested  in  Ref. 35 
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are 2 to 3 times  larger  than  their  counterparts  deduced  in  Ref. 40 for 

same  longitudinal  turbulence  intensity. 

This  brief  review  of  the  various  available  methods  for  the 

estimation  of  the  Lagrangian  autocorrelation  clearly  reveals  the  wide 

disparities  in  both  the  basic  approach  and  useful  results.  In  the 

light of the  significant  discrepancies  among  these  numerous  attempts 

further  investigation for the  sake  of  putting  forth  a  relationship 

between  the  Lagrangian  autocorrelation  and  the  readily  measurable 

Eulerian  correlation  function  is  undoubtedly  warranted.  Evidently,  the 

physical  validity of such  a  relationship  is  entirely  contingent  upon 

adequate  experimental  substantiation. 
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2. OaJECTIVE 

The  present  investigation  focused on the turbulent  transport 

properties  in  the  extreme  lower  atmosphere  which is defined  as  the 

layer  extending up  to  about 5 m  (-16  ft)  above  earth's  surface. 

Determination of turbulent  transport of any  transferable  quantity 

depends  basically  upon  knowledge of the  turbulent  exchange  coeffi- 

cients.  The  turbulent  momentum  eddy  diffusivity  is  of  prime  interest 

since  both mass and  heat  transport  coefficients  are  commonly  ascer- 

tained  in  terms  of  it.  In  this  study  the  statistical  analysis of 

turbulent  transport  was  adopted  in  the  light of its  apparent  superi- 

ority  with  respect to the  transfer  theory  approach  considering  the 

random  nature of turbulent  flow.  The  turbulent  exchange  coefficient 

can  be  then  assessed  in  terms of the  Lagrangian  turbulent  velocity 

autocorrelation. 

To start  with,  a  method  for  approximating  the  statistical 

stationarity of turbulent  velocity  was  developed as  a  necessary  pre- 

requisite  €or  the  statistical  analysis. A relationship  between  the 

Lagrangian  and  Eulerian  autocorrelations of turbulent  velocity  was 

sought.  The  underlying  approach  for  this  model  was  that  the 

Lagrangian  autocorrelation  can  be  expressed  by  means of  a  space 

integral of  a  set  of  Eulerian  autocorrelations  which  generally  are 

readil'y  measurable.  The  experimental  work,  which  was  strongly 

stressed,  concentrated on estimating  the  turbulent  momentum  eddy 

diffusivity  and mass exchange  coefficient  based  on  the  foregoing 

met  hod. 

Simulation of the  turbulent  flow  in  the  extreme  lower  atmosphere 

was  achieved  employing  the  wake  flow of a 3.04 m (10 ft)  diameter  fan 
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installed  at  the  Colorado  State  University  Environmental  Field  Station. 

Flow  visualization  by  means  of  smoke  and  balloons  was  used  to  gain  an 

overall  picture  of  the  flow  pattern.  The  measurements  concentrated 

solely  on  the  longitudinal  turbulent  velocity  since  its  energy  is 

significantly  greater  than  that  of  the  other  two  velocity  components. 

Detailed  surveys of axial  turbulent  velocity  at  five  fixed  stations 

within  the  wake  were  carried  out  simultaneously  under  dry,  stable 

conditions  employing  an  array  of  five  hot-wire  anemometers.  Such  an 

array  of  probes  is  essential  for  obtaining a set  of  concurrent  Eulerian 

autocorrelations  necessary  to  estimate  the  Lagrangian  autocorrelation. 

The  turbulent  momentum  eddy  diffusivity was then  deduced  from  the 

Lagrangian  autocorrelation.  Subsequently,  the  diffusion of a gas  was 

predicted  assuming  equal  momentum  and  mass  exchange  coefficients.  The 

computed  gas  concentration  was  further  substantiated  through a mass 

diffusion  experiment  utilizing  sulfur  hexaflouride  emitted  from a 

point  source  located  within  the  wake.  Similar  results  are  expected 

for turbulent  transport  of  water  vapor,  pollutants or any  admixture. 
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3. ANALYSIS OF TURBULENT TRANSPORT 

The turbulen t   t ranspor t   o f  water vapor   or   pol lutants   and,  

general ly ,   of  any t ransferab le   quant i ty ,   e .g . ,  momentum and  energy, 

within  the  lower  atmosphere i s  d i f f u s i v e   i n   n a t u r e .  Due t o   t h e  random 

character  of  turbulence,  it is  necessary  to   express   the  turbulent-  

t r a n s p o r t   r a t e s ,  i .e. ,  turbulent   exchange  coeff ic ients   or  eddy diffu-  

s iv i t i e s ,   o f   t hese   quan t i t i e s   i n   t e rms  of s t a t i s t i ca l   func t ions   o f   t he  

tu rbu len t   ve loc i ty   f i e ld  and of  boundary o r   i n i t i a l   c o n d i t i o n s .  

Determination  of  turbulent mass t r anspor t  depends upon  knowledge of 

the   tu rbulen t  momentum exchange coe f f i c i en t .  The la t te r  can  be 

es t imated   in  terms of   the   tu rbulen t   ve loc i ty   au tocorre la t ion   o f  moving 

f luid  par t ic les   through  the  f low  f ie€d,   i .e . ,   the   Lagrangian  auto-  

correlation  [10,12,15].  Since  the  Lagrangian  autocorrelation  cannot 

be  measured d i r e c t l y ,  it is of  prime  importance t o   a d e q u a t e l y   r e l a t e  

it to  the  readi ly   measureable   Euler ian  autocorrelat ion,   i .e . ,   the   auto-  

co r re l a t ion  a t  a f ixed  point   in   space.  The analysis  presen'ted  herein 

focuses on relating  the  Lagrangian and Euler ian  autocorrelat ions.  

3 .1   Stat ionari ty   of  a random process 

Turbulent  velocity i s  b a s i c a l l y  a random process  and,  hence, i t s  

p rope r t i e s   a r e  examined  by s t a t i s t i c a l   t e c h n i q u e s .  Random processes 

may be   e i ther   s ta t ionary   o r   nons ta t ionary .   In   the   former   case   the  

s ta t is t ical  average  propert ies  are time  independent  whereas i n   t h e  

l a t te r  case  they are time varying. A t o t a l l y   s a t i s f a c t o r y  methodology 

for   analyzing a l l  classes of  nonstationary random processes is  not   yet  

ava i lab le   due   to   the i r   un ique   proper t ies .  On t he   o the r  hand,  adequate 

s ta t is t ical  methods a r e   a v a i l a b l e   f o r   s t a t i o n a r y  random processes, 
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i.e., statistically  steady  random  processes.  It  is  consequently 

imperative to assess  the  stationarity of  the  turbulent  velocity  field 

for  ensuring  the  reliability of its  computed  statistical  average 

properties.  In  regard  to  atmospheric  turbulence  this  is of consider- 

able  significance  since  it  possesses  a  greater  likelihood  to  be  non- 

stationary  than,  say,  wind-tunnel  turbulence.  Its  nonstationarity  can 

result  from  effects  induced  by  nonuniform  terrain  and  varying  mean  wind 

which  assist in generation of turbulence. 

Determination of turbulence  stationarity  is  contingent  upon  the 

availability of a  sufficiently  large  number of turbulent  velocity 

records.  The  collection of these  sample  records,  which  are  in  practice 

finite  time  histories  of  length Tr of the  random  turbulent  velocity 

u(t), form  an  ensemble.  This  is  represented  by  the  set {u(t)), where 

the  braces  designate an ensemble of sample  records.  All  sample  records 

in  the  ensemble  must  be  collected  simultaneously  in  independent  flows 

under  exactly  similar  physical  situations  and  utilizing  identical  mea- 

suring  instruments.  The  statistical  properties of the  random  turbulent 

velocity  field  are  described  by  the  ensemble  second  moment,  i.e.,  the 

autocorrelation,  and  by  ensemble  higher  order  moments  whenever  neces- 

sary.  In  the  light of the  intrinsic  definition of turbulence,  the 

mean  value  of  the  turbulent  velocity,  i.e.,  the  first  order  moment,  is 

zero [lo]. The  ensemble  moments  are  estimated  by  averaging  over  all 

sample  records  comprised  in  the  ensemble.  This  ensemble  averaging 

procedure  is  illustrated  by  employing  a  hypothetical  ensemble of  tur- 

bulent  velocity  sample  records  depicted  in  Fig.  3.1.  In  this  figure 

each  sample  record  of  the N records  in  the  set Iu(t)l is denoted  by 



14 

subsc r ip t  k, i .e. ,  I+ ( t )  . The ensemble au tocor re l a t ion  i s  estimated 

by computing the   p roduct   o f   ins tan taneous   tu rbulen t   ve loc i t ies  a t  some 

s t a r t i ng   t ime  to and a t  time to + T i n  each  sample  record, and 

then by ca l cu la t ing   t he i r   ave rage .  Thus, t h e  ensemble au tocor re l a t ion  

i s  [41] 

<R(to,to+T)> = 

where the  bent   brackets   denote  

displacement. If the  ensemble 

ensemble  average  and T is  the  t ime 

autocorrelat ion i s  independent  of t h e  

s e l e c t e d   s t a r t i n g  time to, i . e . ,  the  ensemble  autocorrelation  depends 

only upon the  time delay  <R(to,to+Tl> = <R(T)>,  the random turbulent  

v e l o c i t y  i s  ca l l ed  weakly s t a t iona ry .  The f luc tua t ing   ve loc i ty  i s  

s t rong ly   s t a t iona ry  when a l l   p o s s i b l e  ensemble  higher  order moments 

possess  the  very same time  independence  property. 

Unfor tuna te ly ,   in   p rac t ice  an ensemble  of  turbulent  velocity 

records  cannot   be  obtained.   Stat is t ical   descr ipt ion of turbulence i s  

then  based on the  far-reaching  assumption  that  turbulence is  an  ergodic 

random process. I t  i s  important   to   point   out   that   an  ergodic  random 

process is  necessarily  stationary  [41].   Consequently,   adequate exam- 

ina t ion   of   tu rbulence   s ta t ionar i ty  i s  of  considerable  significance.  

Due to  the  insurmountable  impediments  in  securing a t r u e  ensemble  of 

turbulent   veloci ty   records,  it is  conjectured  that  it can  be  approxi- 

mated by an  equivalent  ensemble. Such an equivalent  ensemble  can 

be  formed by dividing a suf f ic ien t ly   long   t ime  h i s tory   o f   tu rbulen t  

v e l o c i t y   i n t o  a f i n i t e  number of  equal time length  records. This 

p a r t i t i o n   i n t o  sample  records  depends upon assur ing   tha t   the   t ime 
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h i s to ry  is  obtained  under  unchanged  flow  conditions. Then, the  length 

of each  sample  record i s  

Tr = Tra/N, 

i n  which Tra is the   ava i l ab le  time h i s t o r y  and N is t h e   f i n i t e  

-number of  deduced  sample  records.  Essentially,  this  suggested  equiv- 

a l en t  ensemble i s  similar t o  a t r u e  ensemble s ince   t he  sample  records 

i n  each are obtained  by  identical  measuring  instruments  under same flow 

conditions.  In a true ensemble  each  sample  record i s  s t a t i s t i c a l l y  

independent  of a l l  o the r  sample r e c o r d s   i n   t h e  set, l.e., a l l  j o i n t  

moments are zero. A s i m i l a r   c r i t e r i o n  is  t o  be employed fo r   e s t ab l i sh -  

ing  the  equivalent ensemble. Each segment Tr must b e   s t a t i s t i c a l l y  

independent  from the   o ther  members of the  equivalent  ensemble. Addi- 

t i ona l ly ,   t he  sample  record  length Tr must be  longer   than  the  largest  

turbulence time scale of i n t e r e s t   f o r   e n s u r i n g   t h a t  a l l  s i g n i f i c a n t  

information is  comprehended within it. Thereby, t h e  number of seg- 

ments N is uniquely  determined. The sample records  of   the   equivalent  

ensemble are defined i n  terms of the  or- iginal  time h i s t o r y  u ( t )  as 

. c  

where O<-l)Tr < t < kT and k = 1, Z?..., N. Generation  of  an  equiv- 

a l e n t  ensemble { u ( t ) )  where subscr ipt   eq  designates   equivalent  

ensemble,  from  an ava i l ab le  time h i s t o r y  Tra is i l l u s t r a t e d   i n  

Fig. 3.2. The sample  records  %(t)   obtained by the   d iv i s ion  of t h e  

available time h i s t o r y  are ar ranged   in to   the  form c h a r a c t e r i s t i c   t o  an 

ensemble as c l e a r l y   d e p i c t e d   i n   t h i s   f i g u r e .  Then, the  equivalent  en- 

semble autocorrelat ion  <R(to, to+t)> is computed i n   t h e   v e r y  same 

- r  

eq’ 

eq 
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manner as i t s  t r u e  ensemble counterpart  given by Eq. (3.1). The method 

by  which t h i s  computation is performed is portrayed  in   Fig.  3.2 

assuming f i v e  sample records (N = 5). When the  equivalent  ensemble 

autocorrelat ion is only a function  of  the  time  displacement 

<R(to,to+f)> = <R(T)>  i .e.,  independent of t h e   s t a r t i n g  time to, 

the  f luctuating  velocity  can  be  approximated as a weakly s t a t i o n a r y  

random process .   In   addi t ion,   the  random turbulent   veloci ty   can be 

assumed as a s t rongly   s ta t ionary  random process  provided  that  equiv- 

a l e n t  ensemble  higher  order moments are time invariant .  

eq  eq' 

Based  on the  ergodic   hypothesis   the  propert ies   of  a s t a t i o n a r y  

random process are computed  by simply  taking time averages  over  any 

sample  record  in   the ensemble. For an  ergodic  process  these  time- 

averaged  properties  are  equal t o   t h e i r  ensemble-averaged  counterparts. 

The time-averaged  autocorrelation  of a s ingle   rea l iza t ion   of   tu rbulen t  

v e l o c i t y   u ( t )  is expressed by  [41] 
T 

R(T)  = l i m  L 1 u(t)u( t+.r)   d t ,  

0 T + =  T (3 4) 

where T stands.   for  the  averaging time. I l l u s t r a t i o n   o f   t h e  mannek 

t h a t   t h i s   c a l c u l a t i o n  is  car r ied   ou t  i s  shown in  Fig.  3.2. In .pa;actice 

the  averaging time T is f i n i t e  and is  e s s e n t i a l l y   t h e  time required 

t o  account   for   the   l a rges t   tu rbulen t   t ime  sca le   o f   in te res t .  For t h e  

special   case when the  autocorrelation  change  with augmenting  averaging 

time is ins ign i f i can t ,   t he  sample  record  can  be viewed as a r e a l i z a -  

t i o n   o f  a weakly se l f - s t a t iona ry  random process. When the   very  same 

condition is met f o r  a l l  possible  higher  order moments, t h e  random 

process is sa id   t o   be   s t rong ly   s e l f - s t a t iona ry .   In   o the r  words, t h e  

f in i t e   ave rag ing  time T is equal   to   the   t ime  length   requi red   for  
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assuming t h a t  a random process 

only  an  ergodic  process  can  be 

is  se l f - s t a t iona ry .  I t  is apparent   that  

s e l f - s t a t iona ry .  I t  is ,  fu r the r ,  

important to  note  that   the  length  of  the  equivalent  ensemble  sample 

records Tr is necessar i ly   g rea te r   than   or  a t  t h e  least equal t o   t h e  

se l f - s ta t ionar i ty   averaging  time, i.e., Tr > - T. Consequently,  deter- 

mination  of  the  length  of  the  sample  records  ,comprising  an  equivalent 

ensemble  ensures  simultaneously  the  validity  of  both  equivalent  en- 

semble  techniques  and  self-stationarity  time-averaging  procedures. I t  

i s  then  hypothesized  that  the  ergodic  assumption i s  corroborated by 

the  equality  of  the  equivalent  ensemble and time-averaged  autocor- 

r e l a t i o n s ,   i . e . ,  < R ( T ) >  = R ( T ) .  
eq 

3.2 A r e l a t ionsh ip  between- . .  the-Lagrangian  and  Eulerian  turbulent 

ve loc i ty   au tocorre la t ions  

Turbulent  diffusion is  na tura l ly   descr ibed   in  a Lagrangian  frame 

of re ference   (mater ia l   coord ina tes )   s ince   in   th i s  moving frame i t  i s  

poss ib le   to   account   for   f lu id   par t ic le   d i sp lacement  s ta t is t ics .  The 

turbulent  momentum exchange coe f f i c i en t ,  i .e.,  the   tu rbulen t  momentum 

eddy d i f fus iv i ty ,   can  be effect ively  determined from the  Lagrangian 

tu rbu len t   ve loc i ty   au tocor re l a t ion .   I t  is  assumed h e r e a f t e r   t h a t   t h e  

turbulence i s  ergodic   and,   hence,   necessar i ly   s ta t ionary.  A l l  turbulent  

statist ical  propert ies   can  be  therefore  deduced  from a s ing le  realiza- 

t i o n   o f   t h e  flow. 

The Lagrangian  autocorrelation  (or  the  material   autocorrelation) 

of tu rbulen t   ve loc i ty  is obtained  by, first, forming  the  veloci ty  

product  of a t agged   f l u id   pa r t i c l e  a t  two i n s t a n t s   i n  time. In  other 

words, the  product  of a marked f l u i d  element ve loc i ty  a t  an   a rb i t r a ry  
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reference pos i t i on  and some other   point   a long i ts  p a t h   l i n e  after a 

c e r t a i n  time lapse i s  made up.  Next, th i s   p roduct  is averaged  with 

similar products   a r i s ing  from a l l  t h e   p a r t i c l e s  which pass  through  the 

very same reference  posi t ion  during a selected time in te rva l .   This  

particle-space  averaging  yields  the  desired  Lagraniian  autocorrelation 

wi th   respec t   to   the   se lec ted   re ference   po in t .  To obtain  the  Lagrangian 

autocorrelat ion it is thus  imperative t o  examine t h e   t r a j e c t o r i e s   ( o r  

pa th   l ines)  and v e l o c i t i e s  of a l l  tagged f l u i d   p a r t i c l e s   t h a t  moved 

pq5t tbe reference  point   in   the  course  of  time. S i n c e   t h i s   p a r t i c l e  

information is  generally  unmeasurable,  the  Lagrangian  autocorrelation 

cannot  be  obtained  directly.  Estimation of the  Lagrangian  autocor- 

r e l a t i o n   e n t a i l s   r e l a t i n g  it t o  i t s  readi ly   accessible   Euler ian 

( spa t ia l )   counterpar t .  The la t te r  i s  the  time-averaged  product of 

t u rbu len t   ve loc i t i e s  a t  the  very same space   loca t ion ,   i . e . ,   in  a f ixed 

frame of   reference  (spat ia l   coordinates) .   This   autocorrelat ion i s  

evaluated by measuring  the  f luctuat ing  veloci ty  a t  a f ixed   pos i t i on   i n  

space,  computing  the  velocity  product a t  two ins t an t s   i n   t ime ,  and 

time  averaging  over a l l  possible  products  with an ident ica l   t ime 

delay  over a chosen time i n t e r v a l .  

3.2.1 Lagnanghn a u A x o t c h W o n  

In  the  Lagrangian  description  the  motion  of a tagged  f luid 

p a r t i c l e  is  descr ibed  in   the  course  of   t ime  in  terms of i t s  a r b i t r a r y  

r e fe rence   pos i t i on   (o r   i n i t i a l   pos i t i on ) .  The coord ina tes   o f   th i s  

i n i t i a l   p o i n t   i n  a f ixed frame of   re fe rence ,   i . e . ,  an Eulerian  frame 

o r  a s p a t i a l  frame, and the  time are the  Lagrangian  independent  vari- 

ables.   Throughout  this  analysis  Cartesian  tensor  notation i s  u t i l i z e d  

. 
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and,  consequently,  subscripts i, j and R can  take on only   in teger  

values 1, 2 or 3 unless  specified  otherwise.  

The t r a j e c t o r y  (or pa th   l i ne )   o f   any   k - th   f l u id   pa r t i c l e  which 

passes  through a selected  reference  point  A a t . s o m e   i n i t i a l  time tA k 

is denoted  by s [a,,X,(t ) ]  (E = 1, 2, 3 ) .  Superscr ipts  are u t i l i z e d  

i n   i d e n t i f y i n g   t h e   f l u i d   p a r t i c l e s  which move pas t   the   re fe rence  

point A during a c e r t a i n  time i n t e r v a l  T. Path  l ines   of   several  

f l u i d   p a r t i c l e s  which c ross   t he  same reference   pos i t ion  A are por- 

t rayed  in   Fig.  3 . 3 .  With r e s p e c t   t o  a f ixed frame of   reference  the 

coord ina te s   o f   t he   a rb i t r a ry   i n i t i a l   po in t  A are xR = a and the  

k- th   f lu id   par t ic le   ins tan taneous   pos i t ion   vec tor  is  designated by 

X , ( t  ).  [Ience, t h e   k - t h   p a r t i c l e   t r a j e c t o r y  s [a,,X,(t ) ]  i n   t h e  

course  of  t ime  in  the  spatial   system  of  coordinates xII is  described 

by the   pos i t ion   vec tor  X , ( t  ). Each k-th marked pa r t i c l e   t ha t   pas ses  

through  the  reference  point A does so at  an  unique i n i t i a l  time 

and,   thus,   for  any two p a r t i c l e s  k  and n, tA # tA. On t he   o the r  

hand, t h e   p o s i t i o n   v e c t o r s   o f   t h e i r   i n i t i a l   p o i n t  A are exac t ly   the  

same, i .e . ,  Xa(tA) = Xa(ti). The i n i t i a l   t i m e s  are r e l a t e d  by 

k. k 

II 

k k k 

k 

k 
tA 

k n  

k 

ti = tA k + (n - k ) A t ,  (3.5) 

where n > k and A t  is t h e  smallest increment  of time requi red   for  

two consecut ive   par t ic les   to   l eave  and a r r i v e  a t  reference  point  A. 

This time increment is  general ly  unknown. 

The turbulent   veloci ty   of   each  k- th   f luid  e lement   in   the 

Lagrangian method is  designated  by  vi(aII,t ) ( i  = 1, 2, 3) and it i s  

dep ic t ed   a long   t he   pa r t i c l e   t r a j ec to ry  sk i n  Fig. 3.3.  I n   t h i s  

k 

analys is   on ly   the   tu rbulen t   ve loc i ty  is considered inasmuch as its 
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. ted by t h e  mean ve loc i ty .  On the   o the r  

hand, t h e   f l u i d   p a r t i c l e s  are b a s i c a l l y   c a r r i e d  by t h e  mean flow. The 

t ra jector ies   of   the   f luid  e lements   ensue  thus from the  superposi t ion 

of   the mean and tu rbu len t   ve loc i t i e s .  Wnen the  k- th   tagged  f luid 

p a r t i c l e  is  a t   t he   r e f e rence   po in t  A a t  i n i t i a l  time tA it 

possesses a veloci ty   vi(aR,tA).  A t  a later t ime  the  very same k-th 

f l u i d   p a r t i c l e  i s  a t  some point  Bk along i t s  t r a j e c t o r y  sk as 

portrayed  in  Fig.  3 . 3 .  The elapse time needed fo r   t he   k - th   pa r t i c l e  

t o   t r a v e l  from i t s  i n i t i a l   p o i n t  A t o   t h e  new pos i t i on  Bk is  T 

and,   hence ,   the   par t ic le   a r r ives  a t  t h i s   p o s i t i o n  a t  time 

A t  point B , whose coordinates   are   xR = b R ,   t h e   p a r t i c l e   p o s i t i o n  

vector  is  XR(tk+T) and i t s  Lagrangian  velocity i s  vj  (aR,tA+T) 

( j  = 1, 2 ,  3 ) .  The Lagrangian  turbulent  velocity  autocorrelation is  

then  obtained by averaging  the  two-point  velocity  product  (or  the 

Lagrangian  velocity  product)  over a l a rge  number o f   f l u i d   p a r t i c l e s  

N (k = 1 t o  N) that   pass   through  the  reference  point  A within a 

selected time i n t e r v a l  T. This   average  can  be  essent ia l ly   inter-  

preted as a par t ic le-space  averaging  with  respect   to   these N f l u i d  

elements. Thus, the  single-reference-point  Lagrangian  turbulent 

ve loc i ty   au tocorre la t ion  i s  given by 

k 

k 

k k  tB = tA + T. 

k k 

k 

I t  is  of  prime  importance t o  remark tha t   the   ins tan taneous  

Euler ian  veloci ty   ui(xR,t)   ( i  = 1, 2 ,  3)  a t  any posi t ion  a long  the 

sk pa th   l i ne  is exact ly   equal   to   the  Lagrangian  veloci ty  o f  the  k-th 

t agged   f l u id   pa r t i c l e  a t  t ha t   i n s t an t   i n   t ime  when t h i s   p a r t i c l e   p a s s e s  
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the  very  same  position.  Thus,  instantaneously  at  any  point  along a s k 

trajectory  defined  by  the  position  vector X,(tk) 

while  when  the  fluid  particle  is  at  the  initial  position A 

Based  on  this  instantaneous  equality  between  the  Eulerian  and 

Lagrangian  velocities,  it  is  surmised  that  the  time  interval T 

required  for  carrying  out  the  Lagrangian  particle-space  averaging  is 

equal  to  the  averaging  time  necessary  to  qualify  the  self-stationarity 

of  the  Eulerian  velocity  record  (see  Sect.  3.1).  Essentially,  it  is 

conjectured  that  during  this  time  interval T the  number  of  fluid 

particles N moving  past  the  reference  point  suffices  to  account  for 

the  largest  Lagrangian  time  scale  of  turbulence. 

3.2.2 Lagtuznqian-EuRetLian " a u t o c o r n M a n  nd.a. t . ion~kip 

It appears  that a relationship  between  the  Lagrangian  and 

Eulerian  correlation  functions  cannot  yet  be  obtained  through  formal 

mathematics.  The  brief  review  in  Sect. 1 of the  attempts  to  set 

forth  such a relationship  clearly  indicates  the  insurmountable 

difficulties  related  to a rigorous  mathematical  relationship.  It  is 

apparent,  on  the  other  hand,  that  in  any  attempt  to  obtain  such a 

relation  the  physical  features  of  the  turbulent  flow  must  be  ade- 

quately  incorporated.  Any  relationship  thus  would  be  inherently  the 

outcome  of  blending  the  physics  of  the  flow  with a suitable  mathemat- 

ical  formulation.  Essentially,  relating  the  Lagrangian  and  Eulerian 
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autocorre la t ions   cons is t s   o f   es tab l i sh ing  a connection  between  the 

veloci ty   products  which  comprise them.  The Lagrangian  velocity 

v . ( a  ,t ) of   the   k - th   t agged   f lu id   par t ic le   tha t  moved p a s t   t h e  

reference  point  A i s  defined a t  any moment only a t  i t s  p a r t i c u l a r  

location  along i ts  t r a j e c t o r y  s [aR,XR(t ) I .  On t he   o the r  hand, f o r  

the same i n s t a n t   i n  time t the  Euler ian  veloci ty   ui(xR,t)  is 

bas ica l ly   spec i f ied  a t  every  posi t ion  in   space which a l l  t he   f l u id  

occupies   s ince it i s  n o t   r e l a t e d   t o  any d i s t inc t   f l u id   e l emen t .  The 

change in   pos i t ion   o f   the   k - th  marked f lu id   pa r t i c l e   i n   t he   cou r se   o f  

time can  be  expressed  e i ther   in  terms of i t s  moving pos i t ion   vec tor  

X,(t ) or   in   t e rms   of   the   d i s tance  which it moved along i t s  t r a j e c t o r y  

sk as portrayed  in  Fig.  3.4.  In a f ixed frame reference   (or   spa t ia l  

frame) xR, the   pos i t ion   vec tors  of t he   k - th   f l u id   pa r t i c l e  a t  times t 

and t + d t k   a r e  X,(t ) and XR(tk+dtk) . The change in   t he   pos i -  

t ion  vector   of   this   e lement  is  thus  dXR(t ).  Concurrently,  with 

r e s p e c t   t o   t h e   f l u i d   p a r t i c l e   n a t u r a l  (or  in t r ins ic )   coord ina te ,   v iz . ,  

t h e   f l u i d   p a r t i c l e   t r a j e c t o r y  sk, the  incremental   distance  traveled 

by the  k-th  f luid  element is  d s  . This  incremental   distance is  k 

r e l a t e d   t o   t h e  change in   pos i t i on   vec to r  by 

k 
1 R  

k k 

k 

k 

k k 

k 

(ds ) *  = dXII(t  )dX,(t ), 
k k k 

(3.9) 

i n  which the  usual  summation convention  holds  in  regard  to  repeated 

subscr ipts .  Then, the   d i s tance   t rave led  by the   k - th   f l u id   pa r t i c l e  

along i t s  t r a j e c t o r y  from i ts  re ference   pos i t ion  A t o  a point  gk is  

SB = 1' [dXR(tk)dXR(t ) I  , 
k %  (3.10) 

a II 
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where the  coordinates  -of t he   pos i t i ons  A and Bk are xI1 = aI1 and 

b i   i n   t h e   s p a t i a l  frame o r  sk = 0 and sB i n   t h e   i n t r i n s i c  frame, 

respect ively.   This   dis tance sB, which is t raveled by t h e   f l u i d  k 

element i n  time T = tg - tA, is depicted  in  Fig.   3.4.  The Eulerian 

veloci ty   a long a path  l ine  can  be  therefore  expressed as u i ( sk , t )   i n  

terms of   the   in t r ins ic   coord ina te .  I t  i s  .ev ident   tha t   the   p roper t ies  

of   the  Euler ian  veloci ty ,   v iz . ,  a cont inuous  different iable   funct ion,  

are preserved  in  both  the  spatial  and natural  systems  of  coordinates. 

k 

k k  

The Euler ian  veloci ty  a t  any point pk on t h e  k-$h fluid  element 

t r a j e c t o r y  sk can be evaluated a t  any in s t an t   i n   t ime  by means of 

Taylor  series  expansions  of i t s  corresponding  veloci t ies  a t  reference 

point A and a t  point Bk. In   the  intr insic   system  of   coordinates  

the   Euler ian   ve loc i t ies   a t   po in ts  A and Bk are  ui(O,t)  and 

u .   ( s B , t ) ,  and the  coordinate   of   point  pk is sk where 0 < s < sB. 

The Euler ian  veloci ty  a t  point  pk i n  terms of a Taylor series 

expansion  about  point A when the  t ime i s  he ld   a t  tA is  

k k k  
1 

k 

u . ( s  k k  ;t ) = u.   (0 , t  k ) + 2% k m [ dmui (sk; t i )  
1 A I A  . (3.11) 

m= 1 

Similar ly ,  a t  time tk = tk + T the   Euler ian   ve loc i ty  a t  the  very 

same point Pk estimated by a Taylor  series  expansion  about  point 

gk is  

B 

U . ( S  k k  ;t +T) = U .  (Si,tk+T) + 2 (sk n! - s ; ) ~  [ dnu.(s Jd(:k,a ;t +T) ] (3.12) 
J A 3 n= 1 sk- k 

-SB 
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In  the  preceding two equat ions  the  semicolon  indicates   that   the  series 

expansions  about  the  points A and Bk were car r ied   ou t  a t  two spe- 

c i f i c   i n s t a n t s   i n   t i m e ,  i .e.,  when i n  each  case  the time i s  held  con- 

s t a n t  a t  tk and tk, respectively.  This  semicolon is  used  only  with 

r e s p e c t   t o  any  point Pk on t h e   t r a j e c t o r y  whose coordinate is  s . 
The foregoing two Taylor   ser ies   expansions  are   i l lustrated  in   Fig.   3 .4 .  

I t  is, furthermore,  important t o  remark t h a t   t h e  f irst  terms  in   the 

series expansions  in Eqs. (3.11) and (3.12) are  exactly  the  Lagrangian 

p a r t i c l e   v e l o c i t i e s  a t  times tk and *tA + T a t  point Pk. This A 

r e s u l t s  from the  instantaneous  equality  between  the  Eulerian and 

Lagrangian  velocities.  In  other  words,  ui(O,t ) = vi(aR,tA) and 

u .  (s;,tk+T) = v.  (a t +T) in  accordance  to E q .  (3.7), whence 

k 

k 

k k 
A 

k 
J J R' A 

u i (O , t   )u .   ( sB , tA+~)  = v.  (a t )v.   (a  t +T). 
k k k  k k 
A J  1 & ' A  J R ' A  

(3.13) 

A t  any point  the  Lagrangian  velocity i s  tangent   to   the   pa th   l ine .  The 

Euler ian  veloci ty ,  on the  other  hand, is general ly  unknown with 

r e s p e c t   t o   t h e   p a r t i c u l a r   t r a j e c t o r y  sk except a t  t h a t   i n s t a n t  when 

it equals i t s  Lagrangian  counterpart as shown i n  Fig.  3.4.  In  other 

words, the   Euler ian   ve loc i ty  is  not   necessar i ly   tangent   to   any  s ingle  

p a t h   l i n e  a t  a l l  times s ince  it arises from a l l  f l u i d   p a r t i c l e s .  

The Eulerian  velocity  product rij  (s k .  , tA.T) k a t  any  point Pk is  

formed  by s imply  mult iplying  the  veloci t ies   prevai l ing a t  t h i s   p o s i t i o n  

a t  times tk and tk + T which are given by Eqs. (3.11) and (3.12). 

This  product  yields 
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rij (s ;tA,T) = u. (s ;t )u. (s ;tA+T) k k   k k   k k  
1 A J  

in  which  the  Lagrangian  velocity  product  is  substituted  for  the  product 

of the  first  terms  in  the  series  expansions  of  the  Eulerian 

velocity  in  view  of  Eq.  (3.13).  The  last  three  terms  in  Eq.  (3.14) 

stand for the  Eulerian  velocity  cross  products  since  the  Eulerian 

two-point  two-time  velocity-velocity  derivative  cross  products  are 

k k k  d u. (s  ;tA) 
c j ,im (sg,O,tA+T'tA) = (sg,tA+~) *' [ '1 ' (3.15) 

3 
s =o 

(3.16) i,  jn 

and  the  Eulerian  two-point  two-time  double  velocity  derivative  cross 

product  is 
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A r e l a t ionsh ip  between the  Lagrangian  and  Eulerian  velocity  products of 

t he   k - th   f l u id   pa r t i c l e  a t  any point Pk on i t s  t r a j e c t o r y  i s  hence 

supplied by Eq. (3.14). An i l l u s t r a t i o n   o f  how the   Eu le r i an   ve loc i ty  

product is  obtained  for  a s i n g l e   v e l o c i t y  component a t  any point  Pk 

on t h e   t r a j e c t o r y  sk is  provided by Fig.  3.5. A t  .time tk t h e  

instantaneous  Euler ian  veloci ty   a long  the  k- th   path  l ine  ui(s  ;tA) i s  

depicted  in  Fig.   3.5(a).  A hypothe t ica l   var ia t ion   o f ,   say ,   the  

u1 ( sk ; tk)  component is also  displayed.   Similar ly ,   the   instantaneous 

Euler ian  veloci ty  a t  time tA + T along  the  very same t r a j e c t o r y  and 

the assumed change  of  the same u l ( s  ; t A + T )  component a r e  shown i n  

Fig.  3.5(b). The product of these two ve loc i ty  components  formed a t  

any point Pk is  f ina l ly   po r t r ayed   i n  F i g .  3.5 (c) . 

A 
k k  

A 
k 

k k  

I t  i s  conceivable   to   express   the  Euler ian  veloci ty   product  and 

ve loc i ty   c ross   p roducts   in  Eq. (3.14) a t  a l l   p o s s i b l e   p o i n t s  pk 

on the   k - th   t r a j ec to ry   i n   t e rms   o f   s ing le   cha rac t e r i s t i c   va lues .   In  

other  words, these  Euler ian  quant i t ies   are   represented by t h e i r   s p a t i a l  

mean values on the   k - th   pa th   l ine  between reference  point A and 

pos i t i on  Bk. This   averaging  involves   basical ly   l ine  integrat ion  a long 

the   k - th   t ra jec tory  from i n i t i a l   p o i n t  sk = 0 t o   p o i n t  s i.e.,  tra- 

jec tory   averaging   in   the   na tura l   f rame.   S ince   the   k - th   f lu id   par t ic le  

reaches  point sk on i ts  p a t h   l i n e   a f t e r  some time  lapse T t h e  

t ra jec tory   averaging  i s  appl ied  for   each  posi t ion sk The Lagrangian 

veloci ty   product ,  on the  other  hand, i s  not.affected by t h i s   t r a j e c t o r y  

averaging inasmuch as it  is  independent  of t he   i n t r in s i c   coo rd ina te  

s . As a resu l t   o f   th i s   t ra jec tory   averaging   the   Lagrangian   ve loc i ty  

product   for   the   k - th   f lu id   par t ic le  is expressed by t h e   s p a t i a l  mean 

k 
B' 

B 

B' 

k 
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velocity  product  and  velocity  cross  product S 

along  the  path  line  segment  traveled  by  this  fluid  element  during 

time T. 

Throughout  time  interval T a  large  number  of  fluid  particles N 

moved  past  the  reference  point A as  illustrated  in  Fig.  3.3. The 

Lagrangian  velocity  autocorrelation  for  all  these N fluid  elements  is 

obtained  according  to  Eq.  (3.6)  by  particle-space  averaging  of  their 

Lagrangian  velocity  products.  Then  the  single-reference-point 

Lagrangian  turbulent  velocity  autocorrelation  is  supplied  by  particle- 

space  averaging of the  spatial  mean  values of the  Eulerian  velocity 

product  and  velocity  cross  products  considering  Eq.  (3.14).  This 

particle-space  averaging  yields  basically  unique  mean  values  for  the 

trajectory  averages  of  the  Eulerian  velocity  product  and  the  three 

Eulerian  velocity  cross  products f o r  all  the  path  lines  traced  by 

these N fluid  particles.  Hence,  the  single-reference-point 

Lagrangian  autocorrelation,  is 

L .  .(ag,~) = $! .(a,,-c) - [$;i(a,,T) + $?.(a ,T) + $:j(ag,T)],  (3.18) 
1;)  1;) 1 3  

where  the  elapse  time  (or  time  delay) T can  take  on  any  value.  In 

this  equation  the  first  $-term 

S 
k 

e!. . (a,,T) = - 1: e$ IB rij (s k k  ; tA,T)  ds k (3.19) 
1J 

k=l B 0 

is the  particle-space  average  of  the  spatial  mean  value  of  the 

Eulerian  velocity  product,  and the other  three  4-terms 
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and k[gc (-’)“(’B) k n+m C (O,skg,ti,tk+T)  (3.22) 
(m + n + l)! im,jn 

k=l m=l n=l 3 
are  the  particle-space  averages  of  the  spatial  mean  values of the 

Eulerian  velocity  cross  products.  In  Eqs.  (3.19)  to  (3.22)  the  terms 

in  the  brackets  are  the  results of the  trajectory  averaging  whereas  the 

summation  over  k  designates  the  particle-space  averaging.  With 

regard  to  the  trajectory  averaging,  the  terms  c C and j,im’  i,jn 
C are  constants  since  they  are  evaluated  at  fixed  positions  on im,  jn 
the  trajectory  as  indicated  in E q s .  (3.15),  (3.16)  and  (3.17). The 

trajectory  averaging of  the  Eulerian  velocity  product  and  velocity 

cross  products  is  outlined  in  Appendix I. 

The  single-reference-point  Lagrangian  autocorrelation  given  by 

E q .  (3.18)  expresses  the  average  characteristics of the  turbulence 

along  the  fluid  particles  trajectories  which  originated  at  the 

selected  reference  point A. For  any  flow  situation  it  is  possible  to 

generally  choose  innumerable  reference  points.  It  is  conceivable, 

however,  to  restrict  the  selection of these  points  within  a  particular 

finite  plane.  The  most  convenient  and  practical  choice  is  apparently 

a  plane  normal  to  the  main  flow  direction.  Then  the  intrinsic  nature 

of  all  the  single-reference-point  Lagrangian  autocorrelations  defined 
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wi th   r e spec t   t o  a l l  poss ib l e   r e f e rence   po in t s   i n   t h i s   p l ane  is  t h e  

specification  of  the.downstream  average  turbulence  properties.  This 

control   surface,  which is the   locus  of a l l  the  A-reference  points,   can 

be thus  viewed as a reference  plane or an  A-point  plane.  In  either 

confined  and/or  unconfined  flows  such a reference  plane  can  be  readily 

envisioned.  For  wind-tunnel  and/or  pipe  flows th i s   r e f e rence   p l ane  is 

bas i ca l ly   t he i r   c ros s   s ec t ions  a t  any  desired streamwise posi t ion.  A l l  

f l u i d   p a r t i c l e s  must move past  such a plane.   In  the  case  of atmo- 

spheric  and/or wake flows, it is  always  feasible  and,  moreover, 

desirable   to   adequately  del ineate   the  f low  region of i n t e r e s t  by means 

of  suitable  imaginary  boundaries. 

As a r e s u l t  a f in i t e   r e f e rence   p l ane ,  which includes a l l  t h e  r 

relevant  A-reference  points,   viz. ,  A where y = 1 t o  r, can  be 

introduced  for any f low  s i tua t ion .  The p i c tu re   o f   t he   pa th   l i nes  

t raced by the  N f lu id   par t ic les   tha t   pass   th rough a s ing le   re fe rence  

point A portrayed  in  Fig. 3 . 3  appl ies   thereby  to  a l l  t h e  A - 
r e fe rence   po in t s   i n   t he   r e f e rence   p l ane .   I t   c an  be fur ther   theor ized  

t h a t  a l l  t he  r x N t r a j e c t o r i e s ,  which arise from t h e  N f l u i d  

pa r t i c l e s   t ha t   pas s   each   o f   t he  r reference  points  in  the  A-point 

plane  during a time i n t e r v a l  T, descr ibe a continuous  expanding  or 

contract ing  control  volume with  increasing time lapse T. In  other 

words, t h i s   c o n t r o l  volume encompasses a l l  the   pa th   l ines   o r ig ina ted  

within  the  reference  plane which extends  over  the  elapse time T. 

Each of t h e  r x N f l u i d   p a r t i c l e s   c r o s s e s  i t s  p a r t i c u l a r  A - 
reference  point a t  some i n i t i a l  time ( t  ) and i n  moving along i t s  

t ra jec tory   reaches  some  new pos i t i on  Bk a f t e r  a t ime  lapse T. I t  

is thus   poss ib le   to   cons ider  a bounded control  volume  which encloses 

Y 

Y 

Y 
k 
A Y  

Y 
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a l l  t h e  r x N t r a j e c t o r y  segments  traced  throughout  the time 

displacement T. The locus  of a l l  Bk po in t s  which contains  a l l  t he  

loca t ions   o f   the  I' x N f l u i d   p a r t i c l e s  a t  times ( t  ) + T i s  the  

B-point  plane.  This f i n i t e   c o n t r o l  volume is  thus  demarcated by t h e  

A- and  B-point  planes.  Apparently, t h i s   c o n t r o l  volume can be i n t e r -  

Y 
k 
A Y  

preted as a turbulence "box". In the   l imi t ing   case  when T = 0, t h e  

turbulence rrbox"  reduces t o  a turbulence  "plane" which is  t h e   r e f e r -  

ence  plane  (the  A-point  plane)  since  the  B-point  plane  collapses on i t .  

The turbulence "box" becomes moreover t h e   e n t i r e   f l o w   f i e l d  downstream 

of  the  reference  plane,  i .e . ,  a flow f i e ld   ex t end ing   t o   i n f in i ty ,   a s  

T -k a. 

The turbulence  rrboxlf  can  be  visualized by the  fol lowing hy-pothet- 

i c a l  f low  si tuation:  (1) mean flow  in  only  xl-direction; ( 2 )  an  arbi-  

t r a ry   con t ro l   su r f ace ,  i .e.,  reference  plane,  normal t o   t h e   x l - a x i s  

which i s  defined by x1 = S = constant;  (3) a l l  r x N f l u i d   p a r t i -  

c les   en te r ing   the   cont ro l  volume V ,  i . e . ,   the   tu rbulence  rrbox",  pass 

through  this  A-point  plane; (4) the  envelope of the   con t ro l  volume ( a l l  

l a t e r a l   s u r f a c e s )   a r e  impermeable;  and, (5) a l l  r x N f l u i d   p a r t i -  

c l e s   a r r i v e  after some time lapse T a t  a plane B, i . e . ,   t h e  B-point 

plane.   This  hypothetical   f low  si tuation is  i l l u s t r a t e d   i n   F i g .  3 . 6 .  

A cut  through  the  turbulence Ifbox" is  a l s o  shown i n  F i g .  3 . 6  t o  pro- 

v ide  a b e t t e r  view of the  A-point  plane and s e v e r a l   t r a j e c t o r i e s .  

The separat ion 5 between the   re fe rence  and B-point  planes, which is  

shown in  this  f igure,   can  be  approximated  using a c h a r a c t e r i s t i c  mean 

ve loc i ty   s ca l e  Uc and t h e  time lapse T according t o  

5 = UCT. ( 3 . 2 3 )  
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Practically,  this  streamwise  length 5 can  be  viewed  as  representative 

of the  final  position (s ) for  all  the r x N fluid  particles.  This 

longitudinal  extent 5 can  be  furthermore  interpreted  as a Turbulence 

ttlinett within  the  turbulence  box. 

k 
B Y  

The  problem  of  interest  is  now  to  estimate  the  overall  properties 

of  the  turbulence  within  this  box.  A  plausible  description  of  these 

properties  can  be  supplied  by  the  average  of  all  single-reference- 

point  Lagrangian  autocorrelations  over  all A -reference  points  in 

the  reference  plane S .  To  this  end,  the  coordinates  of  the  single 

reference  point  a  the  natural  coordinate  of  any  position sk along 

the  trajectories  originated  at  this  point  and  the  initial  time tA k 

are  superseded  in  Eqs.  (3.18)  through  (3.22)  by  a sk and (tA)y, k 

respectively.  This  replacement  accounts  for  the  A  -reference  points. 

Average  of  the  single-reference-point  Lagrangian  autocorrelations 

L..(a T) with  respect  to  all  corresponding  A  -reference  points, 

i.e.,  reference-plane  averaging,  is  simply  achieved  by  summing 

Eq. (3.18)  over y = 1 to r .  The  reference-plane  average  Lagrangian 

autocorrelation  is  therefore  expressed  by 

Y 

R' 

R Y '  Y 

Y 

13 RY' Y 

(3.24) 

where S is the  A-point  plane  or  the  reference  plane.  Next,  the 

reference-plane  Lagrangian  autocorrelation  can  be  expressed  in  terms 

of the  representative  Eulerian  quantities  for  the  turbulence  box  by 

substituting  Eq.  (3.18)  into  Eq.  (3.24).  This  substitution  yields 

~ . . - . . . ." ." . . . ._ 
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i n  which the  reference-plane  average  of   the  Euler ian  veloci ty   product  

is 
n 

(3.26) 

and the  reference-plane  averages  of   the   three  Euler ian  veloci ty   cross  

products are 

- r  

and 

(3.27) 

(3.28) 

(3.29) 

and  where Eqs. (3.19),  (3.20), 

terms of a sk and (tA)y. 

e s s e n t i a l l y   t h e   c h a r a c t e r i s t i c  

k 
RY’ Y 

(3.21) and (3.22) are expressed  in 

The foregoing  four Y-terms are 

values   of   the   Euler ian  veloci ty   product  

and ve loc i ty   c ross   p roducts   for   the   en t i re   tu rbulence  box.  They 

r e su l t ed  from t ra jec tory ,   par t ic le -space   and ,   f ina l ly ,   re fe rence-  

plane  averaging  procedures.   I t  is  of cons iderable   s ign i f icance   to  

point   out   that   these  three  average  processes   represent   basical ly   an 

interweaving  of  space and time averagings  within  the  turbulence box. 

These i n t r i n s i c   f e a t u r e s   l e a d   n a t u r a l l y   t o   t h e   i n f e r e n c e   t h a t   t h e s e  

Y-terms can be  estimated by ordinary  space-time  averaging. The space 

under  consideration is  the  volume V of the  turbulence box whereas 

t h e  time during which these  averages  are  undertaken is  the  t ime 
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i n t e r v a l  T necessary   for   the  F x N f l u id   pa r t i c l e s   t o   pas s   t h rough  

the   re fe rence   p lane .  

The elements   const i tut ing  the Y !. (S ,T)  term,  which i s  given by 
17 

Eq. (3.26), are the  Euler ian  veloci ty   products  rij  [sy; (t ) T] at 

a l l  points  within  the  turbulence box.  These  products  can be arranged 

i n  time sequences a t  every  point x (or s ) i n   t h i s  box.  Such a 

typ ica l   pos i t i on  i s  shown in  Fig.  3 . 6 .  Due t o   t h i s  grouping  the 

Eulerian  velocity  product at each  point x can  be  expressed  for 

a l l   t i m e  t by r i j  ( X ~ , ~ , T ) .  Each time  se.quence  comprises a l l  

successive  velocity  products  durlng  the time i n t e r v a l  T a t  any 

point.  Subsequent time averaging of such a time  sequence  furnishes 

exact ly   the  local   ordinary  Euler ian  autocorrelat ion 

k k  
A Y' 

k 
R Y 

R 

T 

11 T ' f  
0 

R . .  (x ;T) = - r i j (xR; t ,T)   d t ,  (3.30) 

a t  pos i t i on  x Then the  domain in tegra l   over   the  volume V of  the 

turbulence box of a l l  t he  common Euler ian  autocorrelat ions  suppl ies  

the  equivalent  space-time  average  representation  of  the  reference- 

plane  average  value  of Y!. (s,T), v iz . ,  

R '  

11 

Y i j  (S ,T)  = - R . .  ( x , ; ~ )  dV. 
v v  ' 1  11 

(3.31) 

Next, the  const i tutents   of   the   remaining  three  Euler ian Y-terms 

i n  Eq. (3.25) cons i s t  of ve loc i ty-ve loc i ty   der iva t ive  (Eqs.  (3.27)  and 

(3.28)) and double   veloci ty   der ivat ive (Eq. (3.29))  cross  products 

a t  p o s i t i o n s   l o c a t e d   s o l e l y   i n   t h e  A- and  B-point  planes  along  the 

same t r a j e c t o r y  sk The coordinates  of  such a pa i r   o f   po in t s   a r e  

.a = x and b = bll o r  sk = 0 and  (s,), i n   t h e   s p a t i a l  and 
Y' 

k k 
EY R RY Y 

I 
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n a t u r a l  frames, respectively.  These  coordinates are por t rayed   in  

Fig. 3.6. In  a similar manner as f o r  Y !  . (S,T), the   var ious   c ross  

products  composing  these  three Y-terms can  be  rearranged  into time 

sequences  for  every  pair  of points .  As a r e s u l t   o f   t h i s   s o r t i n g   t h e  

veloci ty-veloci ty   der ivat ive  cross   products   can  be  represented a t  

13 

a l l  time t by ~ ~ , ~ ~ ( b , , x , , t + ~ , t )  and ~ ~ , ~ ~ ( x ~ , b , , t , t + r ) .  

Similar ly ,   the   double   veloci ty   der ivat ive  cross   product   can  be 

expressed a t  a l l  time t by ~ ~ ~ , ~ ~ ( x ~ , b , , t , t + ~ ) .  Time averaging 

over time sequences  of  the  foregoing  cross  products  during  time 

i n t e r v a l  T yields   the  Euler ian  space- t ime  cross-correlat ion 

funct ions 

T 
(3 .32)  

(3 .33 )  

and T 

The space-time  average  values  for  these  three Y-terms are subsequently 

estimated by s imple  area  integrat ion  over   the  reference  plane S of 

t he  above three  space-time  cross-correlations.  Hence, the  equivalent  

space-time  average  representations  of  the  reference-plane  averages  of 

t he  last  three   I - te rms   in  Eq. (3 .25 )  a r e  

(3 .35)  
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and 

In   these   th ree   foregoing   equat ions   the   d i s tance   a long   each   t ra jec tory  

(sB)y was approximated by the  length 5 of   the   tu rbulence   l ine   in  

accordance t o  Eq. (3.24). Computation  of a l l  these  four   Euler ian 

Y-terms is  evidently  contingent upon simultaneous knowledge of t h e  

E u l e r i a n   a u t o c o r r e l a t i o n s   R . . ( x ~ ; T )   a t  a l l  points   in   the  turbulence 
11 

box and  of t he   Eu le r i an   c ros s -co r fe l a t ions   C j , im(bL ,~L ,~) ,  

C i , j n ( ~ R , b L , ~ )  and CirnDjn(xL,bL,~)  a t  a l l   p o s i t i o n s   i n   t h e  A- and 

B-point  planes.   This  involves  in  practice  the  use of an array  of  

probes which monitor   concurrent ly   the  turbulent   veloci ty  a t  a l l  

points  of in te res t   wi th in  a flow f i e l d .  

I t  i s  p l a u s i b l e   t h a t   t h e  last  t h r e e  Y-terms i n  Eq. (3.25) can 

be disregarded  s ince  they  are  composed of  co r re l a t ions  between 

ve loc i ty   and/or   ve loc i ty   der iva t ives .  The i n t e r r e l a t i o n  between t h e  

turbulen t   ve loc i ty  and i t s  de r iva t ives  i s  progressively weakened with 

increasing  order of d i f f e r e n t i a t i o n .  As a r e s u l t   c o r r e l a t i o n s  between 

a turbulen t   ve loc i ty  and the   de r iva t ive  of  another  turbulent  velocity 

o r  between two turbulent   ve. loci ty   der ivat ives   basical ly   cannot   be 

expected t o   t a k e  on values even as large as t h e   c o r r e l a t i o n  between 

t h e  actual v e l o c i t i e s .  With augmenting streamwise d i s t ance  of 

the turbulence box,  and  hence  with time lapse T, t h e   c o r r e l a t i o n  
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between  two  velocities  in  the A- and  B-point  planes  generally 

decreases.  Then  in  all  likelihood,  the  three  Eulerian  space-time 

cross-correlations  vanish  rapidly  with  increasing  space  and  time 

separations.  Therefore,  the  Lagrangian  autocorrelation  can  be 

practically  approximated  in  terms of the  usual  Eulerian  autocorrela- 

tions  by  the  relationship 

L . .  (S,T) a - R . .  (x~;T) dV 
1 3  “ v  ’1 13 

(3 .38)  

whenever  the  last  three  Eulerian  Y-terms,  i.e.,  the  Eulerian 

velocity  cross  products,  can  be  neglected.  Experimental  examination 

of  the  cross-correlations  given  by  Eqs. (3 .32 ) ,   (3 .33 )  and (3 .34)  is 

however  imperative  to  ascertain  whether  these  terms  can  be  satisfac- 

torily  disregarded. 

The  foregoing  relationship  for  the  Lagrangian  autocorrelation is 

not  constrained  to  either  homogeneous  and/or  isotropic  turbulence. 

Such  ideal  flows, on the  other  hand,  enable  considerable  simplifica- 

tion  of  the  former  expression.  If  the  flow  is  homogeneous  the 

Eulerian  autocorrelation  is  independent  of  its  position x within R 
the  turbulence  box,  i.e., R .  . (x ,T) = R. . ( T )  . Then it follows 

1J 1 J  
formally  from  Eq. (3 .38)  that 

L. . (S,T) = L. . (T) = R. . ( T ) .  
1 3  1 3  13 

(3 .39)  

In  isotropic  turbulence  the  Eulerian  autocorrelation  is  moreover 

independent  of  direction,  i.e., R . . ( T )  = - R ( T ) .  The  corresponding 
13 

Lagrangian  autocorrelation  can be then  deduced  from  a  single  Eulerian 

autocorrelation  since E q .  (3 .39)  becomes 

L . .  (T) = L ( T )  = R ( T ) .  
1J 

(3 .40)  
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It  is  important  to  point  out  that  truly  homogeneous  and/or  isotropic 

turbulence  are  not  realizable  particularly  in  the  atmosphere.  Hence, 

Eq. (3.38) is  to  be  utilized  for  estimation of the  Lagrangian  auto- 

correlation  for  any  flow. 

It is  interesting  to  mention  that  the  Lagrangian  autocorrelation 

expression  for  homogeneous  turbulence  given  by  Eq. (3.39) is 

intrinsically  similar  to  the  linear  autocorrelation  model  set  forth 

by  Hay  and  Pasquill  [21]  when  the  stretching  factor  equals  one. 

In  addition,  the  equality  of  the  Lagrangian  and  Eulerian 

autocorrelations  in  isotropic  turbulence  with  zero  mean  flow  was  put 

forward  by  Deissler E321 in  the  moving-frame  autocorrelation  approach. 

The  concept  of  a  turbulence  box  was  indirectly  advanced  in  the 

the  probability  method  inasmuch  as  a  domain  integral  was  employed  in 

estimating  the  Lagrangian  autocorrelation. 
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4.  EXPERIMENTAL  APPARATUS 

The  objective of the  experimental  program  was  to  investigate the 

turbulent  transport  properties  in  the  extreme  lower  atmosphere  under 

dry  conditions.  Specifically,  the  estimation of the  momentum  exchange 
v 

coefficient,  i.e.,  the  eddy  diffusivity,  was  sought. The extreme  lower 

atmosphere  was  defined as  the  earth-atmosphere  interface  which  was 

assumed  to  extend  up  to  about 5 m  (16.4  ft)  above  the  earth's  surface. 

Such  a  study  could  not  be  accomplished  by  measuring  the  features  of 

naturally  occurring  turbulence  due  to the  continuous  changing  weather 

conditions.  Moreover,  it  was  desired  to  obtain  such  a  flow  that  could 

be  further  utilized  for  studies of water  vapor  and/or  contaminant 

(pollutant)  turbulent  mixing  under  controlled  circumstances.  Labora- 

tory  simulation of atmospheric  flows  is,  to  a  large  extent,  disputable 

since  exact  dynamic  similarity,  i.e.,  Reynolds-number  equality,  is  not 

readily  achievable.  In  the  lower  atmosphere  the  Reynolds  number  based 

on  the  largest  possible  eddy  size  and  the  ambient  wind  is  of  the  order 

of lo6 or greater  (using  the  kinematic  viscosity).  Within  this  layer 

the  maximum  eddy  size  which  can  be  sustained  is  at  most  equal  to  its 

thickness,  viz., 5 m. Such  high  Reynolds  numbers  cannot  be  obtained  in 

the  laboratory,  e.g.,  in  wind-tunnel  flows,  and,  consequently,  under 

the  assumption  that  the  atmospheric  flow  is  inertia  dominated  the 

requirement  of  dynamic  similitude  is  commonly  relaxed. 

For these  reasons,  the  atmospheric  flow  was  simulated  using  the 

wake  flow  generated  by  a 3.04 m (10  ft)  diameter,  6-blade  fan of 

variable  pitch  (Hartzell  Propeller  Fan Co., Model  A120-6)  installed  at 

a  field  site.  Generally,  the  prevailing  wind  at  this  field  site  is 

approximately 3 . 6  m/s ( 8  mph). The  fan,  which  was  driven  by  an 
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i n t e r n a l  combustion  engine,  could  produce a i r  speeds  up t o  about  15 m/s 

(49 ft/s). Turbulent  eddies  within  the wake were expected to   posses s  a 

maximum s i z e  a t  the  least equal t o   t h e  fan diameter. The Rejrllolds 

number wi th in   the  wake was roughly  of  the  order  of l o 6  and,  therefore, 

the  condition  of dynamic s imi l i t ude  was met. 

The fan   cons t i tu tes   the   core   o f   the   Colorado   S ta te   Univers i ty  En- 

vironmental   Field  Station (EFS). This   fan and i t s  anchored  supporting 

s t ruc tu re   a r e   l oca t ed  on f l a t  grassland. I ts  wake i s  free  of  immediate 

downwind natural   and/or  man-made obstruct ions  to   about  300 m (984 f t ) .  

The geometric  centerline  of  the  fan i s  posit ioned 3.04 m (one fan   d i -  

ameter)  above  the  surface. The EFS i s  equipped  with  an Analog Data 

Acquisition System (ADAS) i n s t a l l e d   i n  a m o b i l e   t r a i l e r .   T h i s   t r a i l e r  

i s  located  outs ide  the wake a t  a d is tance   l a rger   than  20 m (566 f t )  

from t h e   f a n ' s   c e n t e r l i n e  and  about 60 m (197 f t )  downstream  of the  fan.  

The ADAS is capable  of  collecting,  recording,  preparing,  qualifying and 

prel iminary  on-l ine  analysis   of   the   data .  Measurement probes  were 

mounted on stands 3 and/or 4 .5  m high  placed  in   the wake a t   se lec ted  

posi t ions.  Guys prevented  the  stands from  swaying. 

The experiment was conducted  under calm or   near  calm conditions 

with  winds  not  exceeding  about 1 m / s  ( -2  mph). These  conditions  occur 

frequently a t  the   f ie ld   s i te   s ince   base   t empera ture   invers ions   p reva i l  

a lmos t   da i ly   i n   ea r ly  morning and a t  t w i l i g h t .  The Richardson number 

in   this   experiment ,  which ind ica t e s   t he   f l ow  s t ab i l i t y ,  was about 0.002 

(see  Sect.  6.1.1). Under an  inversion, i. e., s tab le   condi t ions ,   tu r -  

bulence is  sustained when the  Richardson number i s  p o s i t i v e  and l e s s  

than 0.2 [7 ,22] .  Ambient  wind was measured by  means of a cup anemom- 

eter  (Belfort   Instrument Co., Wind Speed Transmitter,  Type M) placed 
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ou t s ide  of t h e  wake. Its s igna l  was continuously  monitored  uti l izing 

a d ig i t a l   vo l tme te r  (Hewlett-Packard Co., Model '3440A).  The v e r t i c a l  

v a r i a t i o n  of t h e  ambient  temperature was measured by means of  four 

shielded  mercury  thermometers (Van Waters & Rogers, Type 61001-044) 

mounted  on an  18 m (59 f t )  .tower loca ted   near   the  ADAS. The f i e l d  

s ta t ion   l ayout  and a l l  important  dimensions a re   depic ted   in   F ig ,  4.1. 

A pic ture   o f   the   fan  and t h e   f i e l d   s i t e  is provided by Fig. 4.2.. 
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5. EXPERIMENTAL TECHNIQUE AND INSTRUMENTATION 

5.1 Flow v i sua l i za t ion  

Flow v i sua l i za t ion  was extensively  conducted  to  provide an ove ra l l  

q u a l i t a t i v e  view of   the  f low  pat tern  within  the wake. I t  was espe- 

c ia l ly   important   for   ascer ta ining  the  predominant  sizes of   the   tu r -  

bulent  eddies and t o   o b s e r v e   t h e i r  streamwise behavior. Two visual-  

i z a t i o n  methods were employed, smoke and  balloons. Smoke grenades 

were a t tached   to   s tands   loca ted  a t  s e l ec t ed   pos i t i ons   i n   t he  wake a t  

severa l   he ights .  These  grenades  emitted a continuous  relatively  dense 

red smoke f o r  a duration  of  about 2 min. The turbulent  eddies  en- 

t r a ined   t he  smoke and,  thereby,  the  streamwise  turbulent  transport 

and d i f fus ion  became c l e a r l y   v i s i b l e .  

Ordinary  rubber  balloons were inf la ted  with  hel ium  to  a neu t r a l ly  

buoyant s ize .   Five  bal loons were a t tached   to  one  stand  symmetrically 

about  the  fan's   geometric  centerline a t  ver t ical   increments   of  0.5R 

(fan  radius R = 1.52 m (5 f t ) ) .  When the  s tand was placed i n  wake, 

the  balloons were  captured by the   edd ie s   i nd ica t ing   t he i r   r e l a t ive  

s t r eng th  and size a t   t h a t   p a r t i c u l a r   p o s i t i o n .  Subsequent  simultaneous 

re lease   o f   the   ba l loons   y ie lded   fur ther   v i sua l iza t ion   of   the   tu rbulen t  

f low  pat terns  and t h e  downstream  change  of the   eddies '   s izes  and 

s t rengths .  Two co lo r  movies  were  produced  showing the  smoke and ba l -  

loon  patterns  within  the wake.  The movies were made using a 16 mm 

movie camera (Pai l lard  Inc. ,  Model Bolex H-16 Rex). 

5.2 Mean ve loc i ty  and turbulence measurement 

The  wake was expec ted   t o   s t r e t ch  a t  l e a s t  68 m (223 f t )   l ong i tud i -  

n a l l y  and 6 m (20 f t )  la te ra l ly .   This   ex ten t  was estimated by 
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s imil i tude  based on a pre l iminary   inves t iga t ion   of  a wake produc'ed  by a 

small indoor  fan  [42].  Longitudinal mean ve loc i ty   a long   the   fan  

c e n t e r l i n e  was measured by  means of a s ingle   hot-wire  anemometer. To 

obtain a clear p i c tu re   o f   t he   ax i a l  mean ve loc i ty   va r i a t ion   t he   ho t -  

wire  probe was i n i t i a l l y   p l a c e d  5R (7.6 m (25 f t ) )  downstream of   the 

fan  and,  subsequently, moved i n   s t e p s  of 1 R  (1.52 m (5 f t ) )  up t o  

14R (21.28 m (70 f t ) )  . The turbulence   charac te r i s t ics   wi th in   the  

f i e l d  flow  were  measured by the  s imultaneous  use  of   an  array  of   f ive 

hot-wire anemometers. To avoid  perturbations  generated by the  fan 

supporting  structure,   the  hot-wire  probes were posit ioned a t  d i s t ances  

grea te r   than  7R (10.64 m (35 f t ) )  downstream  of the  fan  [42] .  A l l  

hot-wire  probes  were  positioned  along  the  fan  centerline, i .e . ,  a t  a 

height h = 3.04 m (10 f t )  above the  ground, 1 R  apar t ,   wi th   the f irst  

probe  located 10R (15.2 m (50 f t ) )  from the   fan .  The turbulence 

measurement range  thus  extended from x = 15.2 t o  21.28 m (50 t o  

70 f t ) ,  and the  hot-wire  probes  were  located a t  x = 15.2,  16.72, 

18.24,  19.76 and  21.28 m (50,  55,  60, 65 and 70 f t ) .  In th i s   r eg ion  

t h e   l a t e r a l  and v e r t i c a l  mean ve loc i ty  components, i .e . ,  and v, 
were a n t i c i p a t e d   t o  be much l e s s   t han  10%  of the  longi tudinal  mean 

v e l o c i t y  U [42].  Since a hot  wire i s  most s e n s i t i v e   t o   t h e  

ve loc i ty ' s  normal component according  to   the  cosine law 1431, the 

- 

Sensors were al igned  normal   to   the  longi tudinal  component of   the  

mean ve loc i ty  U. In  terms  of  the  system  bf  coordinates  uti l ized, 
- 

the  probe  axis was pa ra l l e l   t o   t he   z -d i r ec t ion   (ve r t i ca l ly )  and t h e  

sensor axis was p a r a l l e l   t o   t h e   y - d i r e c t i o n   ( l a t e r a l l y ) .  The probes' 

arrangement  and  the  system  of  coordinates  used  are  portrayed  in 

Fig.  5.1. 
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Basically,  a hot-wire anemometer measures the   cool ing   due   to   the  

flow  of  an  electrically  heated  f ine  wire.   Previous  experiments 

c l e a r l y   i n d i c a t e   t h a t   t h e r e  is  a power dependence  of  the  heat  transfer,  

i.e., Nusselt number, on t h e  Reynolds number (based on the  undisturbed 

mean ve loc i ty  and the  wire diameter). The value of the  exponent  varies 

from 0.45 t o  0.52 [43,44,45] but,   generally,  a square-root law, i . e . ,  

the  so-called  King’s law, i s  employed [43,45,46]. Whenever the   f luc tu-  

a t i n g   v e l o c i t i e s   i n   t h e  y- and z-direct ions  are   negl igible   with  respect  

t o   t he   i n s t an taneous   ve loc i ty  normal to   t he   w i re  (u + u ) ,   t h e   r e l a t i o n -  

ship between the   to ta l   vo l tage   d rop   across   the   wi re  and the   ve loc i ty  i s  

where u is  t h e   v e l o c i t y   f l u c t u a t i o n   p a r a l l e l  t o  t h e  mean ve loc i ty  U ,  

and the  overbar  denotes  time-averaged (mean) value. The vol tage   in  

s t i l l  a i r  (at zero   ve loc i ty  or shielded  sensor),  which i s  a constant 

under  the  selected  operating  conditions, i s  designated by Eo. In 

Eq. (5.1) E starlds  for  the  time-averaged  voltage (DC) necessary  to  

balance  the  bridge  under  steady  conditions which i s  propor t iona l   to   the  

mean ve loc i ty  U. The instantaneous  voltage (AC) a r i s i n g  from the  

f luc tua t ing   ve loc i ty  u i s  denoted by e. The constant A is experi- 

mentally  determined from the   ca l ib ra t ion   o f   each   pa r t i cu la r  wire. I ts  

value  depends  on  wire  configuration and mater ia l  and is  affected by a i r  

properties.  Furthermore,  both Eo and A depend  upon the   r e s i s t ance  

r a t io   o f   t he   b r idge  N = Rw/RwCO, v iz . ,   the   ra t io   o f   the   hea ted   wi re  

resistance  under  working  condition Rw t o  i t s  co ld   r e s i s t ance   i n  s t i l l  

a i r  Rwco. 

- 

- 

- 

Under the  assumption  of small f luc tua t ions ,  i .e . ,  u / v  << 1 and, 

hence, e/F cc 1, the  higher  order  terms  in  the  binomial  expansion  of 
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(E + e ) 2  and (v + u)% can  .be  neglected.  Next, after some 

manipulat ions,   the   turbulence  intensi ty , '  which is commonly defined as 

u /u, is  given  by rms 

U 
lXlS 

e 
- =  l7llS - 4M - , - 

U E 

where [46] 

The f low  factor  due to   the   vo l tage   d rop  i s  

i n  which the  DC voltage  drop AT = (E - Eo). The subsc r ip t  rms des- 

ignates  square-root  of mean (time-averaged)  square  values,  i .e.,   (u T +  ) 

and (e2)'. In   add i t ion   t o   t he   cond i t ion   o f  small f luc tua t ions ,   t he  
- 

mean ve loc i ty  must be  high enough such t h a t  m 2 0.2 f o r  E q .  (5.2) t o  

be v a l i d  1461. Otherwise  the  coeff ic ient  M becomes very   l a rge   s ince  

M + m as m + 0. In th i s   exper iment   the   ve loc i ty   range   of   in te res t  

was up t o  about  10.1 m/s (233.1 f t /s) ,  the  value  of  m ranged  from 

0.22 t o  0.39,  and the   longi tudina l   tu rbulence   in tens i ty   var ied  up t o  

about 30%. The leve l   o f   f luc tua t ing   s igna l  (AC) was consis tent ly   about  

ten  t imes smaller than   the  DC component (AE) throughout a l l  measure- 

ments.  Representative  values  for a l l  f ive  probes are l i s t e d   i n  

Appendix I I. 

5.3  Hot-wire anemometer  measuring system 

The hot-wire anemometer u t i l i z e d   i n   t h i s  work i s  a novel  constant- 

temperature  system  conceived,  designed  and  built a t  the   F lu id  Dynamics 
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and  Diffusion  Laboratory,  Colorado  State  University  [47].  Commercially 

avai lable   hot-wire  anemometer uni ts   could  not   be  evloyed  s ince  they 

are commonly designed  for a specific  length  of  the  cables  connecting 

the   s enso r   t o   t he   b r idge   o f   t he  system.  This  results from the  need 

t o  account   for   the   l eads '   res i s tance  when measuring  the  wire  resistance 

and balancing  the  Wheatstone  bridge  of  the anemometer under  both 

cold  and  hot  conditions.  The cables '   length is usua l ly   l imi t ed   t o  

about 6 t o  9 m (20 t o  30 f t ) .  Moreover, the   no ise   l eve l   o f   ava i lab le  

u n i t s  i s  r e l a t ive ly   h igh ,   v i z . ,  more than a few m i l l i v o l t s  rms, and 

increases   s ign i f icant ly   wi th   the  leads' length.   In  addition,  the fre- 

quency  response is d ras t i ca l ly   a f f ec t ed  and  reduced by long  cables. 

To overcome the  shortcomings of l imited  cables '   length a three-  

lead  bridge  system w a s  devised   for   the  CSU hot-wire anemometer [48].  In 

t h i s  system  the  sensor,  which i s  an arm of the  br idge,  i s  connected t o  

the  br idge by means of   three  leads.   This  new des ign   permi ts   e f f ic ien t  

remote  use  of a hot-wire anemometer,  which is  of  prime  importance i n  

atmospheric  measurements. The length of  the  leads  connecting  the  sensor 

t o   t h e   u n i t  can  be i n  excess of 150 m (492 f t ) .  The three- lead  br idge 

balance i s  independent   of   the   cables '   length  and,   thus,   of   their  resis- 

tance.  Consequently,  the  balance  of  the  bridge and the   no i se   l eve l  

o f   t h e   u n i t  are unaffected  by  the leads. The frequency  response is 

o n l y   s l i g h t l y   a f f e c t e d  by the  cables '   length,   v iz . ,  it is diminished 

by  about 20 t o  30%. 

The CSU constant-temperature  hot-wire anemometer is based on a new 

dual-amplifier  concept  [47]. In a d d i t i o n   t o   t h e  commonly used  feedback 

amplif ier ,  a second  operational  amplifier is employed t o   c o n t r o l   t h e  
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current  through  the  bridge.   This  current  amplifier  insures a high 

s t a b i l i t y  and  extremely low noise.  The d r i f t   i n   t he   va lue   o f   t he   ou t -  

put   s ignal  is  less than 1% over  about 100  h of  continuous  operation. 

In  this  experiment  the  noise  of  the anemometer with  cables  of 150 m 

length  ranged from 350 t o  750 pV rms. The AC s igna l   p ropor t iona l   to  

the   f luc tua t ing   ve loc i ty  was of the  order of 40 t o  60 mV rms and thus,  

the   s igna l - to-noise   ra t io  (S/N) var ied from 53 t o  171. The f l u c t u a t -  

ing  veloci ty  can  be  measured  with a resolut ion  bet ter   than  0 .5% of the  

mean veloci ty .  With 150 m length  of  cables  the  frequency  response  of 

the   un i t  i s  about 70 t o  80 kHz. 

Furthermore,  the CSU hot-wire anemometer un i t  i s  a v e r s a t i l e  sys-  

tem wi th   severa l   impor tan t   bu i l t - in   s igna l   condi t ion ing   capabi l i t i es .  

Two ranges of wire   res is tance up t o  10 R and  from 10 t o  50 R 

are provided.  This  permits  the  use  of a great  variety  of  sensors  and 

a wide range  of  resistance  ratios.   Within  the 10 R range  the  wire. 

resistance  can  be measured  with a resolut ion  of  0.005 R ,  whereas 

beyond 10 R t he   r e so lu t ion  is  0.025 R. To control  the  hot-wiqe 

s e n s i t i v i t y ,   t h e   b r i d g e   r e s i s t a n c e   r a t i o  N (or overheat   ra t io)   can 

be s e t  a t  any desired  value  within  the  foregoing two resis tance  ranges.  

Either  the  voltage  across  the  bridge  or  the  current  f lowing  through it 

are  displayed on the   un i t ' s   d ig i ta l   pane l   meter  (DPM) with  an  accuracy 

of 1 mV and  0.1 IRA, respect ively.  The value  of  the  signal  displayed on 

the DPM is proport ional   to   the  instantaneous  veloci ty  and  can  be held 

a t  any ins tan t   to   permi t   eas ie r   read ing .  Moreover, the  displayed  vol t -  

age  can  be  time  integrated  over  periods  of  5, 10 and 20 s supplying a 

b e t t e r   v a l u e   f o r  E - U. 

Rwco , 

" 
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The  hot-wire  anemometer  unit  possesses  identical  frant  and  rear 

output  channels,  each  capable of operating  independently of  the  other. 

This  allows  different  operations  to  be  performed  simultaneously  on  the 

output  signal.  Each  output  channel  is  equipped  with  identical  variable 

low-pass  filter  and  amplifier.  Both  can  be  varied  in  steps  from  1  to 

50 kHz for  the  former  and  from  1  to  a  gain of 100  for  the  latter.  Time 

averaging of the  rear  output  signal  can  be  performed  over  periods of 10, 

20 and 30 s by  means of a  built-in  averaging  circuit.  Thereby, on-’ 

line  recording of the  DC  signal  proportional  to  the  mean  velocity  can 

be  carried  out.  By  means of independent  suppression  networks  the  DC 

level of both  output  channels  can  be  adjusted  to  any  desired  value 

between  the  zero-velocity  voltage Eo and  the  total  output  voltage 

E = Eo + AE. It  is  generally  efficient  to  suppress  the  still-air 

voltage Eo and,  hence,  measure  the  voltage  drop  caused  by  the  flow, 

i.e.,  AE = E - Eo = Ai? + e.  Consequently,  the  resolution  and  accuracy 

of the  measurement of the  output  voltage  are  greatly  improved.  Higher 

amplifications of the  suppressed  signals  are  readily  achievable.  This 

feature  is of particular  significance  when  the  output  signals  are 

recorded on magnetic  tape  and  analyzed  employing  other  instrumentation. 

All  the  performances of the  hot-wire  anemometer  system,  i.e.,  frequency 

response,  filter  cutoff,  gain,  time  averaging, S/N, can  be  easily 

checked  on-line  using  a  sine  wave  and  DC  test  signals. A general 

view of the CSU constant-temperature  hot-wire  anemometer  unit  is  pro- 

vided  by  Fig. 5.2. 

The  signals  AE  generated  by  the  array of five  hot-wire 

anemometers  used  in  this  experiment  were  recorded  simultaneously  on 

magnetic  tape. A threefold  amplification,  i.e.,  a  gain GH = 3,  was 
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appl ied   to  a l l  signals.   Additionally,  a 1 kHz low-pass f i l t e r  was 

continuously employed to   cu t   o f f   ex t r aneous  RF waves  which were 

occasionally  inducted  into  the  long  cables.   In  connection  with  the 

hot-wire anemometer measuring  system,  an  Analog Data Acquisit ion 

System (ADAS) was employed for   data   col lect ion,   recording,   preparat ion,  

qua l i f ica t ion ,   reduct ion  and analysis.   This ADAS consisted  of  the 

following  equipment: 

An FM magnetic  tape  recording  system (Ampex Corp., Portable 

Magnetic  Tape  Recorder/Reproducer, Model  CP-100, see 

Sect.  5.4) for   s imultaneous  recording  of   s ignals  from the 

f ive   ho t -wire   a r ray   for   fu ture   ana lys i s ;  

An analog  correlator  system  (Princeton  Applied  Research  Corp., 

Correlation  Function Computer, Model  101A, see  Sect .  5:s) f o r  

preliminary  on-line and  subsequent  detailed  autocorrelation 

analysis   of   the   output   s ignals ;  

A wave analyzer  (General  Radio  Corp., Sound and  Vibration 

Analyzer, Type 1564-A) for   on-l ine  f requency  spectral  

analysis ;  

Four  dual-beam oscilloscopes  (Tektronix  Inc., Model 502A) f o r  

quick  assessment  of  the  output  signals  from  the  array  of  five 

hot wires and for  monitoring  their   simultaneous  recording 

on magnetic  tape; 

Two oscil loscope cameras  (Tektronix  Inc., Model C-12) f o r  

obtaining  oscil lograms  of  the  turbulent  signals;  

Two true  root-mean-square meters (Ballantine  Laboratories 

Inc. , Model  320A) f o r  measurement of rms values; 
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(7) A d i g i t a l  DC voltmeter  (Hewlett-Packard Co., Model  3440A) f o r  

monitoring  the DC output  voltages;  

(8) A function  generator  (Hewlett-Packard Co., Variable  Phase 

Function  Generator, Model  203A) f o r  check-out  of  the  hot-wire 

anemometer u n i t ;  

(9) A DC voltage  supply  (Electronic Development  Corp., Precision 

DC Voltage  Standard, Model  VS-11-R) f o r  check-out  of  the  hot- 

wire anemometer un i t .  

A block  diagram  of  the  hot-wire anemometer measuring  System, i . e . ,   t h e  

hot-wire anemometer u n i t  and the ADAS, i s  portrayed  in  Fig.   5.3.  An 

overa l l  view of   the ADAS i s  provided by Fig.  5.4. 

A copper-plated  tungsten  wire  of 0.0089 mm (0.00035 in)  diameter 

and  of  about 1 mm (0.04 in)   length was used (Flow  Corp, , Hot-wire 

Filament, Type W3). Its aspec t   ra t io ,   the   ra t io   o f  i t s  length t o  

diameter k/d, was approximately  110.  Single  wire  probes  were  used 

throughout  the  experiment,  with  the  sensor mounted normal to   the  probe 

axis (Flow Corp.,  Probe, Type B-1-C). 

Calibration  of  the  hot  wire was performed  uti-lizing a standard 

c a l i b r a t o r  (Thermo-Systems Inc. ,   Calibrator,  Model 1125).  Before  every 

run  the  wire was cleaned  using a concentrated  cleaning  solution  of PO- 

tassium chromate  and s u l f u r i c   a c i d  (K C r O  + H2S04). A b o t t l e   o f  com- 

pressed  dry a i r  maintained a t  ambient  temperature was avai lable  a t  the 

f i e l d   s i t e   t o   p e r m i t   c a l i b r a t i o n   b e f o r e  and a f t e r  each  run. The auxi l -  

3 4  

ia ry   ca l ibra t ion   sys tem i s  included  in  the  block  diagram shown i n  

Fig.  5.3. The pressure  drop  across   the  cal ibrator   nozzle  was measured 

using  an  electronic  pressure  meter  (Trans-sonic  Inc.,  Equibar  Pressure 

Meter, Type  120A). In  connection  with  the  calibration,  the ambient 
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temperature  and  barometric  pressure  were  continuously  monitored by 

means of a mercury  thermometer (Van Waters E Rogers, Type  61001-044) 

and an aneroid  barometer  (Friez  Instruments  Div., Bendix Aviation 

Corp., Cat. No. 620). A sample  of  the  kind of ca l ibra t ion   curves  ob- 

ta ined i s  displayed  in   Fig.  5.5. Within the   ve loc i ty   range   of   in te res t  

it was found t h a t   t h e  %-power law was reasonably   sa t i s f ied .  

5 . 4  Data  recording 

In  this  experiment,  as previously  mentioned,  the  signals from the  

array  of   f ive  hot-wire  anemometers  were continuously and simultaneously 

recorded  and  stored on magnetic  tape. The recording was imperat ive  to  

enable   fur ther   reduct ion   of   the   da ta   and ,   par t icu lar ly ,   to   permi t   the  

autocorrelat ion  analysis .  A versat i le .   analog  tape  recorder  ( h e x  

Corp.,  Portable  Instrumentation  Magnetic Tape  Recorder/Reproducer, 

Model  CP-100) was u t i l i zed   t o   r eco rd   t he   t o t a l   i n s t an taneous   vo l t age  

drop AE = AE + e generated by each  of  the  five  hot-wire  anemometers. 

The recording was performed  using a 1 i n  wide tape,  i . e . ,  14-track  tape. 

Frequency  modulation (FM) recording was employed s ince   th i s   p rocedure  

is  par t icu lar ly   adequate   for  low-speed  turbulence  data. The FM pro- 

cess  is character ized by i ts  capab i l i t y   t o   r eco rd  low frequency  sig- 

n a l s ,  by i t s  low noise,   viz. ,  S/N grea ter   than  40 dB, and,  moreover, 

possesses   the   ab i l i ty   to   record  DC voltages.  

In FM recording  procedure  the  frequency  of a constant  amplitude 

c a r r i e r  wave i s  varied  (or  modulated) 

the  input  data  signal  ( the  modulating 

The c a r r i e r  is  commonly a square wave 

center   carr ier   f requency,   larger   than 

in  accordance  with  variations  of 

or   information-bearing  s ignal) .  

of a frequency fc,  ca l l ed   t he  

t h e  maximum frequency  of  the 
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da ta   s igna l  fm: In  response to   the   ins tan taneous   vo l tage   va lue  

of the  modulating  signal,   thi   instantaneous  frequency of t he  modulated 

s igna l   devia tes   l inear ly   about   the   cen ter   car r ie r   f requency   wi th in  a 

deviation  frequency  range A f .  A DC input   s igna l  augments or  diminishes 

the  center  carrier  frequency  depending upon i ts  p o l a r i t y  and d i r e c t l y  

p ropor t iona l   t o  i t s  magnitude. A zero   input   s igna l   y ie lds  a modulated 

s igna l   o f   exac t ly  same frequency as of t h e   c a r r i e r .  An AC modulating 

s i g n a l   a l t e r n a t e l y   i n c r e a s e s  and decreases   the  center   carr ier   f requency 

a t  a r a t e   e q u a l   t o  i t s  frequency. Commonly, a modulated  signal band- 

width  extending from 0.6 t o  1.4 f c ,  i .e . ,  r40% maximum deviation  of 

the   cen ter   car r ie r   f requency   fc ,  i s  used  [49]. The rms value  of  the 

input  signal  amplitude  yielding a peak 40% frequency  deviation, i . e . ,  

t h e  40% deviation  voltage,   can be ad jus ted   to  any desired  value  within 

a range from 0 . 7  t o  10 V rms [49].  Thus,  the  modulated  signal i s  

a square wave of  continuous  varying  width.  Its  amplitude is  exact ly  

equal   to   that   of   the   carr ier   s ince  the  f requency-modulated  s ignal  

i s  recorded a t  s a tu ra t ion .  

Determination  of  the FM recording  center   carr ier   f requency  fc  

and tape  speed S depends upon  knowledge  of t he  maximum frequency 

of i n t e r e s t  o f   the   input   da ta   s igna l  . The c e n t e r   c a r r i e r   f r e -  

quency f c  and t h e  nominal d a t a  bandwidth B, i . e . ,   t h e  bandwidth  of 

the  information-bearing  s ignal  which i s  recorded  and  reproduced,  are 

in t e r r e l a t ed   acco rd ing   t o   t he   spec i f i ed  IRIG standards [49,50]. E l i m i -  

nation  of  undesired  interferences  between  the  highest   frequency  of  the 

da ta   s igna l  fm and the  lowest  deviation  frequency  0.6fc is  achieved 

when a frequency  interval   greater   than  about   1 .5   octaves  (0 .6fc/fm > 

2.83) is provided  [49,50,51].  Furthermore, fa i thful   demodulat ion,  

f m  
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i.e.,  reproduct ion  of   the  input   s ignal ,  is ensured when t h e  bandwidth 

of t h e  modulated s igna l  2Af is, a t  t he  least, four   t imes  larger   than 

the  bandwidth  of  the  data  signal fm [ S l ] .  

A pre l imina ry   d i sc re t e   spec t r a l   ana lys i s  of t h e  signals generated 

by the  array  of   hot-wire  anemometers was conducted  using a wave analyzer 

(General  Radio  Corp., Sound  and Vibration  Analyzer, Type 1564-A) t o  

a s c e r t a i n   t h e i r  maximum f requencies   o f   in te res t .  I t  was found t h a t  

the   tu rbulen t   energy   for   a l l   the   s igna ls  a t  frequencies beyond  500 Hz 

was i n s i g n i f i c a n t ,   v i z . ,  less than 1% of   the   to ta l   energy .  Moreover, 

the  energy  spectrum up t o  250 Hz contained,   in  a l l  cases,  more than 

95% of the   t o t a l   ene rgy ,   i . e . ,  fm = 250 Hz. Consequently, a nominal 

d a t a  bandwidth B = 625 Hz was se l ec t ed   t o   war ran t   r e l i ab le   r eco rd ing .  

The recording was carried  out  using  the  standard  narrow band mode 

and,  hence,   the  corresponding  center  carrier  frequency  fc was 3375 Hz 

[49,50]. Once fc  is  determined,  the  tape  speed S i s  uniquely 

establ ished.  The former  in kHz is  equal   to  0.9 o f  t h e   l a t t e r   i n  i p s  

( inches  per  second)  for  the narrow band FM recording employed [49,50, 

511 and,  hence, a tape  speed S = 3-3/4  ips was used.  Since  the  tape 

speed  of  the  recorder  can be va r i ed   i n   s ix   s t eps  from 1-7/8 t o  60 i p s ,  

playback a t  higher  speeds  allows  analysis  of  very-low  frequency  signals. 

Note that  the  frequency  transformation i s  d i r ec t ly   p ropor t iona l   t o   t he  

change in  tape  speed. The center   car r ie r   f requency  was 2.44 octaves 

higher   than  the nominal data  bandwidth,  i .e.,  f c / B  = 5.4,  and t h e  band- 

width  of  the  modulated  signal  extended from  2025 t o  4725 Hz, i . e . ,  

T 40% deviation  frequencies.  Thus, the  lowest  frequency  deviation was 

1.7  octaves  larger  than B, viz. ,   0.6fc/B = 3.24.  Moreover,  the  band- 

width  of  the  modulated  signal 2Af was 4.32  times  the  nominal  data 
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bandwidth. The modulation  index, i .e. ,  t h e   r a t i o   o f   t h e  maximum 

deviation  frequency  to  the  highest   modulating  frequency mf = Af/B, was 

2.16. For t h i s   p a r t i c u l a r   v a l u e  

values  of m [41]. The recorder  

1 V rms. Thus,  an  instantaneous 

f 

t h e  S/N is  g rea t e r   t han   fo r   o the r  

was ad jus ted   for  a 40% deviat ion  of .  

input  amplitude  of  1.414 V yielded a 

maximum frequency  deviation  of  either  1.4fc  or  0.6fc  depending upon 

i t s  po la r i ty .  A check  of  the  linear  dependence  of  both  modulation and 

demodulation upon the   da ta   s igna l   ampl i tude   revea led   tha t  it was within 

1.5% up t o  1.414 V rms, i . e .  , 56% deviation  frequency.  Consequently, 

the  input   vol tage was maintained a t  a level   lower   than  or   equal   to  

1.414 V rms which corresponds  to   an  instantaneous 2 V peak. 

To e f f i c i en t ly   ca r ry   ou t   t he   r eco rd ing ,  i t  was necessa ry   t o  

consistently  suppress  the  hot-wire anemometer ou tpu t   s igna l   a t   z e ro  

ve loc i ty  Eo which var ied from 1 . 5   t o  2 V .  This  suppression was 

performed by means of   the  anemometer un i t ' s   bu i l t - in   suppress ion   ne t -  

work. Subsequent ly ,   the   total   vol tage  drop  due  to   the  f low A E ,  which 

generally  ranged from 0.4 t o  0.65 V ,  was cont inuously  amplif ied  three 

times, as  previously  mentioned,  using  the anemometers bu i l t - i n   ou tpu t  

ampl i f ie r  (G = 3 ) .  Thus, the  instantaneous  amplitude o f  the  condi- 

t ioned  input  signal  ranged from 1 . 2  t o  1.95 V ,  and i t s  rms va lue   var ied  

roughly from  0.85 t o  1.38 V. In most cases   the  input   s ignal  was of  

same p o l a r i t y  and,  hence,  frequency  deviation  above  the  center carrier 

resu l ted .  The leve l  of the  hot-wire anemometers' f l uc tua t ing   s igna l s  

(AC) was general ly  between 40 and 60 mV rms. Due t o   t h e   t h r e e f o l d  

amplif icat ion (G = 3)  and s ince   t he   no i se   l eve l  of the   recorder  was 

about 350 vV rms, the  recording S/N was grea te r   than  50 dB, i . e . ,  

l a rger   than  340 times. 

H 

H 
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I t  was important to   record   the   vo l tage   t ime  h i s tory  of t h e  

s i g n a l s  produced  by the  hot-wire  anemometers  over su f f i c i en t ly   l ong  

time in te rva l   to   permi t   da ta   ed i t ing ,   p repara t ion ,   qua l i f ica t ion   and ,  

par t icular ly ,   adequate   analysis .  Data ed i t i ng   r e fe r s   t o   p re -ana lys i s  

'procedures  designed t o   d e t e c t  and  eliminate  spurious  and/or  degraded 

s igna l s .  Such s i g n a l s  may r e s u l t  from acqu i s i t i on  and  recording  pro- 

blems,  e.g. ,   excessive  noise,   signal  dropout and malfunctions  of  the 

t ransducers .   Data   preparat ion  involves   conversion  of   the  e lectr ical  

s igna l   in to   engineer ing   un i t s ,  i . e . ,  c a l i b r a t i o n ,  and formation of da t a  

loops  for  continuous  analog  display. 

The record  length i s  of   cons iderable   s ign i f icance   in   re la t ion   to  

da t a   qua l i f i ca t ions  and  subsequent  analysis.  Evaluation  of  the  station- 

a r i t y   o f   t he  random data  and generation  of  an  equivalent  ensemble  are 

s t rongly   a f fec ted  by the   ava i l ab le  sample  record  length Tra. The 

data   analysis  and i n t e r p r e t a t i o n   o f   t h e   r e s u l t s  depend upon the  aver- 

aging  time T r e q u i r e d   t o  compute the   var ious   s ta t i s t ica l   parameter  

estimates.  Usually  the  averaging  time is  smaller   than  or   equal   to   the 

sample  record  length. I t  is  d e s i r a b l e   t o   s e l e c t  a sample  record  length 

such t h a t   t h e  computed s t a t i s t i c a l  averaged  parameters  are  within 

acceptable  confidence  levels.  The formulas   re la t ing  their   normalized 

s tandard   e r rors  (rms errors)   to   the  averaging  t ime T and t h e   f i n i t e  

bandwidth  of  the  -data  include  factors which a r e  unknown p r i o r   t o  

da t a   co l l ec t ion  [41] .  Furthermore,   these  error  equations are based 

on the  assumption  of  Gaussian  (normal)  data  with  zero mean. Conse- 

quently,   they  provide  solely a f irst  order rough  approximation f o r  

the  averaging  t ime.  Since  the  autocorrelation  analysis was of 

primary  interest ,   the  normalized mean-square e r r o r   f o r   t h e  
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autocorrelation  was  employed to  obtain  a  guideline  for  estimating  the 

necessary  averaging  time.  This  error  is  given  by  [41] 

c2 = (1 + u'~)/~BT, R (5.5) 

in  which B is  the  nominal  bandwidth  and T stands  for  the  averaging 

time.  The  ratio of the  smallest  amplitude of the  autocorrelation R ( T )  

to  be  resolved (T is  the  time  delay)  to  its  maximum  value R ( 0 )  (the 

mean-square  value)  is  designated  by  the  resolution  coefficient 

a, i .e. , a = R (T) / R ( O )  . Notice  that  the  error equatih for  the  auto- 

correlation  involves  only  a  random  error  term  since  the  bias  error 

vanishes  whenever  the  record  length > T + T. Assuming  a  desired 

resolution  coefficient a = 0.02 and  a  normalized  standard  error 

E = 0.1,  the  required  averaging  time T = 200 and 500 s when B = 625 

and 250 fiz, respectively. To account  for  the  uncertainties  in  the 

estimation of the  averaging  time,  since  it  is  not  feasible  to  assume 

a  priori  a  normal  distribution,  a  longer  sample  record  is  desirable. 

In  addition,  a  relatively  long  record  is  necessary  to  permit  the 

generation of  an  equivalent  ensemble. As a  result,  sample  records  of 

Tra = 1 h were  employed. 

Tr - 

R 

The  signal  on  each  track  was  identified  by  means of voice  and  fre- 

quency  coded  headers.  The  pertinent  information,  i.e.,  date,  probe 

position  and  test  conditions,  was  recorded  utilizing  a  microphone  and 

function  generator  (Hewlett-Packard Co., Variable  Phase  Function  Gen- 

erator  Model  203A). A 100 Ilz frequency  sine  wave  of  1  V  peak 

(0.707 V rms)  was  recorded on each  track  to  be  used  as  an  amplitude 

calibration  signal.  Additionally,  the  sine  wave  was  also  recorded 
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continuously  throughout  each run on  a  separate  track  to  supply  a  time 

base  signal.  The  gain of each  track  GT = 1/A,  where  A  is  the  ampli- 

tude of the  calibration  sine  wave  after  reproduction. The values of 

GT  which  varied  slightly  with  the  track  being  used  from 0.83 to  1.03 

are  presented  in  Appendix 11.  

In  conjunction  with  the  calibration of  the  tape  recorder  and 

subsequent  data  recording  and  analysis,  the  following  additional 

equipment  was  employed: 

A standard  tape  recorder  calibrator  (Ampex  Corp., FM Cali- 

bration  Unit,  Model  (TC-10)  for  calibrating  the  recording 

and  reproducing  amplifiers  of  the  tape  recorder; 

A  digital  DC  voltmeter  (Hewlett-Packard  Co.,  Model  3440A)  for 

measuring  DC  voltages; 

A  frequency  counter  (Computer  Measurements  Co.,  Universal 

Counter-Timer,  Model  726C)  for  measuring  calibration  fre- 

quencies; 

A  microphone  for  voice  recording of an  identification  header; 

A DC  voltage  supply  (Electronic  Development  Corp.,  Precision 

DC  Voltage  Standard,  Model  VS-11-R)  for  checking  the 

linearity of the  recording  and  reproducing  amplifiers; 

Four  dual,-beam  oscilloscopes  (Tektronix  Inc.,  Model  502A)  for 

calibration  and  for  data  monitoring  during  recording  and re- 

producing; 

An  analog  correlator  system  (Princeton  Applied  Research  COT., 

Correlation  Function  Computer,  Model  101A,  see  Sect. 5 . 5 )  

for  extensive  autocorrelation  analysis; 
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(8) Five   s t r ip   cha r t   r eco rde r s  (F. L. Moseley  Co.,  Autograf S t r i p  

Chart  Recorder, Model 680) f o r  hard-copy  recording of mean 

and  mean-square  values; 

(9) Two true  root-mean-square meters (Ballantine  Laboratories 

Inc., Model 320A) for measuring rms and  mean-square  values; 

(10) An integrator  (Princeton  Applied  Research Corp., Operational 

Amplifier  Unit, Model 215) for   t ime  in tegra t ion   of  mean and 

mean-square  values. 

A block  diagram of the  tape  recorder  system,  incorporating its ca l ib ra -  

t ion  system, i s  depicted  in   Fig.  5 . 6 .  
” .  .. 

~- 

5.5 Autocorrelation  computation 

The autocorrelations  of  the  signals  generated by the   a r ray   o f   f ive  

hot-wire anemometers  were computed employing a hybrid  correlat ion 

function  analyzer,  which w i l l  be cal led  a  CFA for  convenience  (Prince- 

ton  Applied  Research  Corp.,  Correlation  Function Computer, Model l O l A  

[52]). Under the assumption  of small ve loc i ty   f l uc tua t ions ,   i . e . ,  

u - e ,   the   tu rbulen t   ve loc i ty   au tocorre la t ion   coef f ic ien t   (or   the  

normalized  autocorrelation  function) is  

i n  which e(t)  i s  the  instantaneous  f luctuat ing AC vo l t age   a r i s ing  

from t h e   f l u c t u a t i n g   v e l o c i t y   u ( t ) ,  and the  overbar  designates time- 

averaged  values. The f luc tua t ing   s igna l   de layed  by time T is  

e(t-.r), and -2 e (t) s t ands   fo r   t he  mean-square  value  of  the  signal 

which is propor t iona l   t o   t he   au tocor re l a t ion  a t  zero-time  delay.  Note 
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t h a t   e ( t ) e ( t - T )  = e ( t ) e ( t + r )  whenever e ( t )  i s  a s t a t iona ry   s igna l  

[41]. I t  i s  fur ther ,   impor tan t   to  remark tha t   t he   au tocor re l a t ion  i s  

equal t o  the  autocovariance  s ince  the  turbulent   veloci ty   possesses   zero 

mean. 
Computation  of  the  autocorrelations were performed  using  the 

s ignals   recorded on FM magnetic  tape.  Since  the anemometer t o t a l  

voltage  drop AE = AE + e was recorded, it w a s  necessary  to   suppress  

i t s  DC component AE propor t iona l   t o   t he  mean ve loc i ty  U. This  sup- 

pression was achieved  by u t i l i z i n g   t h e  CFA i n  its AC coupling mode, 

which i s  equipped  with a high-pass f i l t e r  whose cutoff  frequency is  

- 

0.32 Hz. Any smaller frequency components  were  assumed t o   p e r t a i n   t o  

t h e  DC signal   and,   therefore ,  were disregarded. Moreover, s ince   t he  
.&= 

AC component was roughly  ten times smaller than  the DC s igna l ,   t he  

suppression  of  the l a t te r  allowed  the  use of  t h e   f u l l  dynamic range  of 

t h e  CFA input   amplif ier .  

Estimation  of  the  autocorrelation was accomplished  by d i g i t a l l y  

sampling  the  input  signal which i s  to  be  delayed,  delaying  the  samples 

within a computation  period  time,  multiplying  the  delayed  samples  by 

the   o r ig ina l   i npu t   s igna l  and  averaging  the  lagged  products i n  an RC 

i n t e g r a t o r .  The s igna l   to   be   de layed  was fed  to   channel  A of   the  CFA 

where it underwent  adequate digi t izat ion.   Simultaneously,   the   input  

s igna l  was supplied  to  channel B f o r  fur ther   mul t ip l ica t ion .  An iden- 

t i c a l   g a i n  G = 5 was applied  to  both  chailnels  to  ensure a high S/N. 

The output  noise N (rms) of the CFA i s  constant   a t   f ixed  values  of  t he  

C 

computation  period time and RC time  constant.  Thus,  the CFA output 

s igna l  E (T) can  be  readily  corrected f o r  the  noise  by simply  sub- 

t r a c t i n g  it. A t  the  completion  of  the  computation  the  output  signal 

C 
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E (T) is  directly  proportional  to  the  turbulent  velocity 

autocorrelation  since 
C 

Ec(r) = G e(t)e(t-i), 

in  which  the  overall  gain 

(5.7) 

G = -  
C C F T H  '(G G  G G ) * ,  (5.8) 

where  GC = 5  and  GH = 3 are  the  CFA  and  hot-wire  anemometer 

gains,  respectively. The values of the  tape  recorder  gain  GT, 

which  varied  slightly  with  the  track  being  used,  are  listed 

in  Appendix  11,  as  previously  mentioned.  A  low-pass  filter  (Spencer 

Kennedy  Laboratories  Inc. , Variable  Electronic  Filter,  Model  308A)  was 

employed  to  cut off undesired  high  frequency  components of the  signal 

prior  to  supplying  it  to  the  CFA.  The  filter  attenuation GF = 0.61. 

The  CFA  internally  derived  calibration  constant  whose  value  is 1 V 

is  designated  by C .  A flow  diagram  of  the  signal  in  accordance  with 

Eq.  (5.7)  is  provided  by  Fig.  5.7.  Substitution of Eq.  (5.7)  into 

Eq.  (5.6)  yields  the  autocorrelation  coefficient  in  terms of the  CFA 

output  signal 

where  at T = 0 the  output  signal of the  CFA  is 

in  which G is  the  overall  gain. 

The  sampling  interval  h  provided  by  the  CFA  is 

h = T /loo, P 

(5.10) 

(5.11) 
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where T i s  the  computation  period  base rime which i s  a d j u s t a b l e   i n  

s t e p s  from 50 LIS t o  10 s i n  1, 2, 5 sequence. Then, the  sampling-  

frequency  (sampling rate) is 

P 

f s  = 100/T 
P’ 

(5.12) 

which  can  be  varied from  10 Hz t o  2 MHz. Proper  sampling is  ensured 

when the  samples  contain a l l  the  information  of   the  or iginal   s ignal  up 

t o  i t s  highest   f requency  of   interest  fm. In  other  words, it is 

impera t ive   to   avoid   a l ias ing   ( fo ld ing) .   This  was achieved by s e l e c t i n g  

a sampling  frequency  twice  the maximum frequency  of   interest   of   the  

signal  [41,53].  The l a t t e r ,  which is  the  cutoff  frequency, i s  c a l l e d  

Nyquist or  folding  frequency. A sampling  frequency fs = 500 Hz was 

employed s i n c e   f o r  a l l  s i g n a l s   t h e  maximum signif icant   f requency 

was 250 Hz. Then,  from  Eqs.  (5.12)  and  (5.11) the  computation  period 

base time and the  sampling  interval were 200 and 2 ms, respect ively.  

The nominal d a t a  bandwidth B of   the  recorded  s ignals  was 625 Hz. 

Cutoff  of  information  above  the maximum frequency of s i g n i f i c a n t   d a t a ,  

i. e., at frequencies f > f m  = 250 Hz, was performed by f i l t e r i n g   t h e  

inpu t   s igna l s   u t i l i z ing   t he   p rev ious ly  mentioned  low-pass f i l t e r .  

f m  

Calculat ion  of   the  output   s ignal   Ec(r)  - R(T)  over  averaging 

time T 

T 
E (T) = 5 1 e ( t ) e ( t - r )   d t  

C T 
0 

(5.13) 

was carr ied  out   in   the  cont inuous  scan  lag time method [41].  This 

procedure  produces a continuous  autocorrelogram when RC averaging 
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is  employed. The scan   r a t e  is  automatical ly   adjusted  for  a l ag  time 

re so lu t ion  (or increment) AT equal t o   t h e  sampling  interval  h.  For 

this  purpose  the  channel A d i g i t i z e d   s i g n a l  is  time s h i f t e d  i n  t h e  

computer sh i f t   r eg i s t e r   t h roughou t  100 incrementally  increasing time 

delays T with same reso lu t ion  AT, i .e . ,  T = i A T  where i = 0 t o  99 

and AT = 2 ms. In   o ther  words,  each d i g i t i z e d  sample i s  consecutively 

s h i f t e d   i n  real time from t h e   i n i t i a l   z e r o   l a g  time t o   t h e   f i n a l  time 

delay.  Thus,  the  computation  extends from T = 0 t o  T = 0.99T . 
The t o t a l  time displacement i s  equal to  the  computation  period  base 

time T . A t  a l l  100 time delays  the  autocorrelat ion i s  computed con- 

cur ren t ly   s ince   the  CFA i s  a mult iple   lag  t ime  correlator .  A s  a r e -  

su l t ,   the   ana lys i s   t ime Ts requi red   to   ob ta in   the   au tocorre la t ion  

within a computation  base  time i s  effect ively  equal   to   the  averaging 

time T. 

i 

P  P 

P 

I t  is, fur ther ,   impor tan t   to   ob ta in   the   au tocorre la t ion   over  a 

suff ic ient ly   long  t ime  delay  to   observe i t s  rate  of  decrease  and, 

p a r t i c u l a r l y ,  how i ts  value  approaches  zero  asymptotically.  This is  

of  considerable  significance  for  the  computation  of  the  exchange 

coe f f i c i en t .  The time  delay  range was s t re tched beyond one s ing le  

computation  period  time, i .e.,  beyond T = 0.99T u t i l i z i n g   t h e   p r e -  

computation  period mode of  the CFA. I n   t h i s  mode time displacements 

varying from T t o  a maximum of 19T can  be  piecewise added t o   t h e  

computation  period  base  time T This is  accomplished by using  an 

add i t iona l   sh i f t   r eg i s t e r   i n se r t ed  between the  sampler and  computer 

s h i f t   r e g i s t e r .  The computation,  moreover,  can  be  started a t  any 

f r ac t iona l   de l ay  T / 4  within a computation  period  base.  These 

P P' 

P  P 

P '  

P 
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fractional time  delays  can  be  added  to  any  computation  period  base. 

Therefore,  the  computation  can  be  extended  from  zero  lag  time  up  to  a 

time  delay T = T + (n + 0.25m)T where n and  m  vary  in  steps 

from 0 to  19  and 0 to 3,  respectively.  The  piecewise  computation 

of  the  autocorrelation  is  then  achieved  by  adequate  matching of the 

resulting  segments.  The  matching  is  further  facilitated  by  the 

availability of the  fractional  time  delays.  It  was  found  that  an 

acceptable  picture of the  autocorrelation  variation  including  its 

vanishing  behavior  was  obtained  using  a  total  time  delay of 3 s. 

Hence,  the  piecewise  computation  was  carried  out  employing  15  equal 

computation  periods T of  200  ms  each.  The  estimation o f  the  auto- 

correlation  for  each  piece  was  performed  in  the  very  same  manner. 

P P 

P 

A t  all 100 lag  times  (or  points)  within  each  segment  the  auto- 

correlation  integrand,  i.e.,  e(t)e(t-iAT)  where i = 0 to 9 9 ,  was 

evaluated  in  the  same  way.  Multiplication  of  the  time  delayed  signal 

(digitized  channel A signal)  with  the  original  undelayed  input  signal 

(channel B signal)  is  carried  out  automatically.  Due  to  quantizer  and 

sampler  circuitries  the  digitized  signal  is  consistently  delayed  by 

additional  15 ns to provide  the  necessary  isolation  between  them. 

Practically,  this  built-in  delay  is  completely  negligible  since  the 

sampling  interval  (or  lag  time  increment)  was 2 ms.  The  lagged  prod- 

ucts  are  averaged  in  the 100 RC integrators of same  time  constant K, 

i.e., K = RC. Simultaneously,  the RC networks  act  as  low-pass  filters 

with  a  time  constant K smoothing  out  fluctuations  in  the  instanta- 

neous  value  of  the  output  signal  Ec(~). 



A l l  the  operations  involved i n  computing the   au tocorre la t ion  a t  

a l l  100 points  within  each  computation  period T are performed  con- 

c u r r e n t l y   i n  real  time.  Consequently,  the  averaging time .T, t h e  

analysis  t ime Ts and t h e  needed  sample  record  length Tr depend upon 

the  t ime  constant K o f   the  RC i n t eg ra to r .  The ana lys i s  time, as 

mentioned e a r l i e r ,  is  equal   to   the  averaging time u t i l i zed   fo r   each  

computation  period  (or  segment).  Since  the  complete  autocorrelation 

was obtained by piecewise  addition  of 15 segments, t h e   t o t a l   a n a l y s i s  

time Ts = 15T. 

P 

An RC averaging  network  responds  fully  yielding  an  unbiased esti- 

mation  of   the  integrated  s ignal  when the  averaging time T = 4 t o  5 K 

and Tr > K [41]. Basically,   the  averaging  t ime T ind ica tes   the  

required  time  length  over which the  signal  can  be assumed s e l f -  

s t a t iona ry .  Whenever the  autocorrelation  of a s ing le  sample  record  of 

a random process  does  not  exhibit  significant  changes  with  increasing 

averaging  time, it can  be  inferred  that   the   s ignal  is weakly s e l f -  

s t a t iona ry .  Such a signal  can be only a rea l iza t ion   of  an  ergodic 

process  and,  thus,  necessarily  of a s ta t ionary  process .  

To start with,  an  averaging  time  of 500 s was estimated  using 

Eq. (5.5) when fm = 250 Hz. Then, t he  minimum value  of K was 100 s. 

The normalized rms e r r o r  E which is  given by Eq. (5.5), decreases 

with  increasing  averaging  time T and,  hence,  with  larger K. The 

former is  simply a mult iple   of   the  l a t te r ,  i .e . ,  T = nK. On the   o ther  

hand, the   l a rges t   poss ib le   va lue   o f  K is  a f f ec t ed  by the  used  sample 

record  length Tr. To a first approximation,  the  sample  record  length 

Tr was assumed t o  be  equal to   the  averaging  t ime T. Thus, 

T/5 - K < Tr = T which y i e lds  100 s < K < 500 s. Since no optimum 

R’ 

- 
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value  of K can  be  readily  assessed, it was impera t ive   to   es t imate  it 

empirically  within  the  foregoing bounds. This was e f f e c t i v e l y   a t t a i n e d  

by examining t h e   v a r i a t i o n  of t h e  CFA output   s ignal  a t  se l ec t ed  time 

delays T as a funct ion  of   the time constant  and continuously 

increasing  averaging  time T, i.e., E c ( ~ i , K , T ) .  A t  a specif ied  value 

of lag  t ime T the   f luctuat ions  in   the  output   s ignal   diminished  with 

augmenting  time  constant K .  The elapsed  averaging time corresponding 

t o   n e g l i g i b l e   f l u c t u a t i o n s  was, then,  the  t ime  required  to assume s e l f -  

s t a t i o n a r i t y .  

i 

The output   s ignal  Ec(ri,K,T) was surveyed a t  two s i g n i f i c a n t  

time  delays for  increasing  averaging  time T up t o  about 1800 s by r e -  

cording it on a s t r ip   char t   recorder .  Note tha t   t he   ava i l ab le   r eco rd  

length Tra was 3600 s. This  survey was conducted a t  th ree   se lec ted  

values  of time constant K within  the  previously  mentioned limits, 

viz . ,  a t  K = 100, 200 and 300 s. The time constant K of   the  CFA can 

be e a s i l y   v a r i e d   i n   s t e p s  from  0.1 t o  400 s by simply  changing  the  re- 

s i s t o r s   o f   t h e  RC networks. The autocorrelat ion a t  zero  time  delay i s  

h igh ly   s ens i t i ve   t o   t he  RC integrator   t ime  constant   s ince it i s  pro- 

por t iona l   to   the   to ta l   tu rbulen t   k ine t ic   energy   u2 .   Consequent ly ,  

the  output   s ignal   a t   zero l a g  time E (O,K,T) was examined. The 

variations  of  this  signal  with  increasing  averaging  t ime a t  the   t h ree  

values  of K a r e   dep ic t ed   i n  F i g .  5 . 8 ( a ) .   I t  i s ,  f u r t h e r ,   n a t u r a l   t o  

inspect  the  output  signal  change, which is proport ional   to   the  auto-  

co r re l a t ion   va r i a t ion ,  a t  re la t ively  large  values   of   the   t ime  delay.  

With increasing time delay  the  amplitude of the  autocorrelat ion  coef-  

f i c i e n t   ~ ( T , K , T )  = E (T,K,T)/E  (K),  which i s  exactly  the  autocor- 

r e l a t ion   runn ing   r e so lu t ion   coe f f i c i en t  a(T,K,T)  (see  Sect. 5.4), 

- 

C 

C C 
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diminishes. The f luc tua t ions   in   ampl i tude   o f  a(-r ,K,T) are 

proport ional   to   the  changes of the   ou tput   s igna l  a t  t h e   p a r t i c u l a r  time 

delay -ri being  considered Ec(-ri,K,T) s ince   Ec (K) - i s   t he  mean value 

o f   t he   s igna l  a t  zero time delay. I t  was found t h a t  a(.c,K,T) < 0.02 

when T = 184 ms. This  time  delay  corresponds t o  0.9T Reca l l   t ha t  

f o r  cR = 0.1 the   requi red   reso lu t ion   coef f ic ien t  is 0.02. The var ia -  

t ions   o f   the   running   reso lu t ion   coef f ic ien t  a t  t h i s  time de lay  

a(184,K,T) = Ec(184,K,T)/Ec(K) with  augmenting  averaging time a t  t h e  

same t h r e e  time cons tan ts   a re   por t rayed   in  F,ig. 5.8 (b) . In  both 

Figs.  5.8(a) and 5.8(b)  the  averaging  t ime  in terms of  multiples  of 

the  time constant  K ,  i . e . ,  T/K = n, i s  a l s o  shown. 

- 

P' 

To assess   the   bes t  estimate f o r   t h e  time constant  K and cor- 

responding  averaging time T a continuous  standard  deviation t e s t  was 

a p p l i e d   t o   t h e  two representa t ive   s igna ls ,   v iz . ,  Ec(O,K,T) and 

Ec(184,K,T).  This  check was performed f o r  a l l  three  values   of   the  

time constant  K with  continuous  increasing  averaging time. The 

s tandard  deviat ion t e s t ,  prac t ica l ly ,   permi ts   eva lua t ion  o f  t he  

elapsing  averaging time n e c e s s a r y   t o   q u a l i f y   t h e   s e l f - s t a t i o n a r i t y   o f  

t h e  sample  record. The normalized  standard  deviation is  given  by 

where t h e  mean value is 

(5.15) 
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and Ec(K) is  t h e  mean value a t  zero time delay. The la t ter  was 

u t i l i z e d  as the  normalizing scale since it rep resen t s   t he   t o t a l   ene rgy  

of   the  s ignal .   Variat ions  of   the   s ignal  are of  importance  only when 

t h e y   a r e   r e f e r r e d   t o  i t s  t o t a l  energy.  In Eq. (5.14) the  terms 

Ec(r,K,T)/Ec(K) and zc(~,K)/Ec(K)  are   the  running  resolut ion  coef-  

f i c i e n t  a(T,K,T) and i t s  mean v a l u e   ~ ( T , K ) ,   r e s p e c t i v e l y .   I t  is ,  

fur ther ,   wor thwhi le   to   po in t   ou t   tha t  Eq. (5.14) i s  an  unbiased,   eff i -  

c i e n t  and consis tent   es t imator   for   ZK(r ,K) [41] .  The computation  of 

the  normalized  standard  deviation was car r ied   ou t  employing  18  equally 

spaced  values ,   i .e . ,  N = 18,  within  continuous  increasing  averaging  time 

in   the   conf idence   in te rva l  4K < T < 6K. In a l l  cases,  changes  in  the 

value  of  i jI((~,K)  were  completely  negligible  for T > 6K. Thus, i n  

this  averaging  t ime  range  the RC network  responded  fully.   Essentially,  

t h e   Z K ( ~ , K )  must be  smaller  than  the  normalized  standard error E ~ ,  

which was assumed t o   b e ,  a t  t he  most,  0.1  (see  Sect.  5.4). The r e s u l t s  

of  the  normalized  standard  deviation tes t ,  for   the   sake  of  comparison, 

are summarized  below: 

- 

" 

(ms) 0 184 
- - LI 

K Ec (K) U a(184,K) K U K 

(s 1 (mV 1 

100 223  0.041  0.010  0.024 

200 223  0.036  0.004 j 0.014 

30 0 194 0.022  0.016 0.009 

A time  constant K = 300 s was selected  fop  the  computation  of  the 

autocorrelat ion  s ince  the  s tandard  deviat ion was t h e   s m a l l e s t   i n   t h i s  

case. The conf idence   in te rva l   for   the   averaging   t ime  to  meet t he  
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condi t ion   o f   se l f - s ta t ionar i ty   ranged   then  from 1200 t o  1800 s. An 

averaging time T = 1200 s (T = 4K) suf f iced  inasmuch as t h e  level  of 

s ign i f icance   o f   the   au tocorre la t ion  measurement was not   a f fec ted  by 

i t s  fur ther   increase .  Then, the  necessary  sample  record  length 

T = 1200 s based  on the  assumption  that  it i s  equal   to   the   averaging  

time T. The t o t a l   a n a l y s i s  time r e q u i r e d   t o   o b t a i n   t h e   e n t i r e  

au tocorre la t ion ,  which  extended  over a time de lay   in te rva l   o f  3 s was 

18,000 s since  15  segments were needed. Recall t h a t   f o r  each  piece  the 

ana lys i s  time is  equal t o   t he   ave rag ing  time. I t  i s  worth  mentioning 

tha t   th i s   averaging  time enhances the  goodness  of the   au tocorre la t ion  

est imate .  The normalized rms error  based on Eq. (5.5) when T = 

1200 s, B = 250 Hz and f o r  a = 0.02 i s  0.065.  On the   o the r  hand, 

the  s tandard  deviat ion i s  only 0.022. Hence, bo th   the   e f f ic iency  and 

consis tency  of   the  es t imator  are s i g n i f i c a n t l y  improved.  In addi t ion ,  

t he   b i a s   e r ro r  is  comple te ly   negl ig ib le   for  T > - 4K [41]. 

r 

With the  completion  of  the  t ime  averaging  the  output  signal  for 

each  segment E (T), whose time displacement  stretched  up t o  T = 

200 m s ,  i s  s to red   i n   t he  CFA 100-channel  capacitive  analog memory 

which is  shown in   F ig .  5 .7 .  Each memory channel  corresponds t o  a lag  

time (or a po in t )   o f   the   au tocorre la t ion .  Then, t he   s igna l  is  read 

out  by sequential   scanning  of  the memory. The read-out  can be per-  

formed a t  three  scanning rates,  v i z . ,  fas t ,  medium and slow, i n   e i t h e r  

cont inuous  or   s ingle  sweep d isp lay  modes. Within  several sweeps t h e  

memory read-out is nondegrading  permitting  repetitive  scanning  of  the 

s ignal .   In   addi t ion,   the   scan  can  be  s topped  a t   any  lag time T~ t o  

allow  read-out  of  the  output  signal  Ec(~i,K,T) of the  corresponding 

C P 
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memory channel as the  averaging time increases.  In  th i s   s top   read-out  

mode the  degradat ion  of   the  s ignal  i s  compensated fo r  since the  CFA is  

correlat ing  cont inuously.  

The output   s ignal  was read  out  in  the  following  four modes: (1) 

displayed on an  oscilloscope  (Tektronix  Inc., Model  502A) for   on- l ine  

preliminary  monitoring; (2)  suppl ied  to   an X-Y recorder  (Hewlett-Packard 

Co., Model 7635B) for   obtaining  hard copy of the  autocorrelogram; 

(3)  f e d   t o  a digital   voltmeter  (Hewlett-Packard Co., Model  3440A) f o r  

fur ther   d ig i ta l   record ing;   and ,   (4)   furn ished   to  a s t r i p   c h a r t   r e c o r d e r  

(F.L. Moseley  Co.,  Autograf Strip  Chart  Recorder, Model 6 8 0 )  for   record-  

ing   the   s igna l   a t   se lec ted  time delays  with  continuous  increasing 

averaging  time.  These  four  read-out modes a r e   i l l u s t r a t e d   i n  F i g .  5 .9 .  

When the   s igna l  was monitored  on the   o sc i l l o scope ,   t he   f a s t   r ead -  

out   ra te   in   the   cont inuous   d i sp lay  mode was u t i l i z e d .  The time  re- 

qu i r ed   t o   s can   t he   en t i r e  memory was 50 ms s i n c e   i n   t h e  fas t  scan   r a t e  

2 points/ms  are  read  out.   Additional 10 m s  a re   requi red   to   per form  the  

bui l t - in   in te rna l   read-out   log ic .  

To obtain  hard copy of  the  autocorrelogram  using  an X-Y recorder,  

the  s low  read-out   ra te   in   the  s ingle  sweep display mode was employed. 

The e n t i r e  memory was scanned  in 50 s s ince  2 po in ts / s   a re   read   ou t   in  

the slow r a t e .  To carry  out   the   read-out   logic   funct ions  addi t ional  10 s 

a r e  needed. The X-Y recorder  enabled  immediate  normalization  of  the 

output  signal by i t s  zero  lag  t ime  value  yielding  direct ly   the  auto-  

c o r r e l a t i o n   c o e f f i c i e n t ,   v i z . ,  R ( T )  = Ec(~) /Ec(0) .   This  was accom- 

plished by ad jus t ing   t he   r eco rde r ' s   ve r t i ca l   s ens i t i v i ty   fo r  a f u l l  
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scale pen d .eflection  when  the  first  channel  of  the  memory  was  scanned, 

i.e.,  at T = 0. Then,  the  15  segments  of  the  autocorrelation  coeffi- 

cient  were  pieced  together.  Since  the  output  noise N of  the  CFA  is 

constant  for  all  lag  times,  it  was  easily  subtracted  prior  to  normal- 

ization  and  subsequent  recording of  the  autocorrelogram.  During  the 

computation  it  was  found  that Ec(0)/N was  greater  than 33. 

Further  analyses  using  the  autocorrelation  were  contingent  upon 

securing  a  listing of its  amplitude  at  each  time  delay.  For  this 

purpose  the  signal  was  fed  to  a  digital  voltmeter.  Subsequently,  the 

digital  output of the  digital  voltmeter  was  supplied  to  a  digital 

recorder  equipped  with  a  paper  tape  (Hewlett-Packard Co., Model  562A). 

This  digital  read-out  was  carried  out  concurrently  with  the  auto- 

correlogram  recording.  For  a  single  autocorrelation  1500  values 

of  its  amplitude  were  printed  on  the  paper  tape  since  the  auto- 

correlation,  which  extended  over  a  time  displacement of 3 s, consisted 

of  15  segments of 100 points  (or  lag  times)  each.  In  other  words,  the 

digital  read-out  of  the  entire  autocorrelation  was  performed  at  a  rate 

of  500  points/s.  The  values of the  amplitude  were  obtained  with  an 

accuracy  of  four  significant  digits.  In  this  case,  similarly  to  the 

X-Y recording,  the  noise  was  accounted  for  by  simply  subtracting  it 

from  the  value  of  the  signal  EC(~).  The  signals  at T = 0 and 

184  ms,  which  were  employed  in  the  standard  deviation  test,  were 

obtained  by  reading  them  out  in  the  stop  mode  and  subsequent  recording 

utilizing a strip  chart  recorder. 

In  connection  with  the  autocorrelation  computation  system  in 

addition  to  the  previously  mentioned  instruments,  the  following 

auxiliary  equipment  was  used: 

I' 
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(1) A FM magnetic  tape  recorder (Ampex Corp.,  Portable  Magnetic 

Tape  Recorder/R  producer, Model  CP-100) t o  provide   the   s igna ls  c 
t o   t h e  CFA; 

(2) A dual beam oscil loscope  (Tektronix  Inc. ,  Model 502A) f o r  

monitoring  the  reproduced  signals from the  tape  recorder ,  

and f o r  CFA checkout and alignment; 

(3) An osci l loscope camera (Tektronix  Inc., Model  C-12) to   ob ta in  

oscillograms  of  the  autocorrelograms; 

(4) A function  generator  (Hewlett-Packard Co., Variable  Phase 

Function  Generator, Model  203A) to   p rovide  a c a l i b r a t i o n  

s i g n a l   t o   t h e  CFA; 

(5 )  A frequency  counter (Computer  Measurements  Co., Universal 

Counter-Timer, Model  726C) f o r  CFA c a l i b r a t i o n  and check-out; 

(6) A d i g i t a l  DC voltmeter  (Hewlett-Packard Co., Model  3440A) f o r  

CFA check-out and alignment. 

A block  diagram  of  the  autocorrelation  computation  system,  including 

i t s  cal ibrat ion  system, i s  provided by Fig. 5 . 9 .  

5.6  Diffusion measurement 

Computation  of  the  turbulent momentum exchange c o e f f i c i e n t  $ 

(eddy d i f fus iv i ty)   depends   bas ica l ly  upon  knowledge of  the  Lagrangian 

autocorrelat ion.  The turbulent  exchange  coefficients (eddy t ransport  

or d i f fus iv i ty   coe f f i c i en t s )   €o r   o the r   t r ans fe rab le   quan t i t i e s ,   e .g . ,  

KC f o r  mass and K for  heat,  can  be  subsequently  deduced from the  

momentum eddy d i f f u s i v i t y  KM. These three  turbulent   exchange  coeff i -  

c ien ts   a re   genera l ly   d i f fe ren t   depending  upon t h e   s t r a t i f i c a t i o n  con- 

d i t i o n s .  On the   o ther  hand, 5 - Kc - KH when the  Richardson number 

H 
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of   the  f low i s  l e s s   t han  0.1 [22,54]. Then the   tu rbulen t  momedtum 

exchange c o e f f i c i e n t  I$, is  employed to   eva lu t e   bo th  mass and heat 

eddy d i f f u s i v i t y   c o e f f i c i e n t s .  

A diffusion  experiment was c a r r i e d   o u t   t o   s u b s t a n t i a t e   t h e  

predicted  concentrations  of a gas  based on t h e  momentum eddy d i f f u -  

s i v i t y .  The gas  diffusion  experiment was accomplished by continuously 

emit t ing  sulfur   hexaflouride SF6 from a poin t   source   loca ted   in / the  

wake.  Dosages of t he  tracer-air mixtures were col lected  s imultaneously 

a t  f i v e   s t a t i o n s  downstream  of the  gas  release  point.   This  experiment 

was performed  under  identical  flow  conditions and approximately same 

Richardson number (about 0.002) as those  during  the  turbulence and 

mean veloci ty   survey.  

A sketch  of  the mass diffusion  experiment  arrangement is  ortrayed p .  
in  Fig.   5.10.  Five  dosage  collection  points  located a t  exactdy same 

pos i t i ons  as the  hot-wire  probes  were  uti l ized  (see  Fig.  5 .1) .  To 

avoid  perturbations  generated by the  fan  support ing  s t ructure  and t o  

minimize  disturbances  caused by the  re lease  of  a gas   t racer ,   the   source  

was posit ioned midway between the  fan and t h e   f i r s t   c o l l e c t i o n   p o i n t .  

Thus, the  source  point was located on t h e   f a n   c e n t e r l i n e   a t  x = 5R 

(7.6 m (25 f t ) )  from the  fan.  Along t h e   c e n t e r l i n e  (mean wind 

d i rec t ion   or   x -ax is )   o f  a continuous  point-source  generated plume., t he  

downstream concentration x is  17,101 

(5.16) 

I 
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i n  which Q i s  the  source  strength  (or  emission rate),  x denotes   the 

downwind dis tance,  and KCy, Kcz des igna te   the   tu rbulen t  mass exchange 

c o e f f i c i e n t s   i n   t h e  lateral  and v e r t i c a l   d i r e c t i o n .  I t  i s  important   to  

remark t h a t  Eq. (5.16) is  based on assuming  constant  eddy  diffusivit ies 

and,  thus,  provides  only a rough  representat ion  of   the  concentrat ion.  

The continuous  point  source  strength Q of SF6 necessary  to  produce  an 

a rb i t ra ry   concent ra t ion   a long   the   fan   cen ter l ine  was eva lua ted ,   to  a 

first approximation,  using  the  data  on i t s  d i f fus ion   r epor t ed  Ref.  55. 

This  approximation  relied on the  assumption  that   the  eddy d i f f u s i v i t i e s  

are t h e  same in   bo th  cases. This i s  supported, t o  some ex ten t ,  inasmuch 

as the  prevai l ing  meteorological   condi t ions were  almost similar during 

these two experiments. The emission  ra te  i s  then  estimated by 

x1 x1 
Ql - Q2 q - 

- 
where the   subsc r ip t s  1 and 2 des igna te   t h i s  

presented  in  Ref.   55,   respectively.  For  an 

¶ (5.17) 

experiment and t h e   d a t a  

assumed concentration 

x1 - - 100  ppb (pa r t s   pe r   b i l l i on )  a t  x1 = 7.6 m (25 f t )  downwind of   the 

source, and u t i l i z i n g  Q2 = 2200 cm3/s  (0.0777 f t3/s) ,  x2 = 650 m 

(2132 f t )  and x2 = 14.2 ppb [55],  an  emission  rate Q, = 182 cm3/s 

(0,00643 f t3/s)  was approximated.  In  the  l ight  of  the  discrepancies 

between the  predicted  concentrat ion by means of Eq. (5.17)  and i t s  

measured value  [7,55], it was decided t o   s e l e c t  a s l i g h t l y   l a r g e r  

emission rate.  For  convenience, a source  s t rength Q, = 250 cm3/s 

(0.0088 f t 3 / s )  was employed. 

Sulfur  hexaflouride SF6  was se l ec t ed  as the   gas   t racer   s ince  i t  

i s  eas i ly   separa ted  by gas  chromatography  from other   cons t i tuents   o f  
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moist air  and is  h ighly   sens i t ive   to   e lec t ron-capture   de tec t ion  [55]. 

Its background  concentration,  excep.t '   near  electrical power t ramformers ,  

is generally  smaller  than  0.01 ppb [55] and,  hence, it was neg l ig ib l e  

with  respect   to   the  expected  concentrat ion  in   the wake, v i z . ,  100  ppb. 

Furthermore, SF meets   the  character is t ics   sought   for  a gas   t racer  [56] J 

It i s  nontoxic,   odorless,   colorless even in   re la t ive ly   h igh   concent ra -  
6 

I 

t ions,   chemically and thermally  stable,   convenient  to  handle and 

dispense  into a i r ,  and  samples a re   readi ly   co l lec ted .  A b o t t l e   o f  I 

I 

compressed SF maintained a t  ambient  temperature was u t i l i z e d   f o r   t h e  

continuous  point  source  supply.  Its  emission rate Q was monitored by 

means of a flow  meter  (Fischer and Porter  Co., Flowrator, Tube-"21-10, 

6 

Float-BSVT-45). Polyethylene  tubing  (Imperial Eastman Corp., Poly Flow 

Thermoplastic  Tubing, OD = 6.25 mm) was used f o r  a l l  connections  of  the 

point  source and  dosage co l lec t ion   po in ts   s ince  i t s  re ten t ion   of  SF 

is  i n s i g n i f i c a n t .  The dosages  were co l l ec t ed  by  drawing i n   t h e   t r a c e r -  
6 

a i r  mixtures from the  collection  points  through  equal  lengths  of  tubing 

i n t o  4 R (244 in3)  saran  bags (Ansepec Co., Saran   P las t ic  Sampling Bag). 

This was achieved by placing  the  saran  bags  in  a vacuum chamber located 

outs ide  of   the  wake. A t  a constant vacuum of  25.4 mm Hg (1 i n  Hg) 

a p p l i e d   t o   t h e  chamber, the  saran  bags  sucked  the  air   mixture 

at a f i l l i n g  rate of  about 2 m R / s  ( 0.12 i n 3 / s ) .  The  vacuum  was 

measured  throughout  the  run by a pressure  meter  (Trans-sonic Inc., 

Equibar  Pressure Meter, Type  120A). 

The SF i n  each  collection  bag was e s s e n t i a l l y   t h e  mean concentra- 

t i on   ove r   t he   u sed   f i l l i ng  time, i.e.,   time-averaged  dosage.  Since  the 

6 

co l l ec t ion  of SF was conducted  under  flow  conditions similar t o   t h o s e  

during  the  turbulence measurement, a f i l l ing-averaging time e q u a l   t o  
6 
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i 
. t h a t   u t i l i z e d   t o  meet t h e   s e l f - s t a t i o n a r i t y   c o n d i t i o n   o f   t h e   f l u c t u a t i n g  

velocity  (see  Sect.   5.5) was desired.  Based  on the   au tocorre la t ion  

measurement th i s   averaging  time was es t imated   to  amount t o  1200 s. 

Additional  125 s was requi red   to  draw in  about  250 mR (15.25  in3) of 

uncontaminated a i r  i n i t i a l l y   p r e s e n t   i n   t h e   t u b i n g .  For  convenience, 

a co l lec t ion   t ime of 1500 s was selected.   During  this  time the  volume 

of   gas   t racer-air   mixture ,   i .e . ,   contaminated a i r ,  sucked i n t o   t h e  

'col lect ion  bags was 2750 mR ( ~ 1 6 8   i n 3 ) .  An add i t iona l  volume of 

uncontaminated a i r  of 250 mR ( the  tubing volume) was a l s o  drawn i n .  

As a resul t ,   the   sulfur   hexaflouride  concentrat ion  in   the  mixture  was 

f u r t h e r   d i l u t e d  by 8%. To accoun t   fo r   t h i s   d i lu t ion   o f   t he   t r ace r -a i r  

mixture  the SF measured concentration was mult ipl ied by a d i l u t i o n  

correction  factor  of  1.09  (1/0.92). 

6 

The SF -a i r  samples  were  analyzed by means of a gas-solid 6 

chromatograph  (Hewlett-Packard Co., Research  Chromatograph, Model  7620A 

[57]).   This  instrument  separates  the SF from o the r   cons t i t uen t s   i n  

the   mois t   a i r  and then   de tec ts  i t s  concentration. A small volume 

of  the  dosage was introduced  into  the  chromatograph  injection  port  

where it was entrained by a c a r r i e r   g a s ,  i .e.,  the  so-called  mobile 

phase  [57,58].  This  phase  consisted  of a 5% methane  and  95%  argon 

mixture  flowing a t  a rate of  about 1 m R / s  (-0.06 in3/s)  [55,57] . Then 

t h e   e f f l u e n t ,  i. e.,  dosage and carr ier   gas ,   passes   through two tubular  

columns i n   s e r i e s  which are 1 m (39.37 in)  long and  3.175 mm (0.125 i n )  

6 

i n  diameter.  These 

column,  packed  with 

[ 58,591 . Moreover, 

SF6 onto  the s i l ica  

columns cons t i tu te   the   s ta t ionary   phase .  The f i rs t  

s i l i c a   g e l ,  removed  any moisture  from  the  effluent 

due to   the  adsorpt ion  of   the  carbon  dioxide C02 and 

gel ,   their   passage  through  the column is  delayed 
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wi th   r e spec t   t o   t he   o the r  sample cons t i tuents ,   v iz . ,   n i t rogen  N and 

oxygen 02. The second  column,  which was packed  with  activated  charcoal, 

separated  the SF and t h e  N2 from t h e  C02 and 02, respect ively.  By 

means o f   t h i s   d i f f e ren t i a l   adso rp t ion   p rocess ,  it was found t h a t   t h e  

SF emerged  from the,columns well separated from the   o the r   cons t i t uen t s  

af ter  about 300 s. 

2 

6 

6 

A pulsed   e lec t ron   cap ture   de tec tor  ECD (Hewlett-Packard  Co., 

T r i t i u m  Electron  Capture  Detector, Model  7623A) was employed t o  measure 

the   re la t ive   concent ra t ions  of the  gases   e luted from the columns. 

This ECD u t i l i z e d  a radioact ive tritium foi l   emit t ing  e lectrons  (beta-  

rad ia t ions)   as  an electron  source.  When the  sample  constituent mole- 

cules  pass  between  the ECD anode  and  cathode,  they  absorb  (capture) 

free e l ec t rons  from the  system  and,  thereby,  reduce  the  current  flow. 

Both the  ECD and s ta t ionary  phase were  maintained a t  a constant 15OoC 

(302OF) temperature. A representative  response of the  electron  cap- 

t u re   de t ec to r   t o   t he   cons t i t uen t   gases   i n   t he  dosage i s  provided by 

Fig.  5.11.  In  the  response  curve  the  peaks  indicate  the  detection  of 

t he   e lu t ed  02, C 0 2  and SF6, respect ively.  Although nitrogen emerges 

from the   s ta t ionary   phase   a f te r  02, it i s  not   detected  s ince N cannot 

absorb  addi t ional   e lectrons.  A ni t rogen atom possesses  three  unpaired 

e l ec t rons  among t h e   f i v e   i n  i t s  outmost  shell which form a very   s tab le  

t r i p l e  bond ( three   e lec t ron   pa i r s )   wi th  a second  nitrogen atom [ 6 0 ] .  

The area under  the  peaks  in  the  response  curve is  proport ional   to   each 

cons t i tuent   concent ra t ion   in  ppm (par ts   per   mil l ion) .   This   area was 

computed on-l ine by employing a d i g i t a l   i n t e g r a t o r   ( I n f r o t r o n i c s ,  

Automatic Dig i ta l   In tegra tor ,  Model CRS-208). The chromatograph was 

ca l ibra ted   wi th  known samples  of SF6. These  samples were prepared 

2 
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employing a certified  standard  mixture of SF6 in  balanced  air  (Matheson 

Gas  Products).  This  standard  mixture  which  consisted of 103  ppm SF6 

concentration  was  further  diluted  in 1 R (61 in3)  glass  bottles  down 

to  the  dosage  levels  obtained  in  the  wake. A typical  calibration  curve 

of the ECD response to known SF concentrations x (in  ppm)  in  air 
mixtures  is  displayed  in Fig. 5.12. 

6 
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6. EXPERIMENTAL  RESULTS 

The  experimental  investigation'of  the  wake  flow  had  the  following 

main  purposes: 

To substantiate  the  simulation  of  atmospheric  turbulent  flow 

under  dry,  stable  conditions; 

To estimate  the  stationarity of  a  random  turbulent  velocity 

signal; 

To obtain  an  insight  into  the  properties of the  turbulence 

along  a  turbulence  line  based  on  a  set  of  Eulerian 

autocorrelations; 

To deduce  the  Lagrangian  autocorrelation  from  an  Eulerian 

autocorrelation  set; 

To estimate  the  turbulent  momentum  exchange  coefficient 

and  the  mass  diffusion  of  a  gas  tracer. 

system  of  coordinates  used  in  the  presentation  of  the  results 

is portrayed  in  Fig.  5.1.  Its  origin  is  at  the  geometrical  center  of 

the  fan.  Whenever  suitable  the  results  are  presented  in  dimensionless 

form  for  generality.  Dimensionless  variables  are  denoted  by  a  tilde. 

The  dimensionless  x-  and  z-coordinates  are  defined by. 
" 

x, z = x/R,  z/R,  (6.1) 

where R = 1.52 m (5 ft)  is  the  fan  radius.  Under  all  conditions 

the  longitudinal  turbulent  velocity  possesses  generally  considerable 

more  energy  than  the  other  two  components [22]. Consequently,  the 

turbulence  measurement  concentrated  on  the  axial  turbulent  velocity 

u(t). All  measurements  were  performed  along  the  fan  wake  centerline 

within  the  turbulence  measurement  range  which  extended  from 2 = 10 to 

14 (15.20 to 21.28 m (50 to 70 ft)) as shown  in  Fig.  5.1.  This 
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cen te r l ine ,  whose elevation  above  the  ground was h = 3.04 m (10 f t ) ,  

def ined  the x-axis of t h e  wake. Bas ica l ly ,   the   tu rbulence  measurement 

range  can  be  viewed as a turbulence  " l ine"   within  the  turbulence box 

out l ined  in   Fig.   3 .6 .  The angular  speed N o f   t h e   f a n  was maintained 

a t  315 rpm and,   hence,   the   corresponding  constant   rotor   t ip   veloci ty  

Ut = (2aN/60)R was 50.1 m/s (164 f t / s ) .  As the   exper imenta l   resu l t s  

are presented below, re levant   d i scuss ions   a re   in te rspersed  whenever it 

is  deemed he lp fu l   fo r   t he   p rope r   i n t e rp re t a t ion   o f   t he   r e su l t s .  

6.1  Simulation  of  atmospheric  flow 

Turbulent  atmospheric  flow i n  the  extreme  lower  layer  of  the 

atmosphere,  which  extends  roughly up t o  about 5 m (16.4 f t )  above the  

ground, was simulated by u t i l i z i n g   t h e  wake flow  produced by an  ade- 

qua te   fan  as descr ibed  in   Sect .  4. The simulation  depends  essentially 

upon fu l f i l lmen t   o f  dynamic s imi la r i ty .   In   o ther  words t h e  wake flow 

.bulk turbulent  Reynolds number must be of the   o rder   o f  lo6 .  This 

c h a r a c t e r i s t i c   t u r b u l e n t  Reynolds number i s  based on mean wind ve loc i ty  

and s i ze  (or   sca le )   o f   the   l a rges t  eddy  which  can  be  sustained  within 

the  extreme  lower  atmosphere.  In  addition,  the  subsistence  of  turbu- 

lence  under   s table   condi t ions i s  ensured when the  Richardson number i s  

p o s i t i v e  and less than 0.2  [7,22]. 

Measurements were conducted  during autumn  and winter   seasons  in  

e a r l y  morning  under d r y  and almost  calm  conditions, i .e . ,  ambient wind 

not  exceeding  about 1 m / s  (-2 mph). I n   a l l   c a s e s ,   t h e   s u r f a c e  was 

ei ther   grassland  or   approximately 0'.3 m (1 f t )  of snow packed  cover. 

The roughness effect  of both  these  surfaces  are nea r ly   t he  same [61]. 

A morning  base  temperature  inversion  prevailed  daily a t  the f i e l d  s i t e  
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and,  thus,  the  runs were carried  out  under  stable  conditions.  The 

ambient  temperature 8 a t  wake center l ine   he ight  was 7.7OC (18'F). 

A sample of the  monitored vertical tempera ture   d i s t r ibu t ion  is  provided 

by  Fig.  6.1. 

6.1.1 Mean v c t o c i t y  hWLVey 

The a x i a l  mean ve loc i ty  U along  the wake x-axis was measured up 
- 

t o  j i  = 14  downstream of   the  fan.  During t h e  measurements the  hot  

wires were aligned normal to   t he   l ong i tud ina l   ve loc i ty   fo r  maximum 

sens i t iv i ty   ( see   Sec t .  5 . 2 ) .  Hereaf ter ,   the  axial  mean ve loc i ty  is 

r e f e r r e d   t o   t h e   f a n   c o n s t a n t   r o t o r   t i p   v e l o c i t y  Ut  used i n   t h i s  

experiment.  Thus,  the  dimensionless  axial mean ve loc i ty  i s  

I - u = W U t ,  ( 6 . 2 )  

i n  which, as previously  mentioned, Ut = 50.1 m/s (164 f t / s )  . The 

measured a x i a l  mean ve loc i ty   d i s t r ibu t ion   a long   t he  wake cen te r l ine ,  

i . e . ,   the   tu rbulence   l ine ,  is  d isp layed   in  F i g .  6 . 2 .  Within t h e   t u r -  

bulence measurement range, which s t re tched from 2 = 10 t o  14 ,  

exhibited a decrease  of  about  18%. The f luc tua t ions   i n   t he   ax i a l  mean 

veloci ty   are   due  to   the  unconfined wake of   the  fan.  The space  average 

of  the mean v e l o c i t y   i n   t h i s   r e g i o n  was used t o  compute the  bulk 

Reynolds and Richardson  numbers.  This  characteristic mean ve loc i ty  

s c a l e  which accounted  for  the  streamwise  variation  of  the axial  mean 

ve loc i ty  i s  

I 

xo+L 

Uc - - I v d x ,  

A 
0 
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where x. = 10R and the  turbulence measurement range is  denoted by 

L = (14-10)R. I t  was found t h a t  Uc = 7.12 m/s (23.4 f t / s ) .  

The bulk  turbulent Reynolds number is defined as 

Re = U R /v ,  c m  (6.41 

i n  which R des igna tes   the   l a rges t   tu rbulen t  eddy s i z e  (or scale)  

tha t   can  be sustained and t h e  kinematic   viscosi ty  v = 1.51 x m2/s 

(1.63 x f t 2 / s ) .  Within the  wake the  expected maximum eddy sca l e  

i s  a t  the   l eas t   equa l   to   the   fan   d iameter  and a t   t h e  most of same 

magnitude as the  thickness  of  the  extreme  lower  atmospheric  layer  (see 

Sect.  4 ) .  In  other words, it was assumed t h a t  R ranged from about 

3 t o  5 m (9.84 t o  16.4 f t ) .  The bulk  turbulent Reynolds number varied 

then from 1.41 x l o 6  t o  2.35 x lo6 .  I t  i s  thus  app,arent  that  sirnula- 

f i o n  06 AWrbLLeeVLt 6low i n  t h e  exahme Lowek l u y u  06 t h e  a;tmosphem 

by m e u r n  06 t h e  whe 6 b w  met t h e  k e q u h d  dynamic shnLLLtude c n i t d o n .  

The bulk  Richardson number,  which i s  t h e   r a t i o  of  buoyancy t o  

i n e r t i a   f o r c e s ,  is an  index of f low  s tabi l i ty   and,   moreover ,   indicates  

whether  turbulence  can be maintained. I t  is expressed by [22]  

m 

m 

where 8 = 265'K (z-8"C) i s  the  absolute  ambient  temperature and g 

denotes   the  gravi ta t ional   accelerat ion  (9 .81 m/s2 (32.2 f t / s 2 ) ) .   I n   t h e  

above  equation,  d8/dz  designates  the  vertical  temperature  gradient and 

dn/dz is  the  mean ve loc i ty   shear .  The ver t ical   temperature  and mean 

ve lnc i ty   g rad ien ts  were  approximated by their   incremental   forms A€I/Az 

and A ~ / A z ,  respect ively.  Based  on the   ve r t i ca l   t empera tu re   d i s t r ibu -  

t i o n  shown in  Fig.  6.1, A8/Az = 0.321°C/m (0.176OF/ft),  where 
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Az = 3.04 m (9.97 f t ) .  The v e r t i c a l  mean ve loc i ty   g rad ien t  was 

estimated  using  the mean v e l o c i t y   s c a l e  U_ and  assuming a l i n e a r  

veloci ty   shear   with  height .  Hence, 

h = 3.04 m (10 f t )  is  the  height  of 

ground.  Consequently, R i  = 0.002. 

L 

Alj/Az = Uc/h = 2.34 s-l, where 

t h e  wake c e n t e r l i n e  above the  

Since  the  bulk  Richardson number 

was smaller than  0.2, Xhe .tWLbLLeence can be bunXah.d &-thin t h e  mhe 

undm -the pmma,i.Ling n.tabLe coMdLtio~n. 

6.1.2 Tuhbdence intemdy bmvey 

Concurrently,   with  axial  mean veloci ty   survey  the  longi tudinal  

f l uc tua t ing   ve loc i ty  was measured within  the  turbulence measurement 

range.  i .e. ,   along  the  turbulence  l ine.  An array  of   f ive  hot-wire  

probes  instal led  a long  the wake x-axis a t  j i  = 10, 11, 1 2 ,  13 and 14 

were ut i l ized  s imultaneously  (see  Sect .   5 .2) .  The turbulence  inten- 

s i t y  based on l o c a l  mean v e l o c i t y  U 
- 

Tuc - - ums/uc 3 (6.7) 

Uc = 7.12 m / s  (23 .4  f t / s )  was a l s o  computed.  The r e s u l t s   a r e   d i s -  

played  in  Fig.  6.3. A similar a x i a l  change i s  c l ea r ly   d i sce rned   fo r  

bo th   tu rbulence   in tens i t ies .  They exhib i t   re la t ive ly   l a rge   va lues  of 

0.3 and  0.35, respect ively,  a t  t he  f irst  s t a t i o n .  These  turbulence 

intensi t ies   gradual ly   decrease  around = 12 and they   very   s l igh t ly  

i n t e n s i f y  as the   o the r  end of  the  turbulence measurement range i s  

approached. The leve ls   o f   the   tu rbulence   in tens i t ies   for  2 = 11 t o  14 

I 
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varies  between  0.16  and  0.21.  Next,  the  mean-square  value of  the 

longitudinal  fluctuating  ve1,ocity  was  computed  from the  turbulence- 

intensity  data.  Its  axial  variation  is  also  portrayed  in  Fig. 6.3. 

The  mean-square  value  of  the  fluctuating  velocity  is  basically  the 

local  total  turbulent  kinetic  energy  (per  unit  mass).  In  this  figure 

the  mean-square  value  of  the  turbulent  velocity  was  made  dimensionless 

with  respect to  its  value  at  the  first  station Go= 10  in  the  turbu- 

lence  measurement  range 

- 
in  which u; = 6 . 2 5  m2/s2 ( 6 7 . 2  ft2/s2).  When  u2  is  normalized  in 

this  manner  its  relative  changes  can  be  easily  discerned.  The  mean- 

square  value of fluctuating  velocity  reveals  a  longitudinal  behavior 

similar  to  those of the.turbulence  intensities.  Essentially,  the 

observed  axial  variation of the  turbulence  intensities  and  turbulent 

velocity  are  attributed  to  the  unconfined  nature  of  the  fan  wake  flow. 

The  distinct  streamwise  variation  of  the  mean-square  value  (turbulent 

kinetic  energy)  of  the  axial  turbulent  velocity  clearly  indicates  that 

t h e  nonhomogeneoud natuhe 06 t h e  .tuhbdence  along t h e  .tuhbuLence f i n e .  

A similar  change  was  found  in  a  preliminary  study  using  a  small  indoor 

- 

fan [42] .  The  local  turbulence  intensity  remained  nearly  constant 

beyond X = 14  up  to  about X = 30 based  on  this  earlier  study. . 
6.1.3 F low v. ihaeizat ion 

Extensive  flow  visualization  was  performed  for  substantiating  the 

subsistence  of  turbulence  under  the  aforementioned  conditions. 
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Additionally,  the  visualization  provided  a  qualitative  picture of  the 

turbulent  eddy  scales  and  their  streamwise  diffusion. The flow  visu-. 

alization  was  accomplished  by  utilizing  smoke  and  balloons  under  a 

variety of ambient  conditions  and  at  different  fan  speeds.  Several 

frames  from  a  movie  showing  smoke  plume  circulation,  entrainment,  and 

dispersion  are  given  in  Fig. 6.4. The  fan  is  also  shown  in  Fig. 6.4(a). 

Powerful  and  relatively  large  scale  vortices,  even  greater  than  the 

vertical  extent of  the  wake,  were  clearly  discerned  when  unstable 

conditions  (superadiabatic  lapse  rates)  prevailed. The photographs 

provided  by  Figs.  6.4(a)  and  6.4  (b)  were  taken  under  such  conditions. 

Without  a  temperature  inversion  the  vortices  quickly  dispersed  the  smoke 

plume  at  higher  altitudes.  Under  a  temperature  inversion, on  the  other 

hand,  the  restriction  of  the  smoke  plume  within  the  wake  was  distinctly 

perceived. The vortices  revealed  a  remarkable  streamwise  persistence 

accompanied  by  a  slight  downwind  diminution of their  scales.  Even  at 

downwind  distances  greater  than 30R (45.6  m  (150  ft))  from the  fan 

their  subsistence  was  prominent  as  illustrated  by  the  photograph  shown 

in  Fig. 6.4 (c) . The vLbuaLi.za;tion cd-g indica;td ltm M b u R e n ; t  

ed&a 0 6  b d e n  commeMnwLate wilth lthe wake b i z e  and, hence, cnLi;tkin t h e  

extheme Lowm  habphe t re   t k iChneAb   wme   bwXained  when a tmpm.mW~e 

i n v m i o n  p ~ v a i e e d .  

6.2  Stationarity  of  turbulent  velocity 

The  stationarity of the  turbulent  velocity u(t) was  ascertained 

by  forming  an  equivalent  ensemble of the  fluctuating  voltage e(t)  and 

subsequent  computation of  the  equivalent  ensemble  autocorrelation  as 

proposed  in  Sect.  3.1.  In  accordance  to  Eq. ' (5.2) the  fluctuating 



84 

v o l t a g e   e ( t )  i s  p ropor t iona l   t o   t he   t u rbu len t   ve loc i ty   u ( t ) .  

Adequate  establishment  of an equivalent  ensemble  {e(t)Ieq is con- 

t ingent  upon f u l f i l l i n g   t h e   f o l l o w i n g   t h r e e   c r i t e r i a :   ( 1 )   s a t i s f a c t o r y  

unchanged  flow  conditions  throughout  the  entire  recorded time h i s to ry  

Tra 
the  equivalent  ensemble i s  suf f ic ien t ly   long  so t h a t  it contains  a l l  t h e  

information up t o   t h e   l a r g e s t   t u r b u l e n t  time scale   of   s ignif icance;   and,  

(3)  t he  sample  records  are   s ta t is t ical ly   independent  among themselves. 

The avai lable   recorded time h i s to ry   o f   t he   t u rbu len t   ve loc i ty   s igna l  

e ( t )  extended  over a period Tra = 3600 s (see  Sect .  5 . 4 ) .  The f irst  

condi t ion was s u i t a b l y   s a t i s f i e d   s i n c e   d u r i n g   t h i s  time length no per- 

ceivable   changes  in   the  overal l   f low  condi t ions were d iscerned .   In   l ine  

with  the  second  requirement,  the  sample  record time length Tr was 

es t imated   to   equa l   the   averaging  time T necessary   to   conf ident ly  

war ran t   t he   s e l f - s t a t iona r i ty   o f   t he   t u rbu len t   ve loc i ty .  Based on t h e  

autocorrelation  computation  (see  Sect.  5.5) an  averaging time 

of t h e   t u r b u l e n t   v e l o c i t y   s i g n a l   e ( t ) ;  (2 )  each  sample  record of 

T = 1200 s s u f f i c e d   t o  encompass a l l   t h e   s i g n i f i c a n t   i n f o r m a t i o n  con- 

cerning  the  turbulent   veloci ty   s ignal .   Therefore ,   an  equivalent  en- 
* 

semble {e(t)leq  comprising  three  sample  records,  i . e . ,  N = 3, of time 

length Tr = 1200 s each was formed  by using Eq. ( 3 . 2 ) .  These t h r e e  

sample  records  consist   of  segments  of  the  original time h i s t o r y   e ( t )  

as s t ipu la t ed  by  Eq. ( 3 . 3 ) ,  and they  are:  

el (t) = e(0 < t < 1200 s ) ,  (6.9a) - 

e,( t )  = e(1200 s < t < 2400 s ) ,  (6.9b) - 

e , ( t )  = e(2400 s < t < - 3600 s) .  ( 6 . 9 ~ )  

This  equivalent  ensemble i s  i l l u s t r a t e d   i n  Fig. 6.5. 
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Estimate of   the  s ta t i s t ica l  independence  of  the  sample  records 

ek( t )  composing the  equivalent  ensemble {e( t ) Ieq ,  i .e. ,  t h e   t h i r d  

c r i t e r i o n ,   e n t a i l s   s a t i s f y i n g   t h e   r e l a t i o n s h i p  [41] 

(6.10) 

i n  which p ( E , n )  i s  the   j o in t   p robab i l i t y   dens i ty   func t ion  (JPDF) of 

any two d i f f e r e n t  sample  records  ek(t)   and  em(t) .  Hence, t h e  sub- 

s c r i p t s  k and m, which designate  the  sample  records  within  the  equiv- 

alent  ensemble,   take on d i f f e ren t   i n t ege r   va lues  from 1 t o  N, i .e . ,  k, 

m = 1, 2 ,  3 and k # m. The var iab les  E and n denote  the  amplitudes 

o f  the  aforementioned  sample  records.  In  the  foregoing  equation pk ( E )  

and  pm(q)   are   the  individual   probabi l i ty   densi ty   funct ions (PDF) of  

the  very same two sample  records  ek(t)  and em(t ) ,   respec t ive ly .  

Basical ly ,   the  JPDF descr ibes   the   p robabi l i ty   tha t   ek( t )  and e m ( t )  

assume simultaneously  values  within some def ined   pa i r   o f   ranges ,  i .e . ,  

k r m  

t he   p robab i l i t y   t ha t  5 < e,(t) 2 5 + A 6  and rl < em( t )  2 TI + An 

occurs  concurrently  during an observation  time TB. S imi la r ly ,   the  PDF 

de f ines   t h i s   p robab i l i t y   fo r  a s ing le  sample  record  e,( t) ,   viz. ,   the 

p r o b a b i l i t y   t h a t  ek ( t )  assumes a value €, < e k ( t )  <. E + A E  during  an 

observat ion time TB. Estimates for   both JPDF and PDF are provided by 

the   r e l a t ionsh ips  [41] 

- 

and 

(6.11) 

(6.12) 
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The  total  amount  of  time  that e,(t) and  em(t) simultaneously  fall 

inside  the  previously  stated  ranges  is  denoted  by Tk,m. Its  counter- 

part  for  a  single  sample  record ek(t) is  designated by Tk. The 

observation  time TB required to compute  the JPDF and PDF was  esti- 

mated  based on  the  maximum  significant  time  delay  employed  in  cal- 

culating  the  equivalent  ensemble  autocorrelation.  This  maximum  time 

delay T was  assumed  to  equal,  at  the  least,  that  used  in  computing - 

the  single  record  time-averaged  autocorrelation R ( T ) ,  viz., T = 3 s  

(see  Sect. 5.5). Since  it  was  necessary  to  compute  the  equivalent 

ensemble  autocorrelation  at  several  different  starting  times 

segments  of  length T = 5 s were  utilized.  These  portions  consist of 

the  parts of the  sample  records  which  lie  between  two 5 s spaced  ver- 

tical  cuts  across  the  equivalent  ensemble  {e(t)Ieq as shown  in 

Fig. 6.5. Oscillograms of  the  leading 5 s pieces of each  sample 

record  are  illustrated  in  Fig. 6.6. The  amplitude  windows  defined  by 

the  ranges ( 5 , S  + AS) and (n,n + An) are  depicted  for el (t) and 

e,(t) segments  portrayed  in  this  figure. 

max 

max 

B 

To  carry  out  efficiently the  computation of the JPDF's and  individ- 

ual PDF's and  the  three  segments of TB = 5 s length  each  were  digi- 

tized. A stereocomparator  (Wild-Heerbrugg  Instruments  Inc.,  Model  Wild 

Stk-2702)  was  employed  together  with  a  digitizer  (Auto-Trol  Corp., 

3800/4D) and  a  card  punch  (International  Business  Machines  Co.,  Model 

29), were  employed  for  this  purpose.  The  sterocomparator  stepwise 

magnification  permitted  sampling  frequencies  in  increments of 440 Hz  due 

to  the  oscillogram  size.  Since  the  highest  frequency of interest of the 

signal  was  about  250  Hz  (see  Sect. 5.4) a  sampling rate of fs = 880 Hz 
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was u t i l i z e d .  As a r e s u l t  4400 d i sc re t e   va lues  were obtained  for  each 

sample  record.  In  computing  the JPDF's  and PDF's their   ampli tudes 5 

and 0 were made dimensionless  employing  the  absolute  value  of  the 

maximum instantaneous  f luctuat ing  vol tage e Thus, t he  djmension- 

less amplitudes  are 
max' 

" 

5 , rl = </emax,  n/emax,  (6.13) 

i n  which  emax = 400 mV f o r   a l l   t h r e e  segments. An amplitude window 

AE = A t  = 0 . 2  (AE = An = 80 mV) was ut i l ized  throughout   the compu- 

ta t ion   o f   the   p robabi l i ty   dens i ty   func t ions .  

The JPDF ' s  and product  of  individual PDF's def ine   sur faces   in   the  

coordinate  space  (C,rl,p). A t o t a l   o f   s i x   s u r f a c e s  were obtained,  viz. ,  

6 , f, , f, , p p , plp3 and fi2fi3, s i nce   t h ree  segments  were u t i -  

l ized.   These  surfaces   are   portrayed  in   Fig.  6.7. In   ca lcu la t ing   the  

es t imates   for  JPDF and PDF t h e   b i a s   e r r o r  was completely  negligible 

compared to   the   var iance   o f   the   es t imator ,   i ; e . ,   the  random e r r o r  [41].  

For a given window s i z e   t h e   b i a s   e r r o r  is  proport ional   to   the  square of 

the  curvature  of  the  probabi l i ty   funct ion.  This e r r o r  was neglected 

s ince   the   curva ture  was suf f ic ien t ly   smal l .  The normalized  mean-square 

e r r o r   f o r   t h e  second-  and f i r s t -order   p robabi l i ty   dens i ty   func t ions  are 

then  approximated by s tandard  errors   [41]  

" A  

A A   A A  

1 , 2  1 , 3  2 , 3  1 2 

and 

C2 E 2  = - - ,  1 

p1 2BTBAi p k ( i )  

(6.14) 

(6.15) 
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respect ively.  In these two expressions TB = 5 s whi le   the   s igna l  

bandwidth B = 250 Hz. The value of the  constant  c is  general ly  un- 

known. On the  other  hand, it can  be assumed t h a t  c = 1 whenever t h e  

s i g n a l  i s  d i g i t i z e d   i n t o ,   a t   t h e  least ,  2BTB d iscre te   va lues  [41].  In 

t h i s   c a s e   t h e  signal was d i g i t i z e d   i n t o  4400 d iscre te   va lues  whereas 

2BTB = 2500. The normalized  mean-square e r r o r s  depend upon the  window 

widths and va lues   o f   the   p robabi l i ty   dens i ty   func t ions .   Thei r   va l id i ty  

i s  r e s t r i c t ed   t o   va lues   o f  6 ( E , : )  and :,(E) d i f f e r e n t  from zero 

inasmuch  as a f in i te   observa t ion  time -TB was employed. I t  was found 

that  the  normalized mean-square e r rors   for   the   second-  and f i r s t - o r d e r  

probabili ty  density  functions,   under  the  foregoing  conditions,   are 

k,m 

= O . O 2 / i ,  ( E , : )  and s2 0.002/f ik(g) ,  respect ively.  The peak 
P2 k,m Pl  

values  of  both JPDF l s and products  of PDF's were  about 2 as observed 

i n  F i g .  6.7. With increasing  values  of 6 (g,:) from 0.1 t o  2 ,  

the  decreased from 0.4 t o  0.01,  S imi la r ly ,   the  ~2 dimin- 

ished from 0.04 t o  0.001 f o r  augmenting $ , ( E )  from 0.1 t o  2 .  Hence, 

t he  computed est imators   of   the   probabi l i ty   densi ty   funct ions were 

within  reasonable  levels  of  confidence. 

k , m  

P2 Pl 

The JPDF ' s  and the  respect ive  products  of individual  PDF's f o r  a l l  

t h ree  segments  portrayed  in  Fig. 6.7 exh ib i t  a s t r i k i n g   q u a l i t a t i v e  

congruent   var ia t ion .   This   overa l l   s imi la r i ty  i s  fu r the r   subs t an t i a t ed  

by the  isoprobabi l i ty   curves  of  the JPDF's and the  products of individ- 

ua l  PDFls  depic ted   in  F i g .  6.8. To quant i ta t ive ly   ascer ta in   the   ex ten t  

t o  which t h e   s t a t i s t i c a l  independence   c r i te r ion   se t   for th  by Eq. (6.10) 

is sa t i s f ied ,   the   var ia t ions   o f   bo th  5 ( E , : )  and  ck(g)pm(G)  along 

the   sur faces  = ;I and 5 = -;I were examined. The projections  of 
k,m 
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these  surfaces  are indicated by the  diagonals  AA and BB i n   t h e  

E - :  plane  in   Fig.   6 .8 .  The changes of t he  JPDF's  and corresponding 

products  of PDF's a long  these  diagonals   are   depicted  in   Fig.   6 .9 .  A 

remarkable  agreement i n   t h e i r   v a r i a t i o n s  is  c lear ly   d i scerned .  The 

degree  of   s ta t is t ical   independence was evaluated by computing t h e  

normalized  standard  deviation  between  ck(g)Cm(i) and 6 ( E , : ) .  In 

t h i s  case, the  normalized  standard  deviation ( u ~ ) ~ , ~  is  defined by 
k,m - 

I t  bas ica l ly   expresses   the   re la t ive  amount of volume t h a t   l i e s  between 

t h e  two surfaces  6 (s,i) and :k(t)fim(i). The r e s u l t s   o f   t h i s  

computation  with  increasing  observation time are tabulated below: 
k ,m 

TB 1,2 
(5 1 P 1,3 (3P) 2,3 

(s 1 

3 0.17 0 .22  0.17 

4 0.16 0.15  0.15 

5 0.12 0.13  0.13 

These r e s u l t s   c l e a r l y  show tha t   the   degree  of s t a t i s t i c a l  independence 

i s  enhanced  with  increasing  observation  time.  For  the  entire  length  of 

t he  segments  used,  viz., TB = 5 s, (z  ) < 0.13. Based  on the   t rend  

i n   t h e   v a r i a t i o n  of the  normalized  standard  deviation (:p)k,m it  can 

be   i n fe r r ed   t ha t   t he   t h ree  sample  records  consti tuting  the  equivalent 

ensemble are sa t i s f ac to r i ly   s t a t i s t i ca l ly   i ndependen t .  An accepzhble 

eqLLivutevtt eMemble {e ( t )  1 WM thw genmated dince 0 6  t h e  

p k , m  - 

eq 

I 
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nece6hany t h e e  c a n U a n s  wehe &uonabLy  m e A .  Consequently,  the 

au tocor re l a t ion   ana lys i s   fo r   a sce r t a in ing   t he   s t a t iona r i ty  of t h e  

equivalent  ensemble  can  be  performed. 

The t e s t   fo r   s t a t iona r i ty   o f   t he   f l uc tua t ing   vo l t age   cons i s t ed  of 

(1)  computation of the  equivalent  ensemble  autocorielation,  c,alled 

he rea f t e r   t he  EEAC; and (2 )  examination  of  the EEAC va r i a t ion  as the  

s t a r t i ng   t ime  to assumed different   values   within a specif ied  range.  

In  the  equivalent ensemble the   s t a r t i ng   t ime  to i s  the   ins tan t   o f  

time a t  which the  computation  of  the EEAC i s  i n i t i a t e d .  For I e ( t ) l  

t he  EEAC is  defined by 
eq 

AI 

<P (to,to+T)> = - ek(to)ek(to+T) 9 

1 (6.17) 
eq k = l  

where T stands  for   the  t ime  delay and the number of  sample  records 

i n  the  equivalent  ensemble N = 3. The EEAC coe f f i c i en t   (o r  normal- 

ized EEAC) is obtained by dividing  the  foregoing  equation by the 

equivalent  ensemble  mean-square  value,  i.e.,  the EEAC a t  T = 0.  

Hence, the EEAC c o e f f i c i e n t ,   c a l l e d   h e r e i n a f t e r  EEACC for  convenience, 

is 

(6.18) 

I t  i s  worth  mentioning  that i t s  turbulent   veloci ty   counterpar t  

<K(to,to+T)> = <6( to , to+T)>  s ince  u - e .  The normalized EEAC's  
eq  eq 

were computed employing the  very same 5 s segment  of the  equivalent 

ensemble I e ( t ) I e q  used i n   t h e   s t a t i s t i c a l  independence t e s t .  In 

computing t h e  EEACC's  the   s ta r t ing   t ime to varied between 0 and 2 s 

s ince  a maximum delay T = 3 s was required  based on t h e   s i n g l e  

record  time-averaged  autocorrelation. Inasmuch as a sampling 
max 
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frequency fs = 880 Hz was u t i l i z e d   i n   t h e   d i g i t i z a t i o n   o f   e ( t ) ,  

1760 EEACC's were obtained  within  the  aforementioned  start ing time 

range.  Editing  of  the EEACC's was necessary t o   i n s u r e  a cons i s t en t  

var ia t ion   in   the i r   va lues   s ince   the   normal ized  EEAC's exhibited 

random f luc tua t ions .  I t  was surmised tha t   t hese   f l uc tua t ions  were 

due t o   t h e  small number of  sample  records,  viz., 3 records,   used  in  

ca l cu la t ing  EEACC's.  A bandpass  smoothing scheme was employed t o  

remove these  irregular  f luctuations.   This  smoothing  procedure con- 

s i s t e d ,   f i r s t ,  of  obtaining  the  Fourier  transform  of  the EEACC for  

identifying  any  inconsistencies  in  the  frequency domain, i . e .  , t o  

discern any  pronounced  extraneous  peaks i n  i t s  va r i a t ion .  Next, 

central   averaging was carr ied  out   to .e l iminate   these  spurious 

peaks.  Afterwards,  an  inverse  Fourier  transform was u t i l i z e d  t o  

recover  the EEACC. F ina l   ed i t ing  was then  accomplished by c e n t r a l  

averaging  of   the  par t ia l ly  smoothed EEACC. This  smoothing  procedure 

is  described by the  block  diagram  provided by F i g .  6.10.  Representa- 

t i v e  samples o f  the  normalized E E A C ' s  a t   f i ve   s e l ec t ed   s t a r t i ng   t imes  

v i z . ,  at to = 0.2, 0 .7 ,  1 . 2 ,  1 .4  and 1.9 s are  portrayed  in  Fig.   6.11. 

Genera l ly ,   these   f ive   representa t ive  EEAC coe f f i c i en t s   r evea l  a 

s a t i s f a c t o r y   s i m i l a r  change  with  augmenting time delay.  For  the 

sake  of a closer  comparison,  the EEACC's  during  the 1 s lag  time 

are  provided by the  accompanying inser t   in   F ig .   6 .11 .  

Essentially,   assessment  of  the  equivalent ensemble s t a t i o n a r i t y  

cons i s t s  of determining  the  effect   of   varying  the  Star t ing  t ime upon 

the  EEACC'S. A s tandard   devia t ion   tes t  was conducted for   ascer ta in ing  

t o  what degree  the EEACC's were  independent  of  the  changing  starting 
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time.  This  test  was  performed  by  calculating  the  normalized 

incremental  standard  deviation  of  each  EEACC  about  the  starting-time- 

averaged  EEACC.  The  latter  is  basically  representative of  all  the 

EEACC’s  since  it  is  averaged  over  all  possible  starting  times,  i.e., 

over  all  equivalent  ensemble  autocorrelation  coefficients.  This  par- 

ticular  EEACC  is  consequently  a  characteristic  property of the  equiva- 

lent  ensemble.  The  normalized  incremental  standard  deviation  within 

any  lag  time  range T < T < T~ is  defined  by 1 -  

is 

(6.20) 

where M designates  the  total  number of starting  times  utilized  and 

the  maximum  time  delay T = 3 s. This  incremental  standard  devia- 

tion  measures  the  contribution  to  the  relative  amount of area  between 

the  EEACC  and  the  STACC  during  any  time  delay  interval T~ < - T < T 

Thus,  the  incremental standad deviation  readily  permits I ’  estimation of 

the  EEACC’s  independence of the  starting  time.  Results of the  standard 

deviation  test  for  the  five  representative  EEACC’s  depicted  in 

max 

2‘ 

I 

Fig.  6.11  at  several  lag  time  increments  are  summarized  below: 
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to (SI 

f 
1 

(s 1 

0 

0.1 

0.2 

0 . 3  

0.4 

0.8 

1.2 

0 

0 

0 

Generally, 

r 
2 

cs 1 

0.1 

0.2 

0.3 

0.4 

0.5 

0.9 

1.3 

1 

2 

3 

0.2 
- 
U 

P 

0.10 

0.04 

0.01 

0.04 

0.11 

0.02 

0 

0.20 

0.20 

0.20 

0.7 
- 
U 

P 

0.01 

0.10 

0.08 

0.03 

0.02 

0.03 

0 

0.16 

0.16 

0.16 

1.2 
- 
U 

P 

0.07 

0.11 

0.08 

0.08 

0.04 

0.03 

0.01 

0 . 2 3  

0.23 

0.23 

1.4 

U 
P 

0.03 

0.07 

0.13 

0.04 

0.06 

0.01 

0 

0.18 

0.18 

0.18 

1.9 
-. 
U 

P 

0.01 

0.06 

0.14 

0.09 

0.13 

0.01 

0 

0.28 

0.28 

0.28 

for  time  delay  increments of 0.1 s the  normalized  standard 

deviation  varied  from  0.01 t o  about 0.14. Values of the  normalized 

incremental  standard  deviation  larger t han  about 0.1 occurred  randomly 

at  a  few  lag  time  gaps.  The  relatively  high  value  of  the  overall 

normalized  standard  deviation,  viz., ;Ip (to,0,3),  arises  primarily 

from  several  isolated  discrepencies  between <; (to,to+T)>  and 

<p (T)>~~. In  the  light of the  approximations  associated  with  the  com- 

putations of the EEACC's and  the STACC even  an  overall  standard  devia- 

tion of 0.28  is  acceptable.  Based  on  these  results  it  can  be  assumed 

that  the  equivalent  ensemble  is  statistically  steady.  Consequently, 

.the @uduating vo&age e(t)' and camzaponding a k ~ b u l e n t   v e t o c i t y  

u(t) m e  apphoxima;t&y weakly &tuZionatry. This  re'sult  is of 

considerable  significance  in  view of  the  small  number of sample  records 

eq 
.. 
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employed, v i z . ,  3 sample  records. I t  is  conjectured  that   the  

consistency of t h e  EEACC’s would be  considerably  enhanced  with  increas- 

ing number of  sample  records  of  the  equivalent  ensemble.  Essentially, 

t h i s   a n a l y s i s   c l e a r l y   i n d i c a t e s   t h a t   t h e   s t a t i o n a r i t y   o f  a random 

signal   can be reasonably  estimated  using  an  equivalent  ensemble. 

” - 

The acquirement  of a stationary  equivalent  ensemble and  knowledge 

of   the EEACC na tura l ly   sugges ts  a h e u r i s t i c   t e s t   o f   t h e   e r g o d i c  as- 

sumption. Under t h i s  assumption  the s ta t is t ical  proper t ies   o f   the  

ensemble are   es t imated by taking  time  averages  over any s ingle   repre-  

s e n t a t i v e  sample  record i n   t h e  ensemble, i . e . ,   t h e   r e s p e c t i v e  ensemble 

and time-average moments are   equal .  A t  present  time no t h e o r e t i c a l  

foundation  relating  the  equivalent ensemble  averaged moments t o   t h e i r  

time-averaged  counterparts is  avai lable .  Then, t h e   t e s t   f o r   e r g o d i c i t y  

simply  entails  comparison  of  the  equivalent  ensemble  autocorrelation 

coef f ic ien t   wi th  i t s  counterpart   obtained by time averaging  over a 

single  selected  sample  record.   In  carrying  out  this  comparison  the 

STACC, which is  a basic   feature   of   the   ent i re   equivalent   ensemble,  was 

u t i l i z e d .  

The equivalent  ensemble  autocorrelation  coefficient  averaged over 

a l l   s t a r t i n g  times (STACC) < ; ( T ) > ~ ~  and time-averaged  autocorrela- 

t i on   coe f f i c i en t   ove r  a s i n g l e  sample  record R ( T )  (see  Sect.  5.5) a r e  

depicted  together i n  Fig.  6.12. An enlargement  of  the  autocorrelations 

d u r i n g   t h e   i n i t i a l  1 s lag  t ime is  provided by t h e   i n s e r t  i n  t h i s  

f i gu re .  A s t r i k i n g   o v e r a l l   s i m i l a r i t y  i n  t he   va r i a t ion  of these two 

autocorrelat ions is  c lear ly   d i scerned .  A s tandard   devia t ion   tes t  was 

f u r t h e r  performed to   quan t i t a t ive ly   de t e rmine   t he   va r i a t ion  of t he  

former  about   the  la t ter .  T h i s  s tandard  deviat ion  tes t   can be thus 

. -  
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employed  to  approximately  indicate  the  validity  of  the  ergodic 

assumption. A normalized  incremental  standard  deviation GR(fl , T ~ )  

formally  similar  to  that  used  for  'the  equivalent  ensemble  stationarity 

test, 'c.2 

(6.21) 

was  utilized  to  carry  out  the  ergodicity  test.  Its  value for several 

lag  time  increments  are  tabulated  below: 

T 
1 

(SI 

0 
0.1 
0.2 
0.3 

0.4 

1.5 
2.5 
0 

0 

0 

T 2 

(SI 

0.1 
0.2 
0.3 
0.4 

0.5 

1.6 
2.6 

1.0 
2.0 

3.0 

0.08 

0.11 
0.11 
0.10 
0.09 

0.08 

0.02 
0.30 

0.35 
0.37 

Values  of  the  normalized  incremental  standard  deviation  larger  than or 

equal  to  0.10  occurred for several  time  delay  intervals.  The  overall 

standard  deviation  over  the  entire  time  delay  range,  viz., T = 0 to 3 s 

reached a relatively  high  value  of  about 0.37. A better  agreement 

cannot  be  basically  expected  considering  the  numerous  approximations 

involved  in  this  computation  and,  particularly,  the  limited  number of 

sample  records  forming  the  equivalent  ensemble,  viz., 3 sample  records. 

I 
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On the  other  hand,  it  is  quite  remarkable  that  for  most  of  the  time 

delay  intervals  the  normalized  incremental  standard  deviation  was  less 

than  about  0.10. It A hypo; thakd X& even thih LbnLted agneement 

pnovida accepaizble nuppont don t h e  c& 06 mgodicCty. Since bo th  

t h e  nltatioMahi;ty and engodi&y wme treanonably met t h e  Xuhbu- 

lent  vdoc i ; ty  can be considmed M a n U z a t i o n  06 a weakey h d 6 -  

bltatiovlahy nadom ~ I L o c M ~ .  The  foregoing  analysis  clearly  demonstrates 

that  the  stationarity  and,  to  some  extent,  the  ergodicity of  a  random 

process  can  be  practically  ascertained,  employing  an  equivalent  ensemble. 

It  further  indicates  that 3 sample  records  is,  in  all  likelihood,  the 

minimum  number  which  can  be  effectively  used  to  generate  an  equivalent 

ensemble. 

6 . 3  Eulerian  autocorrelation 

The  Eulerian  autocorrelation  coefficient of the  longitudinal 

turbulent  velocity u(t) i s  expressed  by 

g ( T )  = U(t)U(t+T)/U2 , 
- 

(6.22) 

in  which T is  the  lag  time  and u2 designates  the  autocorrelation 

at  zero  time  delay,  i.e.,  the  local  mean-square  value  of  the  fluctu- 

ating  velocity  which  is  exactly  the  total  turbulent  kinetic  energy 

per  unit  mass.  This  normalized  autocorrelation  function  equals  the 

autocorrelation  coefficient of the  hot-wire  anemomenter  output  voltage 

defined  by  Eq. (5.6) since  u - e. A set  of  five  autocorrelation 

coefficients  were  obtained  simultaneously  by  means  of  the  array  of 

five  hot-wire  anemometers  installed  within  the  turbulence  measurement 

range, i.e.,  along  the  turbulence  line.  The  autocorrelations 
\ 
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were  computed  using  the  tape  recorded  voltage  time  histories e(t) 

(see  Sect. 5.5). Variations of the  five  autocorrelation  coefficients 

up  to  a  time  delay  of 3 s are  displayed  in  Fig. 6.13(a). The  same 

autocorrelation  coefficients  are  portrayed  in  Fig.  6.13(b)  over  a  lag 

time  interval T = 0 to  1 s to permit  a  closer  comparison of  their 

decreasing  trend.  A  consistent  similar  change  in  amplitude  is 

exhibited  by  all  five  autocorrelations  with  augmenting  time  displace- 

ment. Each 06 t h e  hive autocomdation  coehbicientn n e v d  dina5nc.tey 

a c u p  at zeho l a g  h e .  All  five  autocorrelations  decay  to  their 

first  zero  crossing of the  time  axis  at  time  delays  ranging  from 

T~ = 0 . 2  to 0.5 s with  increasing  streamwise  distance  as  shown  in 

Figs.  6.13.  Thereafter,  they  take on negative  values  and  asymptoti- 

cally  approach  zero  level. 

Usually,  the  autocorrelation  is  employed  to  deduce  two  charac- 

teristic  time  scales  of  turbulence: (1) the  micro  time  scale  and 

( 2 )  the  integral  time  scale.  The  former  is  a  measure o f  the  most 

rapid  changes  that  can  occur  in  the  fluctuating  velocity.  In  addition 

it  provides  an  insight  into  the  smaller  dissipation  scale  of 

turbulence.  The  micro  time  scale  is  proportional  to  the  inverse  of 

the  curvature  of  the  autocorrelation  coefficient  at T = 0 [lo]. 

Whenever  the  autocorrelation  possesses  a  cusp  at  zero  lag  time,  it  is 

anticipated  that  the  micro  time  scale.would  be,  at  the  least,  one 

order of magnitude  smaller  than  the  integral  time  scale.  This  is 

generally  a  common  occurrence  for  large-scale  turbulence  such  as 

encountered  in  atmospheric  flows [ 2 2 ] .  The  micro  time  scale A: 

was  estimated  by  fitting  an  osculating  parabola to the  peak of each 

autocorrelation  coefficient  and  finding  out  the  lag  time  at  which 
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this  parabola  intersects  the  time  axis.  This  time  delay then,equals 

the  micro  time  scale.  Subsequently, a characteristic  micro  length 

scale  was  computed  according  to 

x = m ,  (6.23) 

where U is  the  local  mean  velocity.  This  micro  length  scale X can 

be  viewed  as  representative of the  small-scale  eddies  at  each  position. 

The micro  time  and  length  scales  were  made  dimensionless  using  their 

values  at  the  first  station  on  the  turbulence  line  which  can  be 

basically  considered  a  reference  point.  Thus, 

- 

i = w o ,  

and 

(6.24) 

.. 
X = )(/Xo, (6.25) 

where .to = 5.77  ms  and X = 4.82  cm  (0.158  ft)  are  the  micro  time 

and  length  scales  at go= 10.  Their  variations  with  augmenting 

streamwise  distance 2 are  shown  in  Fig.  6.14.  Both  micro  time  and 

0 

length  scales  display  a  continuous  increase  followed  by  a  leveling off 

trend  around 2 = 13.  They  attain  their  largest  values  of  2.15 

(12.4  ms)  and  1.77  (8.53  cm (0.230 ft))  at j; = 14 and  13,  respec- 

tively.  The  streamwise  augmentation of  the micro  scales  suggests  a 

similar  behavior  for  the  integral  scales. 

The  integral  time  scale T represents  the  average  duration 

time of the  turbulent  velocity,  and  this  scale  is  ordinarily  defined 

m 

T = I E(T)  d.r , 
0 

(6.26) 
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where R ( T )  is  the  autocorrelation  coefficient.  For  stationary 

turbulence  the  integral  time  scale  is  proportional  to  the  value  of  the 

turbulent  energy  spectrum  at  zero  frequency.  This  results  from  the 

Fourier  transform  of  the  autocorrelation  coefficient [lo]. Since  tur- 

bulence  is  nonexisting  at  zero  frequency  considering  its  intrinsic 

nature,  it  appears  that  the  integral  scale  should  also  vanish.  This 

possible  nonmaterialization  of  the  integral  time  scale  is  suggested  in 

Ref. 62. The  autocorrelation  coefficient  should  consist  of  equal 

positive  and  negative  portions  when  the  integral  time  scale  becomes 

zero  in  the  light of its  definition  given  by E q .  (6.26). This 

situation  is  approximately met by  the  five  autocorrelation  coefficient 

set  displayed  in Fig. 6.13(a).  On  the  other  hand, it is  conceivable 

to  introduce  a  characteristic  time  scale of the  turbulence  by 

considering  only  the  positive  autocorrelation.  Such  a  time  scale  can 

be  interpreted  as  the  largest  time  scale  since  it  decreases  gradually 

as  the  negative  autocorrelation  is  accounted  for.  This  largest  time 

scale,  which  is  defined by 

(6.27) 

can  be  viewed  as  the  first  integral  time  scale  of  the  turbulence.  In 

the  above  equation, T is  the  particular  lag  time  when  the  auto- 

correlation  coefficient  becomes  firstly  zero, i. e.,  the  first  zero 

crossing. A similar  definition  was  advanced  in  Ref. 63 for  a so- 

called  apparent  integral  length  scale of the  longitudinal  space 

cross-correlation.  This  apparent  length  scale  was  obtained  by  a  space 

integral  of  the  cross-correlation  up  to  the  particular  separation  gap 

1 



100 

where  the  cross-correlation  became  zero  for  the  first  time.  Basically, 

this  implies  disregarding  the  negative  portion of the  space  cross- 

correlation  function. 

The  first  integral  time  scale  for  the  autocorrelation  set  was 

computed  using  Eq.  (6.27).  In  this  computation  the  first  zero 

crossings T~ = 0.21, 0.34, 0.40, 0.50 and 0.47 s for  the  five  auto- 

correlations  with  augmenting ;i from  10  to  14.  Normalization of the 

first  integral  time  scale  was  performed  in  the  same  manner  as  for  the 

micro  time  scale.  Hence, 

71 = T , / T , ~  a (6.28) 

where Tlo  = 54.5 ms  is  the  value  of  this  integral  time  scale  at  the 

first  station  (or  the  reference  point)  on  the  turbulence  line,  i.e., 

at x = 10.  Results  of  this  computation  are  portrayed  in  Fig.  6.15. 

The  first  integral  time  scale 7, exhibits  a  monotonical  streamwise 

increase.  It  levels  off  around 2 = 12  and  reaches  its  largest 

value of 2.24  (123  ms)  at j ;  = 14. The  observed  systematic  increase  of 

the  first  integral  time  scale  indicates  that  the  peak  in  the  turbulence 

energy  spectrum  is  gradually  shifting  to  lower  frequencies. T k i n  

behavioh  can OCCWL due t o  Xhe en-y dinbipat ion  at high & q u e n c h  

and c o n m e v L t  enmgq  exa2ac;tion &am t h e  mean @ow a-t LOW dhequencien. 

It  is  further  interesting  to  examine  the  ratio of the  integral  to  micro 

time  scales  inasmuch  as  it  was  presupposed  that  the  latter  is  signif- 

cantly  smaller  than  the  former  based  on  the  observed  cusp of the  auto- 

correlation  coefficient  curves.  This  ratio f o r  the  autocorrelation 

set  is  tabulated  below: 

0 
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," 
X 10 

T, /X 9.44 

T h u ,  the d.ihn.t integhae 

micno h e  h c d e .  

In  a similar manner 

11 1 2  13 14 

9.90 10.32 10.00 9. a8 

as for   the  micro  length scale, a charac te r i s -  

t i c  length scale corresponding  to   the first i n t e g r a l  time scale was 

defined by 
- 

hl = UT, , (6.29) 

- 
where U is  the   l oca l   ax i a l  mean v e l o c i t y .   T h i s   f i r s t   i n t e g r a l  

length  scale   can be considered  representative  of  the  predominant 

tu rbulen t  eddy s i z e s   a t  a given  location. I t  was fu r the r  made dimen- 

s ion le s s  by i t s  va lue   a t   t he   r e f e rence   pos i t i on  % = 10 according  to  
0 

1 = A,/h10 , (6.30) 

where  h10 = 45.4 cm (1.49 f t )  . The streamwise  change  of  the f i r s t  

i n t eg ra l   l eng th   s ca l e  hl i s  depicted  also  in  Fig.   6.15. I t s  var ia -  

t i on   bas i ca l ly  resembles tha t   o f   t he   i n t eg ra l  time scale  with i t s  

l a rges t   va lue  of 1.88  (83.5 cm (2.74 f t ) )  a t  ;i = 13. The ~ 2 t e W i h e  

&end 06 the integlrae &engRh h C d e  h p k X a  a%& t h e  *bLLeenCe 

hltrrUd#~e h a p p a h e d y  daminaAed by h e R a t i U & j  h g e - h c d e  e d d i a .  

T U  ih a&Xbu ; ted  t o  a c o n t i n u o ~ n  accumulation 06 enetrgy a.t k g e  

b C & U .  This   increase   in  eddy s i z e  was expected  based  on  the similar 

trend  of  the  micro  length scale. S ince   bo th   the   in tegra l  and  micro 

length scales are de f ined   i n  terms o f   t he   ve ry  same loca l  mean 

v e l o c i t y ,   t h e i r   r a t i o  is e x a c t l y   e q u a l   t o   t h e   r a t i o   o f   t h e i r  

corresponding time scales. The h&eamwine u a h i d t i o n b  06 boXh micho 

- 
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and i n & g d  &e and Length &deb UMdUthCOhe mOhQOUkX t h e  

nodzornogeneoun 06 t h e  WbuRence. 

A d d i t i o n a l   s i g n i f i c a n t   i n s i g h t   i n t o   t h e   i n t r i n s i c   c h a r a c t e r   o f   t h e  

turbulence  can  be  obtained by examining t h e  streamwise va r i a t ion   o f  

t h e  Reynolds  numbers  based on the  micro  and/or first in t eg ra l   l eng th  

scales and the   l oca l   t u rbu len t   ve loc i ty  (ms). The micro  length 

s c a l e  Reynold$ . number " i s  expressed by [ lo]  

ReA = X (u2)'/v , 
- 

(6.31) 

while   the f irst  integral   length  scale  Reynolds number is  given by 

ReA = A, (u2)!'/v , 
- 

(6.32) 

where (u2)' des igna tes   the  rms va lue   o f   the   tu rbulen t   ve loc i ty  and 

the  a i r  kinematic   viscosi ty  v = 1.51 x m 2 / s  (1.63 x f t 2 / s ) .  

The former  Reynolds number is  indicat ive  of   the  small-eddy  diss ipat ion 

range  whereas  the l a t te r  Reynolds number i s  cha rac t e r i s t i c   o f   t he  

energy-containing eddy  domain. P rac t i ca l ly ,   t he   r a t io   o f   t hese  two 

Reynolds numbers is  exac t ly   t he   r a t io   o f   i n t eg ra l  and  micro length 

and/or time sca l e s .  Both micro and i n t e g r a l  scale Reynolds  numbers 

f o r   t h e   f i v e   s t a t i o n s  on the   tu rbulence   l ine   a re   depic ted   in  F i g .  6.16. 

The  two Reynolds numbers exh ib i t  a r e l a t i v e  minimum value  around 

j ;  = 11, whereas the i r   va lues  a t  e i t h e r  end of   the  turbulence  l ine are 

roughly  the same i n  each  case.  This  change i s  a t t r i b u t e d   t o   t h e  

varying  turbulent  kinetic  energy  along  the  turbulence measurement 

range which is  displayed  in  Fig.  6.3. The micro and i n t e g r a l   s c a l e  

Reynolds numbers ranged  from  about  5.8 x 10% t o  8.0 x l o 3  and 5.8 x l o 4  

t o  7.8 x l o 4 ,  respec t ive ly .   In   addi t ion ,   the   ra t io   o f   these  two 

.- 

\ 
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Reynolds  numbers  is  of  the  order of 10.  It  is  important to point  out 

that  in  atmospheric  turbulence  values of  the  micro  scale  Reynolds 

number  of  the  order  of lo3 o r  even lo4 can  be  encountered  and, 

generally,  the  integral  length  scale  Reynolds  number  is at the  least 

ten  times  larger [ 2 2 ] .  The b h - e  06 ;ttl.re m b u l e n c e  dkom t h e  M g e .  

;to ;the b m u  eddy b i z u  w f i k i n  ;the wake ib con~equenXty i n  accepable 

agkeement &h aRmasplzdc coun;tehptt. This  further  qualifies 

the  present  simulation  of  the  turbulence  in  the  extreme  lower 

atmosphere. 

It  is,  furthermore,  relevant  to  inspect  the  turbulence  dissipation 

for  approximately  ascertaining  the  relative  significance  of  the  small 

eddies. To a  first  approximation  the  dissipation E was  estimated 

using  its  relation  defined  for  ideal  isotropic  turbulence. In this 

very  restrictive  case,  the  dissipation  expressed  in  terms.of  the  local 

mean-square  value  of  turbulent  velocity u2 and  the  longitudinal 

micro  length  scale X is [lo] 

- 

- 
E = 30v u2/X2 , (6 .33 )  

where v is  the  kinematic  viscosity. It basically  represents  the 

dissipation  in  the  small-eddy  range  and/or  the  work  done  by  the 

energy-containing  eddies  in  supplying  energy  to  smaller  eddies.  The 

dissipation  was  normalized  according  to 

Z = E / E  
0 ’  

(6 .34)  

in  which E = 1.22  m2/s3  (13  ft2/s3)  is  the  dissipation  at  the  first 

station  on  the  turbulence  line, i.e.,  at % = 10.  Its  change  in  the 

streamwise  direction  is  displayed  in  Fig.  6.17.  The  dissipation 

exhibits  initially  a  decrease  larger  than  about 80% up to 2 = 11. 

0 

0 

I 
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Subsequently, it remains a t  a near ly   cons tan t  level of  about 0.09 

(0.11 m 2 / s 3  (1.18 f t2/s3))   throughout   the  turbulence line. T k i n  

&ma% t r h c t i a n  A i n d i c d v e  i d  t h e  Luhening truLe ob t h e  hm&- 

h c d e  ddiu a d ,  hence, ;the pkedominance 06 t h e  lkhge-hcde h&ucme. 

I n  computing t h e   i n t e g r a l  time scale the   nega t ive   au tocorre la t ion  

was disregarded  since  the  former  vanishes as the  l a t t e r  is  accounted 

f o r ,  The i n t e g r a l  time and length   sca les  are bas i ca l ly   r ep resen ta t ive  

of   the  large-scale   turbulence  s t ructure .  Then their   gradual   decrease 

induced by the  negat ive  autocorrelat ion  can be apparent ly   in te rpre ted  

as a measure o f   t u rbu len t   k ine t i c   ene rgy   t r ans fe r  from l a r g e r   t o  

smaller scales. In  general ,  two d i f f e ren t   t r ends   o f   t he   au tocor re l a -  

t i on   coe f f i c i en t s   w i th   r ega rd   t o   t he i r   nega t ive   po r t ions   can   be  

d is t inc t ly   perce ived   based  on the   au tocor re l a t ion   coe f f i c i en t s   va r i a -  

t i o n s  shown in  Figs.  6.13.  In  one case, the   au tocorre la t ion   qu ick ly  

a t t a ins   r e l a t ive ly   l a rge   nega t ive   va lues   a f t e r  i t s  f irst  zero  cross- 

ing T~ and,  subsequently,  asymptotically  approaches  zero.  This 

t rend  is clear ly   observed a t  2 = 11, 12 ,  13  and  14  where the  maximum 

negat ive   au tocorre la t ion   coef f ic ien t  i i ( - r )  ranges from -0.101 t o  

-0.155. The second  tendency i s  character ized by a shallower  negative 

autocorrelat ion where the  asymptotic  approach  to  zero  begins  almost 

immediately af ter  the  f irst  zero  crossing -cl. This  behavior is  

par t icular ly   prominent  a t  t he   r e f e rence   s t a t ion ,   v i z . ,  a t  2 = 10. A 

higher  degree  of  negative  autocorrelation a t  l a r g e r  time displacements 

suggests   sustenance  of   larger-scale   eddies .   This   necessar i ly   leads  to  

a slower ra te  o f   ene rgy   t r ans fe r   t o  smaller eddies  and,  hence,   to ac- 

cumulation  of  energy a t  large-scale  eddies.  On the   o the r  hand, a 

shallower  negative  autocorrelation  represents  exactly  the  opposite 
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situation.  Then  the  turbulent  energy  is  transferred  more  rapidly  from 

larger  to  smaller  scales.  The  five  autocorrelation  coefficients  dis- 

played  in  Fig.  6.13(a)  exhibit  generally  larger  negative  values  with 

augmenting  axial  distance 2. This  indicates ,the i n a w i n g  . l i g , n d i -  

cance 04 ,the &ge-hCc&? M b d e n t x  b h - e  i n  ,the n ~ e a m w h ~  

d i h e d o n .  The  longitudinal  large-scale  eddy  structure  is  substan- 

tiated  by  the  axial  augmentation  of  the  micro  and  integral  length 

scales  and  accompanying  diminution  of  the  dissipation.  Further  con- 

'. 
' \  

\ I  ' 

firmation  for  this  eddy  structure  comes  from  the  fact  that  large-scale 

eddies  usually  undergo  elongation  in  the  mean  flow  direction  [22,64]. 

Such a n;Dtmwine b;DteitCking 06 ,the &ge e d d i a  ,LA nuppohted by the  

The  energy  spectrum  (or  the  frequency-density  function) F(f) of 

the  longitudinal  turbulent  velocity  u(t)  was  computed  for  all  five 

autocorrelation  coefficients i ( ~ )  by  means  of  a  Fourier  transform 

since  the  turbulence  is  stationary  (see  Sect.  6.2).  Hence,  the  one- 

dimensional  spectrum  is  expressed  by [41] 
ca 

F(f) = 4 2  I R(T)COS 27rf.r  d.r , (6.35) 

- 
where  u2  is  the  local  mean-square  value  of  the  turbulent  velocity 

(the  total  turbulent  kinetic  energy)  and f designates  the  frequency. 

The  resulting  spectra  in  terms of F(f)/u2  vs. f  are  displayed  in 

Fig.  6.18.  All  five  spectra  exhibit  a  peak  around 0.7 to  1.0 Hz. A 

- 

continuous  shift of the  peak  to  lower  frequencies  is  clearly  discerned 

as  the  axial  distance  x  becomes  larger.  For  the  sake of closer 

comparison,  the  peak  frequency-density  function F /u2 and 

I 

- 
P 
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corresponding  peak  frequency f inc luding   the i r   d imens ionless   va lues  

computed i n  accordance to   t ha ' un ive r sa l   spec t r a l   func t ion  
P 

. r  

= F f / u 2 ,  
P P P  

and dimensionless  peak  frequen f y 

(6.36) 

(6.37) 

where h = 3.04 m (10 f t )  is  the   he igh t   o f   t he   t u rbu lence   l i ne  above 

the  ground  and U i s  the   l oca l  mean ve loc i ty ,   a r e   t abu la t ed  below: 
- 

.. 
X 10 11 12 13 14 

F P / T  (s) 0.203 0.335 0.345 0.352 0.386 

i: 0.222 0.265 0.253 0.258 0.283 
P 

f p  (Hz) 1. a98  0.793  0.732  0.732  0.732 

r 
P 

0.400  0.369  0.327 0.315 0.327 

With increasing streamwise d i s t ance  j; the   p ropor t ion  of tu rbulen t  

kinet ic   energy  concentrated at the  peak  frequency  augments by about 90%. 

This  is  i n  agreement   with  the  axial   increase  of   the  integral   length 

scale and,  moreover, &c&T~ t o  t h e  a c c u m w o n  06 enmgy at h g e -  

AcdU.  An iner t ia l   subrange ,  where F(f)  f-5/3,  is  dis t inguished 

i n  a l l  f i v e  cases f o r  a frequency  bandwidth  extending  roughly from 

2 t o   1 0  Hz. The energy-containing  range  of  the  spectrum which occurs 

a t  la rge  scales i s  hence  separated  from  the  dissipation  range.  This 

further  confirms  the  predominance  of  the  large-scale  eddies.  

I t  is  worthwhile t o  compare t h e  peak  frequency-density  functions 

with  those  obtained  in  the  atmosphere  for  roughly similar f l a t  t e r r a i n .  

The spectral   peaks are o f   i n t e re s t   s ince   t hey  are ind ica t ive   o f   t he  

maximum concentration  of  turbulent  energy.  This  comparison was c a r r i e d  
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out   using  the  longi tudinal   spectra  measured a t  Round H i l l  [65], 

Kennedy Space Center [66] and i n   t h e  A i r  Force Cambridge  Research 

Laboratories  experiment  in Kansas [67,68]. A t  Round H i l l  t h e  peak 

spec t ra   under   s tab le   condi t ions  was found f o r  peak  reduced  frequency 

f varying from 0.04 to 0.20. The peak  reduced  frequency.observed a t  

the Kennedy Space  Center  under  neutral  conditions  ranged from 0.04 t o  

0.4. In   the  Kansas experiment, which was conducted  under a var ie ty   o f  

degree   o f   s tab i l i ty ,   the  peak  reduced  frequency  took  on  values  between 

about 0.08 and 0.34. In  the  present  experiment,   the peak  reduced 

frequency  varies from  0.315 t o  0.400 and,   therefore ,  i-t i . 3  in accept- 

able agheement wLth X t h d c  atmodphehic countmpafLtd. 

I 

P 

Generally,  an  autocorrelation is normalized  with  respect  to  the 

loca l  mean-square va lue   o f   the   tu rbulen t   ve loc i ty   accord ing   to  

Eq. (6.22). For  nonhomogeneous turbulence, on t he   o the r  hand, i t  i s  

o f   cons ide rab le   s ign i f i cance   t o  examine the  behavior of the  auto-  

co r re l a t ions  when they   a r e  a l l  r e f e r r e d   t o   t h e  same c h a r a c t e r i s t i c  

turbulent  energy. Such a normalization  depicts  the  relative  changes 

in   the   au tocorre la t ions  which a r e  due to   the   tu rbulence  nonhomogeneity. 

I t  is  na tura l   to   render   the   au tocorre la t ion  set dimensionless by using 

the  mean-square  value  of  f luctuating  velocity a t  the  reference  posi-  

t i o n  on the  turbulence  l ine.   These  reference-point '   autocorrelat ion 

c o e f f i c i e n t s  are expressed by 

- 
i io(r) = u( t )u ( t+ r ) /u ;  (6.38) 

i n  which u2 = 6.25 m2/s2 (67.4 f t 2 / s 2 )  is  t h e  mean-square value  of 

f l uc tua t ing   ve loc i ty  a t  t h e  first s t a t i o n  on the   tu rbulence   l ine ,  i . e . ,  

a t  the   re fe rence   po in t  x. = 10. The set of f i v e  reference-point 

- 
0 

d" 
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autocorrelation  coefficients  is  displayed  in  Fig.  6.19. T k i n  

fiephm%ta.tiOM phvvidu  an  unidied i n ~ i g l t t  into t h e  v W o n  06 t h e  

a u t o c o h ~ ~ d ~ ~ ~ Z o ~  d o n g  t h e  ;tLLtLbLLeence f i ne  and, heme, i~.cto t h e  

~ * e a m d e  changing t~(h6LLeence p m p d e ~ .  The  value of the 

autocorrelation  at  any  point on the  turbulence  line  can  be  readily 

supplied  by  the  envelope of  the  reference-point  autocorrelation  set. 

At  any  time  delay T the  envelope  is  furnished  by  the  curve  connecting 

the  corresponding  amplitudes  of  the  five  reference-point  autocorrela- 

tions.  Such  an  envelope  is  denoted  by k ( G ; - r ) ,  where  the  semicolon 

indicates  that  it  represents  the  axial  variation  of  the  reference- 

point  autocorrelation  at  any  desired  time  displacement T. For 

instance,  the  curve  joining  the  peaks Ro(0) of  the  reference-point 

autocorrelation  coefficient  set,  which  is  depicted  by  a  dashed 

line  in  Fig.  6.19,  is  the  envelope Ro(x;O). It  is  important  to  note 

that  this  envelope  describes  exactly  the  streamwise  variation  of  the 

0 

dimensionless  turbulent  kinetic  energy  u2.  Thus, t h e  aebmence-point 

a u t o c o m m o n  .~l& compmhendn u.~ lenL ia lLy  ;the e v o U o n  04 t h e  XWL- 

buRence d o n g  t h e  AwLbdence f ine .  

6.4  Lagrangian  autocorrelation . . .  

The  Lagrangian  autocorrelation  can  be  computed  according  to 

Eq. (3 .38)  provided  that  the  Eulerian  autocorrelations  are  concurrently 

secured  at  all  points  within  the  flow  domain  of  interest.  This  domain 

represents  essentially  the  so-called  turbulence  "box"  depicted  in 

Fig.  3.6.  In  this  experiment  the  turbulence  box  was  established  by 

the  extent of the  wake  in  the  turbulence  measurement  region.  The 

lateral  stretch of the  wake was roughly 6 m (20 ft)  (see  Sect. 5.2). 
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I n   t h e   v e r t i c a l   d i r e c t i o n   t h e  wake extended up t o  about  the  depth  of 

the  extreme  lower  atmospheric  layer,  'viz.,   up t o  5 m (16.4 f t )  (see 

Sect .   4) .  The longi tudinal   fe tch  of   the box was demarcated by the  

axial  reach  of  the  turbulence measurement range.  This  span, which 

extended  from 2 = 10 t o  14  along  the  centerline  of  the wake (x-axis) 

as shown in   F ig .  5.1, del ineated  the  turbulence  l ine  within  the box. 

The first s t a t i o n  on th i s   t u rbu lence   l i ne ,  i .e. ,  x = 10,  can  be  thus 

viewed as a point  in  the  reference  plane  (or  A-point  plane)  whereas 

the   o ther   four   s ta t ions ,   v iz . ,  ;iB = 11, 1 2 ,  13 and 14,  can  be  inter-  

preted as p o s i t i o n s   i n   f o u r   d i f f e r e n t  B-point  planes  considering  the 

turbulence box depict ion  portrayed  in  F i g .  3 .6 .   Basical ly ,   the   refer-  

ence  plane i s  the  plane 2 = 10 = constant  since it i s ,  by d e f i n i t i o n ,  

normal t o   t h e  mean f low  direct ion,  as f u r t h e r  shown in  Fig.  3.6. The 

separat ion 5 between the  reference and  B-point  planes i s  the   d i s tance  

t raveled  during a time  lapse T by f l u i d   p a r t i c l e s   t h a t  moved pas t  

the  former  plane.  This  distance is e s sen t i a l ly   t he   ax i a l   ex t en t   o f  

the   tu rbulence   l ine  measured  from the  reference  point  xo, i . e . ,  

s = x   - x  

," 

0 

0 

B 0' 

Within  the  turbulence box the  longi tudinal   turbulent   veloci ty  

was of pr imary   in te res t   s ince  i t s  energy i s  subs t an t i a l ly   l a rge r   t han  

tha t   o f   the   o ther  two components.  Moreover,  changes i n   t h e   s t r u c t u r e  

of   the  turbulence  entai l   mainly  s t reamwise  s t re tching  of   the  turbu-  

lent   eddies  [22]. The Euler ian   au tocorre la t ions   o f   the   ax ia l   ve loc i ty  

along  the  turbulence  l ine  can  be  thus  considered  representative  of  the 

turbulence   wi th in   the   en t i re  box. Furthermore,  the minimum number of 

these  autocorrelat ions  necessary  to   reasonably  descr ibe  the  turbulence 

a long   t h i s   l i ne   can  be based  on the   changes   in   the i r  first i n t e g r a l  
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time  'scales.  It  was  deduced  that the  five  autocorrelation  set 

sufficed  in  this  regard  inasmuch as their  first  integral  time  scales 

displayed  a  consistent  variation as shown  in  Fig.  6.15.  Estimation of 

the  longitudinal  Lagrangian  autocorrelation  for  the  turbulence  box, 

i.e., i = j = 1  in  Eq. (3 .38 ) ,  was  consequently of prime  concern. 

This  reference-point  Lagrangian  autocorrelation  is  simply  obtained by 

reducing  the  domain  integral  in  Eq. (3 .38)  to  a  line  integral  along 

the  turbulence  line.  The  Lagrangian  autocorrelation of the  axial 

turbulent  velocity  is  thus  given  by 

Xo+5 

L(X 0 ,TI = - R(x;T) dx, 5 l I  (6.39) 
X 
0 

where X = 10R  (15.2m (50 ft)) denotes  the  reference  point  on  the 

turbulence  line  whose  axial  extent  is 5 .  In  the  foregoing  equation 
0 

the  integrand  R(x;-c)  designates  the  usual  Eulerian  autocorrelation 

at  all  points  on  the  turbulence  line,  i.e.,  at  all  x-positions  ranging 

from  x  to x. + 5 ,  for  any  time  displacement T. 
0 

It  is  essential  to  phrase  Eq. (6 .39)  in  a  dimensionless  form  by 

means of  an  unique  value  of  turbulent  energy for the  entire  turbulence 

line  at  all  time  delays.  At  the  reference  point = 10  (or 5 = 0) 

the  Lagrangian  axial  turbulent  velocity vo is instantaneously  equal 

to  its  measured  Eulerian  counterpart  u  in  accordance  to E q .  ( 3 . 8 ) .  

Consequently,  at  the  reference  point  v2 = u;. This  reference-point 

Lagrangian  turbulent  velocity v can  be  furthermore  viewed  as  a 

characteristic  velocity  for  the  entire  turbulence  line  considering 

the  nonhomogeneous  nature of  the  turbulence.  In  the  light of the 

foregoing  instantaneous  Velocity  equality it is  apparent  that  the 

0 

0 
" 

0 

0 
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Lagrangian  and  Eulerian  autocorrelation  coefficients  can  be  defined  as 

follows: 

(G .40) 

and 

where vg = ug = 6.25  m2/s2  (67.2  ft2/s2;  see  Sect.  6.1.2)  and 

x,xo=  x/R,xo/R. The latter  equation  describes  the  dimensionless 

envelope  at  any  time  delay T of the  Eulerian  reference-point 

autocorrelation  coefficient  set  shown  in  Fig.  6.19. A picture of such 

envelopes  is  provided  by  Fig.  6.20  at  three  time  delays,  viz.,  at 

" 

" "  

T = 0, c1 and  c2. Then substitution of Eqs. (6.40) and (6.41) into 

Eq. (6.39) yields  the  Lagrangian  autocorrelation  coefficient 

(6.42) 

where  the  dimensionless  extent of the  turbulence  line  is  defined 

in  the  same  manner  as  the  axial  distance,  i.e, 5 = S/R.  Illustration 

of how  the  integral  in Eq. (6.42)  is  evaluated  at  a  particular  lag 

time T is  portrayed  in  Fig.  6.20. The shaded  area  in  this  figure 

depicts  the  result of  the  integration  when T = cp and,  thus,  it 

equals  SLo(xo,r = 
I" " 

c2> * 

In  computing  the  Lagrangian  autocorr&ation  coefficient  by  means 

of Eq.  (6.42),  it  was  necessary  to  estimate;  the  maximum  time  delay 

T which  corresponded  to  t'be  longest  axial  reach of  the turbulence max 
line  These  two  parameters are relat+l through  the  character- 

istic  mean  veiocity  Uc  for  the  turbulence  line  in  accordance  to 
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Eq.  (3.23),  viz., T max - - Sma,/Uc. Since  the  turbulence  line  extended 

from 2 = 10  to j i B  = 14,  its  maximuni  axial  extent - = 4 (6.08 m 

(20 ft)). The  corresponding  maximum  time  displacement T = 0.85 s 

inasmuch as the  characteristic  mean  velocity  scale U = 7.12  m/s 

(23.4  ft/s)(see  Sect.  6.1.1).  Evaluation of  the  integral  in  Eq.  (6.42) 

was  performed  numerically  for  time  delay  intervals of  2  ms  in  the  manner 

manner  portrayed  in  Fig.  6.20.  Insofar  as  the  time  displacement T = 0 

to 0.85 s, 426  envelopes fi0 (;;T) were  employed.  These  envelopes  were 

obtained  by  interpolation  from  the  five  Eulerian  reference-point 

autocorrelation  coefficients  shown  in  Fig.  6.19.  The  variation of the 

resulting  Lagrangian  autocorrelation  coefficient Lo ( z o , ~ )  with 
increasing  time  delay T is  displayed  in  Fig.  6.21.  An  enlargement 

of  its  positive  portion  is  further  depicted  in  the  insert  included ir 

this  figure.  The  Lagrangian  autocorrelation  coefficient  exhibits 

distinctly  a  cusp  at  zero  time  delay.  A  similar  cusp  was  revealed  by 

all  five  Eulerian  autocorrelations.  The  first  zero  crossing  of  the 

time  axis T occurs  at  about  0.26 s. This  value  of T~ lies  within 

the  range  of  the  Eulerian  autocorrelation  set  first  zero  crossings 

which  varied  from  about  0.2  to 0.5 s .  After  the  time  axis  crossing 

the  Lagrangian  autocorrelation  displays  relatively  shallow  negative 

values.  Essentially,  this  Lagrangian  autocorrelation  can  be  viewed 

representative  for  the  entire  turbulence  box.  This  ensues  from  the 

nature  of  the  Eulerian  autocorrelation  set  employed  to  compute it. 

0 ‘max 

max 

C 

1 

Simultaneous  examination of  the  variations  in  time  and  space  of 

the  set of  five  Eulerian  reference-point  autocorrelation  coefficients 

k (T), of several  selected  envelopes ii (X;T) and of  the  Lagrangian 
autocorrelation  coefficient L~(;~,T) can  supply  a  significant 
0 0 - 
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insight  into  the  turbulence  development  along  the  turbulence  line. 

Such  an  overall  display  is  provided  by  Fig. 6.22. Both  the  axial 

position 2 and  the  axial  distance  from  the  reference  point x. 
along  the  turbulence  line  are  shown  in  this  figure.  The  time  axis T 

extends  up  to  1 s since  the  maximum  time  displacement of interest  for 

the  Lagrangian  autocorrelation  was 0.85 s. A complete  picture  of  the 

time  variation  of  the  five  Eulerian  reference-point  autocorrelation 

coefficients  at  each  position  and  of  the  spatial  change of  their 

envelopes  at  any  time  delay  is  essentially  furnished  by  Fig. 6.22. 

This  dual  representation  permits  immediate  estimation of the  Eulerian 

autocorrelation  everywhere  on  the  turbulence  line.  The  contribution 

of  each  envelope  go(:;^) to  the  Lagrangian  autocorrelation  can  be 

moreover  identified  by  means  of  this  representation.  For  instance, 

the  shaded  areas  in  Fig. 6.22 denote  those  portions  of  the  envelopes 

which  were  utilized  in  computing  the  Lagrangian  autocorrelation 

coefficient. It is  evident  according  to E q .  (6.42) that t h e  

Lagtranghn a L L t o c o m W o n  trept te~enh b a n i c U y  an auemge o u m  U 

EuRemkn tredmence-point  aLLtacomcLati.on~  on t h e  aMbuLence f i n e .  

a The  evolution  of  the  Lagrangian  autocorrelation  with  augmenting  time 

displacement T and/or  its  corresponding  axial  distance E from 

the  reference  point  depicted  in  Fig. 6.22 cLeaheg in&caAa Xhh 

no;tabLe pttope/ttg. This  is  due  to  the  fact  that  the  Lagrangian  auto- 

correlation  expresses  the  interconnection  between  velocities  at  two 

instants  in  time  which  accounts  inherently  for  two  positions  in  space. 

One  of  these  spatial  locations  is  the  reference  point = 0 whereas 

the  second  position  is  approximated  by  the  distance 5 along  the 

turbulence  line.  Therefore,  the  projection of  the  Lagrangian 

I 

- 
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autocorrelation  onto  the E-T plane  traces  a  line T = </U,. The 

c o n w e v t t  kepkaeentation 04 t h a e  , thee au;toco/rhdat.ion dunctiom 

d a c r v i b a  co~neyuentey t h e  M b d e n c e  phopcmtia 604 t h e  em%e 

M b u t e n c e  f i ne  in t m h  06 both E u R h n  and laghangian vahiablen. 

The Lagrangian  autocorrelation  was  computed  by  means of Eq. (6.39) 

which  is  basically  the  axial  component of Eq. ( 3 . 3 8 ) .  This  latter 

equation  was  obtained  by  neglecting  in  Eq. ( 3 . 2 5 )  the  three  Eulerian 

velocity  cross  products  given  by  Eqs. ( 3 . 3 5 ) ,   ( 3 . 3 6 )  and ( 3 . 3 7 ) .  The 

first  two  cross  products  are  comprised of  sums of two-point  two-time 

velocity-velocity  derivative  cross-correlations  while  the  last  cross 

product  consists  of  a  sum of two-point  two-time  double  velocity 

derivative  cross-correlations.  These  cross-correlations  are  signifi- 

cantly  lessened  with  augmenting  order of differentiation  (see 

Sect. 3 . 2 . 2 ) .  As a  result,  the  three  sums  are  apparently  dominated  by 

their  respective  first-order  space-time  cross-correlation  terms. To 

justify  the  disregarding of the  three  Eulerian  velocity  cross  products 

the  magnitudes of  their  first-order  terms  were  estimated.  The  method 

by  which  these  cross-correlations  were  evaluated  is  described  in  Ap- 

pendix  111.  Their  variations  with  increasing  time  delay  up to  1 s and 

for  a  fixed  correlation  length = 1  are  displayed  in  Fig. A.III.l. 

All three  first-order  cross-correlations  are  vanishingly  small  at  al- 

most  all  time  delays.  Their  amplitudes  reached  at  most  values of about 

0.015 to 0.02 at  only  several  time  displacements.  Consequently,  it is 

reasonable  to  infer  that  the  three  Eulerian  velocity  cross  products 

can be disregarded. 

The  Lagrangian  autocorrelation  coefficient can be  further 

utilized  to  estimate  the  Lagrangian  micro  and  integral  time  scales. 
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These  two  time  scales  are  representative  of  short  and  long  diffusion 

times,  respectively.  It  is  significant  to  point  out  that  the 

Lagrangian  autocorrelation  yields  unique  values  for  these  two  charac- 

teristic  time  scales  for  the  entire  turbulence  line.  Formally,  the 

Lagrangian  time  scales  are  defined  in  exactly  the  same  manner  as  their 

Eulerian  counterparts.  The  Lagrangian  micro  time  scale  or  small  dif- 

fusion  time  scale XL was  thus  approximated  by  the  intersection of the 

osculating  parabola  of  the  autocorrelation  coefficient  at  zero  lag 

time  with  the time axis [lo]. It  was  found  that XL = 5.45  ms. A 

small  value for this  time  scale  was  anticipated  in the light  of  the 

distinctive  cusp  displayed  by  the  Lagrangian  autocorrelation  at  zero 

time delay  as  clearly  revealed  in Fig. 6.21. 

The  Lagrangian  integral  time  scale  or  large  diffusion  time 

scale  is  given  by [lo] 
W 

T = J Lo (x~,T) d.r. " 

L 
il 

(6.43) 

This  integral time is  expected  to  equal  zero  based  on  its 

analogy  to  its  Eulerian  counterpart. It is  therefore  natural  to 

advance a Lagrangian  first  integral  time  scale or first  long 

diffusion  time  scale 

TL1 = [' ~ o ( x o , ~ )  d.r, (6.44) 
0 

where T~ = 0.26 s is  the  first  zero  crossing  of  the  Lagrangian 

autocorrelation.  Essentially,  the  first  integral  time  scale 

accounts  solely  for  the  positive  portion  of  the  Lagrangian  auto- 

correlation  shown  in  Fig.  6.21. A value  of TL1 = 51.5  ms  was 

obtained.  This  yields a Lagrangian  time  scales  ratio TL1/XL = 9.45 
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which d e d y  buggUX4 the phedominance 06 h k g e  didduhion f ia .  

The  ratios of the  Eulerian  time  scales  are  exactly of same  order  of 

magnitude. 

It  is  worthwhile  to  further  inspect  the  streamwise  changes of the 

Lagrangian  to  Eulerian  micro  time  scale  and  first  integral  time 

scale  ratios.  These  ratios  are  denoted  by tL/t and T /Tl, 

respectively.  The  variations  of  these  two  ratios  along  the  turbu- 

lence  line are shown  in  Fig. 6.23. Both  ratios  exhibit  a  similar 

continuous  decrease  with  increasing  axial  extent f of  the  turbu- 

lence  line.  Their  values  diminish  from  about 0.96 at  the  reference 

point = 0 (or ;o= 10)  to  roughly 0.42 at  the  downstream  end  of  the 

turbulence  line Emax = 4 (or GB = 14). This  persistent  streamwise 

diminution of the  time  scale  ratios  can  be  attributed  to  the  accompany- 

ing  continuous  change  of  the  turbulence  time  scales.  It  is  apparent 

that  the  use of unique  values  for  these  ratios  is  precluded 

considering  the  increase of the  Eulerian  time  scales  along  the 

turbulence  line.  Moreover,  the  Lagrangian or diffusion  time  -scales 

are  consistently  smaller  than  their  Eulerian  equivalents.  Since  the 

turbulence  is  the  agent  effecting  the  diffusion,  the  Lagrangian  time 

scales  reflect,  in  all  likelihood,  the  restrictions  imposed  by  the 

turbulence  or  Eulerian  time  scales.  The  diffusing  material  is 

basically  entrained  and  conveyed  by  the  existing  turbulent  eddies. 

With  increasing  Eulerian  time  scales  the  diffusion  is  consequently 

enhanced  and,  as  a  result,  smaller  diffusion  time  scales  prevail. 

Then bo th  Ahant and Long diddwion  he, hca.tU m e  covw&ained uk tk in  

the micl lo  and d h t  i n t e g h d  ,Ci.tne h c d ~  0 6  the MbuRence, i. e . ,  

L l  
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tL < t and TL1 < T,. If the  Euler ian time s c a l e s  would decrease i n  

the   s t reamwise   d i rec t ion ,   the   oppos i te   s i tua t ion  is  an t i c ipa t ed .  

Comparison of   the   foregoing   resu l t s   wi th   ava i lab le   da ta  is  q u i t e  

d i f f i c u l t  due to   t he   cons ide rab le   s ca t t e r ing   o f   t he  1att.er. Ratios 

of  the  Lagrangian to   Euler ian  integral   t ime  scales   ranging from 1.1 

t o  8.5 were  proposed by Hay and Pasquill  [27]  for  atmospheric  flow. 

Furthermore,  constant  value of 4 f o r   t h i s   r a t i o  was suggested  in 

th i s   r e f e rence .  For large-scale  atmospheric  motion Kao [69] 

reported  that   the   Lagrangian  to   Euler ian  integral   t ime  scale   ra t io  i s  

generally  smaller  than  unity.  Values  of  about  0.43  to 0.45 f o r   t h i s  

r a t io   a r e   fu r the r   p re sen ted   i n  Ref.  69.  In  pipe  and/or  wind-tunnel 

f lows,   values   of   the   integral   t ime  scales   ra t io   usual ly   larger   than  or  

equal   to   un i ty   a re   repor ted .  For p ipe   d i f fus ion  Baldwin  and 

Mdckelsen  [31]  found t h a t   t h i s   r a t i o   c a n  change  from  4.7 t o  40. 

Constant  values  of  3, 1 and 1 .3   fo r   t he   i n t eg ra l   t ime   s ca l e s   r a t io  

were  proposed by Snyder and Lumley [29],  Deissler  [32] and Shlien 

and Corrsin  [33],   respectively.  An analysis  of some ex i s t ing   da t a  

led  Phi l ip   [40]   to   the  inference  that  t h i s  r a t i o  can  change from 

0.3 t o  beyond 14 depending upon the  f low  s i tuat ion.  The smaller 

values   refer   to   large-scale   a tmospheric   turbulence.  I t  is  thus 

apparent   tha t   the   resu l t s   g iven   in  F i g .  6.23 are corroborated  to  a 

reasonable  extent by previous  f indings.  

The Lagrangian   or   d i f fus ion   f i r s t   in tegra l   l ength   sca le  AL1 was 

furthermore examined s ince  it is  representa t ive   o f   the   longi tudina l  

displacement  traveled by d i f f u s i n g   p a r t i c l e s  [ l o ] .  Th i s   spa t i a l   s ca l e  

is  formally similar to i ts  Eulerian  counterpart  A, inasmuch as 

both are based on the i r   r e spec t ive  first in tegra l   t ime  sca les .  The 
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d i f f e rences  between the  Lagrangian and Eulerian first in t eg ra l   l eng th  

s c a l e s  stem from the  fact t h a t   t h e  fomer i s  expressed  in  terms of 

the  Lagrangian  turbulent  velocity  whereas  the  lat ter is  defined by t h e  

Eulerian mean velocity.   In  computing  this  Lagrangian  spatial   scale  the 

character is t ic   Lagrangian  turbulent   veloci ty   vo,  i .e . ,  t h e   v e l o c i t y  

a t   t he   r e f e rence   po in t  = 0, was u t i l i z e d .  Thus, the  Lagrangian 

first in tegra l   l ength  scale i s  

(6.45) 

- 
where (vi)% = 2.5 m / s  (8.22 f t / s )  and TL1 = 51.5 ms. I t  was found 

t h a t  AL1 = 12.9 cm (0.424 f t ) .   T h i s   d i f f u s i o n   s p a t i a l   s c a l e  was 

f u r t h e r  compared t o   t h e   E u l e r i a n   f i r s t   i n t e g r a l   l e n g t h  scale h l .  The 

la t te r  represents   the   l a rge   sca le   s t ruc ture   o f   the   tu rbulence   a long   the  

turbulence  l ine.   Variat ion of the   ra t io   o f   the   Lagrangian   to   Euler ian  

f i r s t   i n t e g r a l   l e n g t h  scales ALl/hl with  increasing  axial   separat ion 

5 i s  depicted  in   Fig.  6.24. I ts  value  ranges from about  0.28 t o  0.15. 

These r e l a t i v e l y  small v a l u e s   o f   t h i s   r a t i o   i n d i c a t e   t h a t   t h e   s p a t i a l  

scales of  the  turbulence are larger   than  the  displacement   scales   of  

d i f fus ing   pa r t i c l e s .   In   o the r  words, t h e  diddUdion b p a t i d  Acd&3 

ahe hua%&ed wCtkin t h e  Apace ~ c a h  06 t h e  phevdeitt tmbdence .  

Generally,   the  values of the   l ength   sca le   ra t io   por t rayed   in   F ig .  6.24 

are  in  reasonable  agreement  with  the  l imited  available  previous  data.  

For  changing  turbulent  velocity from  0.55 t o  1.46 m/s (1.8 t o  4 . 8   f t / s )  

Baldwin  and  Mickelsen  [31]  found va lues   o f   t h i s   r a t io   va ry ing  from 1 .2  

t o  0.14. A value  of 0.34 f o r   t h i s   ' l e n g t h   s c a l e   r a t i o  is  implied  by 

Snyder  and Lumley [29] f o r  a turbulent   veloci ty   of  13 cm/s (0.426 f t / s ) .  

." 
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Computation of the  turbulent  momentum  exchange  coefficient for 

very  long  diffusion  times  hinges  upon  knowledge of the  Lagrangian 

autocorrelation  up  to  its  final  asymptotic  zero  trend.  It  is  anti- 

cipated  that  the  Lagrangian  autocorrelation  would  approach  zero  level 

in  a  comparable  manner  as  the  Eulerian  autocorrelation  since  they 

possess  similar  properties [lo]. The  stipulation  that  the  Lagrangian 

integral  time  scale  would  finally  become'zero  with  increasing  time 

displacement  was  employed  in  extrapolating  the  Lagrangian  autocorrela- 

tion  beyond  the  lag  time T = 0.85 s. This  condition  was  fulfilled  at 

a  time  delay  around  4.2 s. The  axial  extent  corresponding  to  this 

extended  time  lapse  was  estimated  based  on Eq. (3.23)  and  using  same 

characteristic  mean  velocity  scale  as  for  the  turbulence  line,  viz., 

5 = UC'c. An extended  longitudinal  reach of about 30 m (100  ft)  was 

obtained  since  Uc = 7.12  (23.4  ft/s)  (see  Sect.  6.1.1). Thus,  the 

extending  time  displacement  yielded  roughly  a  turbulence  line of an 

axial  fetch E = 20. This  axial  separation  can  be  viewed  as  the 

largest  distance  traveled  by  diffusing  material  before  the  auto- 

correlation  of  their  turbulent  velocity  completely  vanishes.  Such  a 

long  distance  can  be  attributed  to  the  convection  of  material by 

the  mean  flow.  The  variation of this  extended  Lagrangian  autocor- 

relation  coefficient  with  increasing  time  delay  is  depicted  in 

Fig.  6.25. 

6.5  Turbulent  diffusion 

Generally,  under  stable  conditions  at  Richardson  numbers  smaller 

than  about 0.1  the  turbulent  momentum,  mass  and  heat  exchange  coef- 

ficients  are  approximately  equal  [22,54].  Then  estimation of the 
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momentum,exchange c o e f f i c i e n t   s u f f i c e s   t o   a s c e r t a i n   t h e   f e a t u r e s   o f  

turbulent  diffusion  processes.   This  approach was exp lo red   i n   t h i s  

experiment  since  the  Richardson number of   the  wake flow was roughly 

0.002 (see  Sect.  6.1.1).  Computation  of  the  turbulent momentum ex- 

change c o e f f i c i e n t  (or eddy d i f f u s i v i t y )  i s  basical ly   cont ingent  upon 

knowledge of  the  Lagrangian  autocorrelation  within  the  flow domain of 

i n t e r e s t .  

I n   t h i s  work the  axial   Lagrangian  autocorrelat ion  coeff ic ient  

~ o ( ~ o , r )  was obtained from a set   of   Euler ian  autocorrelat ions on t h e  

turbulence   l ine  as described  in  Sect.   6.4.  The ax ia l   tu rbulen t  

momentum exchange c o e f f i c i e n t   s ( Z o , t D )  can  be  then  evaluated by 

means of   the   re la t ionship  [10,12]  
L 

i (M(Z0, tD) = v2 - 0 ID dT, (6.46) 
0 

i n  which t h e   c h a r a c t e r i s t i c  mean-square  value of the  Lagrangian 

v e l o c i t y   f o r   t h e   t u r b u l e n c e   l i n e   v i  = 6.25 m 2 / s 2  (67 .2  f t 2 / s 2 )  and 

j ;  = xo/R. Th i s   cha rac t e r i s t i c   ve loc i ty  was u t i l i zed   cons ide r ing   t he  

nonhomogeneous nature  of  the  turbulence  along  the  turbulence  l ine.  

In  the  foregoing  equation  the  elapsed  diffusion  t ime  since  the 

s t a r t i n g   o f  a diffusion  process  i s  denoted by tD for  convenience. 

The eddy d i f f u s i v i t y  is  ascer ta ined  with  respect   to   the  reference 

point  go = 10 (or = 0) on the   t u rbu lence   l i ne   due   t o   t he   i n t r in s i c  

definit ion  of  the  reference-point  Lagrangian  autocorrelation. Conse- 

quently,  it can be  viewed as r e p r e s e n t a t i v e   f o r   t h e   e n t i r e   t m b u l e n c e  

box. The longi tudinal  eddy d i f f u s i v i t y  was made dimensionless,   for 

- 

0 

the   sake  of   general i ty ,   us ing v: and the  Lagrangian first in t eg ra l  

time scale TL1 = 51.5 m s  (see  Sect.   6.4)  according  to 
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where the  dimensionless   diffusion time i s  defined by 

(6.47) 

(6.48) 

where TL1 = 51.5 ms. The first i n t e g r a l  time scale was u t i l i z e d  

inasmuch as it i s  indicat ive  of   the  long  diffusion  t imes.  

To obtain a complete   picture   of   the  eddy d i f f u s i v i t y   v a r i a t i o n  a t  

very   l a rge   d i f fus ion  times it i s  imperat ive  to   account   for   the  f inal  

asymptotic  decay  of  the  Lagrangian  autocorrelation  coefficient.  The 

dimensionless  turbulent momentum exchange coe f f i c i en t  G(%o,?D) was 

hence computed by means of E q .  (6 .47)  employing the  extended  Lagrangian 

au tocorre la t ion   coef f ic ien t .  The r e su l t i ng   ax ia l  eddy d i f f u s i v i t y  

change  with  augmenting  diffusion time from tD - = 0 t o  82 (0 t o  4.2 s) 

i s  portrayed  in  Fig.  6.26. A closer  examination  of i t s  va r i a t ion   fo r  

short   d i f fusion  t imes  ranging from TD = 0 t o  0.2 (0 t o  103 ms) i s  

provided by the   i n se r t   i nco rpora t ed   i n   t h i s   f i gu re .  For very  short  

diffusion  t imes,   v iz . ,  from 0 t o  about  0.1  (5.15  ms),  the momentum 

exchange coef f ic ien t   can  be  approximated by G(%o, i,) - i, within 

about 10% di f fe rence  as c l e a r l y  shown in   F ig .  6.26. This time range 

is p rac t i ca l ly   equa l   t o   t he  Lagrangian  micro time scale tL = 5.45 m s  

(see Sect.  6.4). 

The momentum exchange coeddicievtt aftain.6 & rnaxhwn v&e at a 

di6&.4ion Zime equal t o  f i e  6A.t z a o  Chodbing 06 t h e  Laghanghn 

a u a 3 c o n n ~ o n ,  viz . ,  a t  tD = 'tl = 0.26 s (see  Sect.   6.4).  Then 

$(jio,tD = 0.26 s) = 3219 cm2/s (3.46 f t 2 / s )   o r  = 5.05) = 1.0 

as indicated i n  Fig.  6.26. T U  v&e 06 the eddy d i 6 6 ~ b i v i . t ~  accounts 
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hol&y bo& $he pohitive aLLtocomeea;tion. I t  i s  worthwhile t o  remark 

tha t   t he   no rma l i z ing   s ca l e   v i  TL1 i s  bas ica l ly   the   l a rges t   va lue  

t h a t   t h e  momentum exchange c o e f f i c i e n t   c a n   a t t a i n   i n  view  of t he  

def ini t ion  of   the  Lagrangian first in t eg ra l  time scale. The  eddy 

d i f f u s i v i t y  peak value  of 3219 cm2/s i s  in  reasonable  agreement  with 

r epor t ed   ava i l ab le   r e su l t s   fo r  similar s t a b i l i t y   c o n d i t i o n s   i n   t h e  

extreme  lower  atmosphere.  In a study a t  Round H i l l ,  peak values   of   the  

momentum exchange coeff ic ient   varying from 2400 t o  5600 cm2/s (2.58 

t o  6 .03   f t2 / s )   for   he ights  fmrn  2.3 t o  6.4 m (7.5 t o  2 1  f t )  and wind 

speeds  of 2.52 t o  3.13 m/s (8.27 t o  10.27 f t / s )  were  found  by Cramer 

i n  1953  [70]. A t  a height  of 2 m (6.6 f t )  over  grass  ranging from 1 

t o  60 cm (0.0328 t o  1.97 f t )   h i g h  and f o r  a wind speed  of 5 m/s 

(16.4 f t / s )  , typical maximum values   for   the  eddy d i f fus iv i ty   va ry ing  

from 2200 t o  4800 cm2/s (2.37 t o  5.16 f t 2 / s )  were reported by 

Pasqu i l l   i n  1962 [ll]. 

- 

A62m & peak value Xfze UbLLeeYtt rnorneru3.m exchange coeddicient 

d i n p h y ~  a conbibtent demeabe wLth i n a w i n g  diddunion Lime a s  shown 

in   F ig .  6.26. This  continuous  diminishing  trend  results from 

account ing  for   the  negat ive  Lagrangian  autocorrelat ion.   I t  i s  

na tura l   to   fur thermore   expec t   tha t   the   tu rbulen t  momentum exchange 

coe f f i c i en t  will vanish a t  very  long  diffusion  t imes inasmuch as a 

turbulent  f low  within a f i n i t e   a x i a l   e x t e n t  was invest igated.  Zero 

eddy d i f f u s i v i t y  was obtained a t  about tD = 82.  This  long  diffusion 

time corresponds  to   the time delay T = 4.2 s which y i e lded   t he   f i na l  

. 
," 

asymptotic  zero  decay  of  the  extended  Lagrangian  autocorrelation 

coe f f i c i en t .  In o ther  words, the   tu rbulen t  exchange coef f ic ien t   wi th  
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.. 
respect  to  the  reference  point x. = 10  vanishes  within  an  axial 

reach  of  roughly = 20. 

The  axial  turbulent  momentum  exchange  coefficient %(Go, tD)  and 

the  dispersion  coefficient (or mean-square  displacement)  D(Go,tD) 

are  related  by [lo , 151 

K (X ,t) = -- I d  
M -0 D 2 dtD D('o'tD)s (6.49) 

since  the  former  is  the time rate  change  of  the  latter.  In  terms  of 

the  Lagrangian  autocorrelation  coefficient L (2 ,T), the  longitudinal 

mean-square  displacement  is  expressed  by  [10,15] 

- 
0 0  

D(;i0,tD) = 2 v2 0 (tD - T) io(Go,~) d.r. (6. SO) 
0 - 

Often  the  mean-square  displacement  is  designated  by  either Y2 or 

X2. The  dispersion  coefficient  was  made  dimensionless  employing  the 

same  characteristic  Lagrangian  velocity  and  first  integral  time  scale 

used  in  normalizing  the  eddy  diffusivity,  viz., 

" 5 

D(xo,tD) = D ( G  ,t,)/v: TE1. 
"_ 

(6.51) 
0 

It is  important  to  note  that  this  axial  dispersion  coefficient  is 

essentially  defined  with  respect  to  the  reference  point ;i = 10 

(or = 0) on  the  turbulence  line  in  a  similar  manner  as  for  both  the 

eddy  diffusivity  and  Lagrangian  autocorrelation. As a  result,  it  is 

representative  for  the  entire  turbulence box. 

0 

The  dimensionless  axial  dispersion  coefficient  was  computed 

using  Eq.  (6.51)  and  its  variation  with  increasing  diffusion  time 

is  portrayed  in  Fig.  6.27.  For  very  short  diffusion  times  up  to  the 

Lagrangian  micro  time  scale,  viz.,  for tD up  to  roughly  0.1,  the 

tD 

." 
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dispersion  coefficient  can  be  approximated  by i(io,i ) ?E within  a 

difference of about 8%. This behavior is  clearly  revealed in'the 

insert  included  in  Fig. 6.27 .  Generally,  the  axial  dispersion  coef- 

ficient  exhibits  a  monotonical  increase  with  augmenting  diffusion  time. 

At  very  long  diffusion  times  the  mean-square  displacement  approaches 

asymptotically  a  constant  level D(Go,tD = 4 . 2  s) = 1.06  m2(11.5  ft2) 

or i(sO,zD = 81.6) = 64.2 .  This  constant  value  is  obtained as the  eddy 

diffusivity  vanishes  considering Eq. (6 .49) .  Essentially, X k i s  uppeh 

bound Lnclicatu t h e  hgut Lon.g,&ul.ind mean-aquahe di6pla.cment 06 

dibdu&ng matw. 

D 

To substantiate  the  estimation  of  the  dispersion  coefficient  and 

its  use  in  predicting  the  concentration  of  transportable  material 

along  the  turbulence  line  a  gas  diffusion  experiment  was  performed. 

Sulfur  hexaflouride  was  continuously  emitted  at a constant  rate 

Q = 250 cm3/s (0.0088 ft3/s)  at  a  point  source  located 7.60  m (25 ft) 

upstream of the  turbulence-line  reference  point,  i.e.,  at 2 = 5, as 

shown  in Fig. 5.10. The  features  of  this  experiment  and  the  concen- 

tration  measurements  are  described  in  Sect.  5.6.  In  the  pre.sentation 

of the  results,  the  measured  concentration  is  referred  to  its 

monitored  level  at  the  reference  point = 0 (or Go = 10). Thus, 

the  normalized  concentrations 

where x, = 5.8 ppm  (parts  per  million).  Variation  of  the  normalized 

measured  concentration  with  increasing  axial  distance 5 along  the 

turbulence  line  is  depicted  in  Fkg. 6.29. This  concentration  exhibits 

a  continuous  decrease  to about 0.74  (4 .3  ppm)  as  increases  to 4 .  
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The d i spe r s ion   coe f f i c i en t  computed i n  accordance t o  Eq. (6,.50) 

i n  terms of  the  Lagrangian  autocorrelation was used t o   p r e d i c t   t h e  

concentrat ion  a long  the  turbulence  l ine  in  terms of a known concentra- 

t i o n  a t  the   re fe rence   po in t .   Essent ia l ly ,   the   gas   emi t ted  a flow rate 

Q by the  point   source  located a t  ;i = 5 was entrained by the  turbu-  

lent  flow  forming a spreading plume.  Then a t  the   re fe rence   po in t   the  

gas tracer was d i s t r ibu ted   w i th in  a f i n i t e   a r e a  A. which i s  b a s i c a l l y  

t h e   l o c a l   c r o s s   s e c t i o n  of t he  growing  plume. The f low  visual izat ion 

c l e a r l y   r e v e a l e d   t h i s   s i t u a t i o n .   T h i s   f i n i t e   a r e a  A. is  in t e rp re t ed  

a s  a hypothet ical   area  source  of   f ini te   concentrat ion  contained  within 

the  reference  plane  defined by x = 10 = constant  with  regard  to  the 

turbulence box. I t  is  fur ther   reasonable   to  assume tha t   the   gas  i s  

uniformly  dis t r ibuted  within  the area. Then the  concentration  every- 

where i n  the  area source A. equals  the measured value X. a t  the  

reference  point .  The cross  section  of  this  area  source  based on mass 

con t inu i ty  i s  

I 

0 

A. = Q/xoUc, 

and the  equivalent   area  source  s t rength i s  

(6.53) 

where Q i s  the  point   source  emission  ra te  and t h e   c h a r a c t e r i s t i c  

mean v e l o c i t y   s c a l e  Uc = 7.12 m / s  (23.4 f t /s)   (see  Sect .   6 .1 .1) .  I t  

was found tha t   the   c ross   sec t ion   of   the   a rea   source  A. = 6.05 m2 

(65 f t 2 )  and i t s  s t r eng th  qo = 4.13 x cm/s (1.36 x f t / s )  

since Q = 250 cm3/s and X. = 5.8 ppm. 

The area  source A. c o n s i s t s   e s s e n t i a l l y   o f  numerous d i f f e ren -  

t i a l  area sources of flow rate  qodAo. Each d i f f e ren t i a l   a r ea   sou rce  



dAO 
can be  approximated  by 

126 

a  hypotheti .cal  point  source  located  at 

its'centroid (xo,ys,zs). Consequently,  the  differential  concentration 

dX  induced  by  an  area  source  element  dAo  at  a  point 5 along  the 

turbulence  line  is  estimated  by  the  point-source  concentration 

equation [ 101 

exp[- 
( 5  'UCtD - Xo)2  + y; + 22 

2o ('to 9 tD) s ]  dtD, (6 .55)  

where D(Go,tn) is  the  dispersion  coefficient.  This  equation  is 

for  uniform  flow  in  isotropic  turbulence.  It  implies  furthermore 

that  the  displacement  probability  density  distribution of diffusing 

material  is  Gaussian [lo]. As  a  result, Eq. (6 .55)  provides  solely a 

first  order  approximation  for  the  concentration,  Computation  of  the 

gas  differential  concentration  dX  on  the  turbulence  line  was  carried 

out  using  the  dispersion  coefficient  given  by Eq. ( 6 . 5 0 ) .  The  contri- 

bution of the  integrand  in  Eq. (6 .55)  is  negligibly  small at very  long 

diffusion  times  due  to  the  exponential  decay. It suffices  then  to 

compute  the  concentration  up  to  the  diffusion  time  corresponding  to 

the  upper  bound of the  dispersion  coefficient,  viz., up to to = 4.2 s .  

The total  concentration  at  a  point 5 on  the  turbulence  line  caused  by 

the  entire  area  source  is  simply  obtained  by  integrating  the  foregoing 

point-source  concentration  equation  over  its  cross  section Ao. Thus, 

(6 .56)  
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where t h e   t o t a l   c o n c e n t r a t i o n  was r e f e r r e d   t o   t h e  measured l e v e l  

X. = 5.8 ppm at  the  reference  point  2 = 10. 
0 

Variation  of  the  normalized computed concentration X(F,,xo) 

with  increasing axial separat ion from the  reference  point .  j;o is 

portrayed  together  with i ts  measured counterpar t   in   Fig.  6.28. A 

striking  congruent  behavior of t h e  computed  and  measured concentrations 

is clear ly   observed.  Both concentrat ions  exhibi t  a similar gradual 

decrease   in   the  streamwise d i r ec t ion .  The predicted  concentrations.  

revea led   s l igh t ly   l a rger   va lues   than   the  measured leve ls .   Thei r  

d i f fe rences   var ied  from  about 4% a t  5 = 1 t o  roughly  13 and 12% a t  

E = 3 and 4, respect ively.   These  resul ts  are i n  a remarkable  agree- 

ment considering  the  assumptions  involved  in employing the   po in t  

source-concentration  approximation. It t l w d  appnent that f i e  

notabkk  congtruence 06 the  p t red ic t ed   and   mwwred  c o n c e ~ o n . 4  

c o m o b o h a t a  ,the deduced d i b p m i o n  coed~-icievllt. Motreovm, fi 

tla& t o  t h e  v a X i d i t y  od f i e  mod& ua5RLzed i n   c o m p d n g  

the laghanghn  auXocom&a.tion. 

“ I  

I 
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7. SUMMARY AND CONCLUSIONS 

The  main  goals  of  this  work  were  the  development  of  a  model  for 

the  evaluation of the  Lagrangian  iurbulent  velocity  autocorrelation 

and  its  experimental  substantiation  in  the  extreme  lower  atmosphere. 

Knowledge of the  Lagrangian  autocorrelation  is  indispensable  for  the 

estimation of the  turbulent  momentum  exchange  coefficient,  the 

dispersion  coefficient  and,  finally,  the  spatial  concentration  of 

transportable  material.  In  this  work,  the  statistical  treatment  of 

turbulence  was  utilized  due  to  its  recognized  superiority  with  respect 

to  the  transfer  theory  approach. 

A method  for  assessing  the  statistical  stationarity of turbulent 

velocity  was  put  forth  as  a  prerequisite  for  the  statistical  analysis. 

In  this  method  an  equivalent  ensemble  was  created  by  dividing  a  suf- 

ficiently  long  time  history of turbulent  velocity  into  a  finite  number 

of  equal  time  length  records.  The  establishment of  an  equivalent 

ensemble  was  based  upon  fulfilling  the  following  three  criteria: 

(1) unchanged  flow  conditions  throughout  the  time  history; (2) each 

sample  record  contains  all  the  information up to  the  largest  turbulent 

time  scale  of  interest;  and, (3)  the  sample  records  are  statistically 

independent  among  themselves. 

A relationship  between  the  Lagrangian  and  Eulerian  autocorrela- 

tions  was  developed  based  on  trajectory,  particle-spacq  and  reference- 

plane  averagings of Eulerian  velocity  pToducts.  The  Lagrangian  auto- 

correlation  is  expressed  in  this  model  by  a  domain  integral  over  a  set 

of  ordinary  Eulerian  autocorrelations  which  are  to  be  obtained  concur- 

rently  at  all  positions  in  the  flow  field of interest.  Such  a  flow 

field  is  viewed  as  a  turbulence  r'box.tr  The  relationship  for  the 
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Lagrangian  autocorrelation  is  not  constrained  to  either  homogeneous 

and/or  isotropic  turbulence. 

An experimental  investigation  was  primarily  conducted  for  the 

purpose of verifying  the  proposed  model  for  computing  the  Lagrangian 

autocorrelation  and  its  application  to  predicting  turbulent  diffusion. 

Turbulent  flow  within  the  extreme  lower  atmospheric  layer, i.e.,  the 

layer  up  to  about 5 m  depth  was  simulated  using  the  wake  flow  generated 

by  a 3.04 m  diameter  fan  installed  on  flat  grassland  at  the  Colorado 

State  University  Environmental  Field  Station.  Both  dynamic  and  thermal 

similitude  criteria  were  satisfactorily  fulfilled  by  this  simulated. 

flow.  Detailed  velocity  surveys  were  carried  out  under  calm  wind,  dry 

and  stable  conditions  over  an  axial  fetch of 6.08 m  along  the  wake 

axis.  This  stretch  was  considered  a  turbulence  "line"  within  its  box, 

vii.,  within  the  wake.  All  the  measurements  were  performed  simul- 

taneously  at  five  stations  on  the  turblence  line  using  a  longitudinal 

array of  five  hot-wire  anemometers.  These  hot-wire  anemometer  systems 

were  remotely  operated.  The  measurements  concentrated  on  the  longi- 

tudinal  turbulent  velocity  since  its  energy  is  subgtantially  larger 

than  those  of  the  other  two  components. 

The  stationarity  test  of  the  turbulent  velocity  clearly 

indicated  that  it  was  approximately  weakly  stationary  in  a  statistical 

sense.  Substantiation of the  ergodic  assumption  was  furthermore 

roughly  accomplished  through  a  heuristic  checkup.  As  a  result,  the 

turbulent  velocity  was  considered  a  realization  of  a  weakly  self- 

stationary  random  process.  The  streamwise  changing  turbulence 

properties  along  the  turbulence  line  was  deduced  from  a  set  of  five 

Eulerian  autocorrelations  which  were  obtained  concurrently. The 
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autocorrelations  displayed  a  consistent  similar  change  in  amplitude 

with  augmenting  time  displacement  including  their  negative  portions 

and  final  zero  decay. A first  integral  time  scale  was  introduced  as 

a  characteristic  large  time  scale of the  turbulence.  This  time  scale 

was  defined  by  considering  only  the  positive  autocorrelation. The 

micro  and  first  integral  time  and  length  scales of the  turbulence 

revealed  a  continuous  streamwise  increase  along  the  turbulence  line. 

This behavior  attested  to  the  nonhomogeneous  nature of the  turbulence. 

It  was  attributed  to  the  energy  dissipation  at  high  frequencies  and 

concomitant  energy  extraction  from  the  mean  flow  at  low  frequencies. 

The  turbulence  structure  was  clearly  dominated  by  relatively  large- 

scale  eddies  inasmuch as the  first  integral  time  and  length  scales 

were  about  tenfold  larger  than  their  micro  scale  counterparts. 

Moreover,  the  structure  of  the  turbulence  from  large  to  small  eddy 

sizes  was  in  acceptable  agreement  with  atmospheric  flows  based  on  the 

micro  and  integral  scale  Reynolds  numbers  and  the  peak  reduced 

frequency of the  axial  turbulent  velocity  energy  spectrum.  Further 

substantiation of the  large-scale  structure  predominance  was  furnished 

by  the  drastic  reduction  in  the  dissipation  along  the  turbulence  line. 

The negative  autocorrelation  was  interpreted  as  a  measure  of  turbulent 

kinetic  energy  transfer  from  larger  to  smaller  scales. A higher 

degree of negative  autocorrelation  at  greater  time  displacements 

indicated  sustenance of  larger-scale  eddies Grid, hence,  a  slower  rate 
of energy  transfer  to  smaller  eddies. 

A simultaneous  unified  insight  into  the  continuous  time  and  space 

changes of the  Eulerian  autocorrelations  along  the  turbulence  line 

was  procured  by  introducing  Eulerian  reference-point  autocorrelations 
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and  Eulerian  autocorrelation  envelopes.  The  Eulerian  reference-point 

autocorrelations  supplied  the  time  change of the  autocorrelation  with 

respect  to  the  turbulent  kinetic  energy  at  the  reference  point  on  the 

turbulence  line, i.e., the  first  station  on  this  line.  This 

representation  was  put  forth  in  the  light of the  turbulence  non- 

homogeneity. The spatial  variations of the  autocorrelations  was 

furnished by  the  Eulerian  autocorrelation  envelopes.  These  envelopes 

were  obtained  by  connecting  the  simplitudes of the  reference-point 

autocorrelations  at  selected  time  displacements. 

The  longitudinal  Lagrangian  autocorrelation  was  estimated  by 

means  of  a  line  integral  over  all  the  Eulerian  autocorrelation 

envelopes f o r  the  turbulence  line.  Basically,  the  Lagrangian 

autocorrelation  variation  with  augmenting  time  delay  including  its 

negative  asymptotic  zero  approach  was  qualitatively  similar  to  the 

Eulerian  autocorrelation.  Large  diffusion  times  predominated  since 

the  Lagrangian  first  integral  time  scale  was  about  ten  times  larger 

than  the  micro  time  scale.  The  integral  scale  accounted  solely  for  the 

positive  Lagrangian  autocorrelation.  Ratios of the  Lagrangian  to 

Eulerian  time  and  length  scales  smaller  than  unity  were  found.  These 

ratios  are  in  reasonable  agreement  with  previous  findings.  The 

Lagrangian  time  and  length  scales  reflected  the  restrictions  imposed 

by  the  Eulerian  scales  since  the  turbulence  is  the  agent  effecting  the 

diffusion.,  Both  short  and  long  diffusion  time  and  length  scales  were 

constrained  within  the  Eulerian  scales of turbulence. 

Turbulent  momentum  exchange  coefficient (or eddy  diffusivity)  and 

dispersion  coefficient (or mean-square  displacement of diffusing 

material)  variations  with  augmenting  diffusion  time  were  ascertained 
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using  the  known  Lagrangian  autocorrelation. The eddy  diffusivity 

attained  its  maximum  value  at  a  diffusion  time  equal  to  the  first  zero 

crossing.of  the  Lagrangian  autocorrelation.  This  peak  value  is  in 

reasonable  agreement  with  available  results  in  the  extreme  lower 

atmosphere.  At  very  long  diffusion  time  the  momentum  exchange  coef- 

ficient  vanished  inasmuch  as  a  turbulent  flow  within  a  finite  axial 

extent  was  investigated.  Concentration of  diffusing  material  along  the 

turbulence  line  was  predicted  employing  the  deduced  dispersion  coef- 

ficent.  The  computed  concentration  distribution  along  the  turbulence 

line  was  compared  with  measured  concentrations of sulfur  hexaflouride 

which  was  utilized  as  a  gas  tracer  in  a  diffusion  experiment.  Both 

concentrations  exhibited  a  striking  congruent  variation  with  increasing 

axial  distance  along  the  turbulence  line.  They  differed  by 4 to  13% 

at  the  most.  This  result  clearly  substantiates the model  utilized  for 

computing  the  Lagrangian  autocorrelation  and,  hence,  the  deduced  turbu- 

lent  momentum  exchange  and  dispersion  coefficient. 
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Fig. 3.1 Hypothetical  ensemble of turbulent  velocity  sample  records (u(t) I .  
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Fig. 3.2 Illustration of the generation of an  equivalent 
ensemble {u(t)leq from an available time 
history  Tra. 
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Fig. 3.4 Illustration of the  distance sk traveled by a fluid  particle  along  its B trajectory  and of the  Taylor  series  expansions of the  Eulerian  velocities 
at a point pk on  a path  line. 
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Fig. 3.5 Illustration of the  Eulerian  velocity product formati01 
for  a  single  velocity component at a point on a 
trajectory. 
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Fig. 3.6 I l l u s t r a t i o n  of a hypothetical  turbulence  llbox.ll 
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Fig. 5 . 1 .  Sketch of  the array of f ive  hot  wires and 
the system of  coordinates.. 
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system. 
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Fig. 5.8 Variations  with  increasing  averaging time of: (a)   the  CFA output 
s igna l   a t   ze ro  time delay;  and, (b) the  autocorrelat,ion  running 
reso lu t ion   coef f ic ien t  when T = 184 ms. 
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Fig. 5.9 Block  diagram of the  autocorrelation  computation  system. 
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Fig. 5.11  Qualitative  response of the   e lec t ron   cap ture  
dec tec t .o r   to  a SF6-air sample  mixture. 
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Fig. 6.4 Smoke  plume  circulation  visualization: (1) unstable  conditions (a) point source 
at x = -0.5R and (b) point  source at x = 8R; and, (2) under a temperature 
inversion ( c )  point  source at x = 30R. 
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Fig. 6.5 Representation of the equivalent  ensemble  formed  from the 
available  record  time  history  of the fluctuating  voltage. 
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Fig. 6.7 Joint  probability  density  functions  and  product 
of individual  probability  density  functions of 
the three sample records  constituting  the 
equivalent  ensemble. 
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Fig.  6.12 Equivalent  ensemble  autocorrelation  coefficient  averaged  over  all  starting 
times <;(T) >eq and time-averaged  autocorrelation  coefficient over a 
single  sample  record R ( T ) .  
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Reynolds numbers along  the  turbulence  line. 
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Fig. 6.19 Eulerian  reference-point  autocorrelation set k (T) along the turbulence 
line and the  autocorrelation  envelope B0(R;O). 0 
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Fig. 6.20 Illustration of the dimensionless autocorrelation 
envelopes and of  the Lagrangian autocorrelation 
coefficient evaluation at a particular lag  time. 
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Fig. 6 .22  Variations  in  time and space  of  the set of  five  Eulerian  reference-point 
autocorrelation  coefficients i i o ( ~ ) ,  of  several-envelopes Ro(X;-r) and 
of  the Lagrangian autocorrelation  coefficient Lo(R , -c )  for  the  turbulence 
1 ine . 
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Fig. 6.23 Streamwise  changes of the  Lagrangian  to  Eulerian  micro  time  scale  and 
first  integral  time  scale  ratios  along  the  turbulence line. 
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Fig. 6.25 Variation of the  extended  Lagrangian  autocorrelation  coefficient  with 
increasing  lag  time. 
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APPENDIX I 

TRAJECTORY  AVERAGING OF EULERIAN  VELOCITY  PRODUCT  AND  CROSS  PRODUCTS 

The Lagrangian  velocity  product  obtained  from  Eq.  (3.14)  is 

r 

n= 1 

where  c 

(3.17), respectively.  Trajectory  averaging  consists of line  integra- 

tion  along  each  k-th  path  line  from  initial  point  sk = 0 to  point 

sk of E q .  (A.I.1) 

j,im’  i,jn and ‘im,jn C are  given  by Eqs. (3.15),  (3.16)  and 

B 
k k 
B B i vi(aR,tA)vj(aR,tA+T)dsk  k  k = 1 r (S k k  ;tA,T)dS  k 

k 
B O  S 

ij 
S B O  

k s 

- [. 1 cdf m! c j,im  (sB,o,tA+~,tA)ds  k  k k k  

B O  m= 1 

k 
B 

S B O  

- k  

+ k  
S B O  

C 
im,jn(o’SB’  A  A 

tk,tk+T)dsk . (A.1.2) 
m=l n=l 1 
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The Lagrangian  velocity  product i s  independent  of  the sk vari-  

able .and,   thus,  i t s  l i n e   i n t e g r a l   l e a d s   t o  

k 
B 

1 [ v.  (a t )v .   ( a  ,t +.c)ds = v.  (a t ) v .  (all,tA+.c). (A.I.3) 

'B 0 

k k k k k 
k 1 R ' A  ] J?, A 1 I I ' A  J 

Integrat ion  of   the  second,   third and fourth  terms on the  r ight-hand 

s ide   o f  E q .  (A. 1.2)  involves  only (s ) , (s - s;)~ and 

( S ~ ) ~ ( S ~  - s i )n ,   respec t ive ly ,  inasmuch a s  c C and cim 

are constants.  The order   of   integrat ion and  summation can be reversed 

k m  k 

j , i m '   i , j n  , j n  

i n   t h e s e  terms since  they  are  independent.   Integration of the  second 

and third  terms for spec i f ic   va lues  of m and  n y i e lds  

(A. I .4)  

The fourth  term  in  Eq.  (A.I.2) i s  integrated by p a r t s .  One integra-  

t i o n   r e s u l t s   i n  

k 
k 

k n  B S 

k n  k -  ( S ~ ) ~ ( S ~  - sB). ds - 
(sk)m+l(sk - SB) 

k 
B O  (m +' ISB 0 S 

k 
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This  integration by parts  procedure is carried  out n times  consecu- 

tively  yielding 
k 

(-1)" n! 
(m + l)(m + 2)*-*(m + n)sB k rB (sk)m+ndsk. (A.I.7) 

Finally,  integration of Eq. (A.I.7) leads  to 

n (-1) m!n! k m+n 
(m + n + 111 ('B) (A.  I. 8) 

The  results of this  trajectory  averaging  are  substituted  into 

Eq.  (A. I .  2) which  then  becomes 
k 

SI 
k k 1 

1 k'A J II A r 

s 
v .  (a t )v.(a  ,t +T) = - I rij(s k .  ,tA,~)ds k k 

"B 0 

The  terms  on  the  right-hand  side of Eq. (A.I.9) are  exactly the 

bracketed  terms  in  Eqs. (3.19),  (3.20),  (3.21) and (3.22). 
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APPENDIX  I  I 

SIGNAL  CHARACTERISTICS 

Representative  values of the  signals  generated  by  the  five  hot- 

wire  probes  prior  to  any  amplification  are  summarized  in  Table  A.II.l 

In  this  table  the  following  information  is  listed  for  each  probe: 

(1) the  location  of  the  probe  in  dimensional  and  dimensionless  coordi- 

nates, x and k, respectively  (See  Fig. 5.1) ; (2) the  hot-wire  anemom- 

eter  voltage  in  still  air  Eo; (3) the DC voltage  drop AF caused  by 

the  mean  velocity U; and, (4) the  rms  value of the AC voltage  ermS 

arising  from  the  fluctuating  velocity u. Note  that  the  dimensionless 

coordinate  is x = x/R, where R = 1.52 m. 

- 

The  total  voltage  drop  induded  by  the  flow AE = AF + e was 

recorded  on FM magnetic  tape  and,  therefore,  the  gains  of  the  recorder 

data  tracks  are  also  tabulated  in  Table  A.II.l.  A  100 Hz frequency 

sine  wave  of  1 V peak (0.707 V rms)  was  recorded on each  data  track 

before  the  data  recording  as  a  calibration  signal.  The  gain of each 

track GT = 1/A,  where A is the  amplitude of the  calibration s i n e  

wave  after  reproduction,  is  also  tabulated  in  this  table. 
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Table A. 11.1 

HOT-WIRE  SIGNAL  CHARACTERISTICS 

Probe  Probe  Location Track 
X X AF e No. .., 

EO IlnS 
No. GT 

1 15.20  10  1.978  434  59.2 3 0.83 

2 16.72 11 1.624  477  43.4 5 1.02 

3 18.24  12  1.622  625  45.7 7 0.95 

4 19.72  13  1.633  513 41.1 9 1.02 

5 21.28 14 1.652  439  40.5 11 1.03 
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APPENDIX  I11 

EULERIAN  VELOCITY  CROSS  PRODUCTS  ESTIMATION 

The  three  Eulerian  velocity  cross  products  which were neglected 

in  computing  the  Lagrangian  autocorrelation  are  given by Eqs. (3.35), 

(3.36) and (3.37). Their  longitudinal  components,  viz., i = j = 1 

in  these  three  equations,  are 

and 

(-l)n(UcT)m+n 
(m + n + 1) ! (xO,xB,-r) dS, (A.III.3) 

m=l n=I 

in  which x and xB designate  points  in  the  reference  and  B-point 

planes  viz., x and xB are  standing  for x and bE, respectively. 

In  the  foregoing  equations  the  space-time  cross-correlations  are 

0 

0 9. 

and 
T 

utilizing  Eqs. (3.32),  (3.33) and (3.34). 
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The  integrands in these  three equations are the longitudinal 

components of the Eulerian velocity  cross  products  given  by Eqs. (3.15), 

(3.16) and (3.17). These velocity cross  products  are expressed in 

Eqs..  (A.III.4) to (A.III.6) in terms of.spatia1  coordinates and time, 

In other words,  xo, xB and t are superseding s = 0 and sB and  tA, 

respectively.  Next, the  space-time  cross-correlations  are  to be 

averaged over the reference  plane x. = S = constant in Eqs. (A.III.l),. 

(A.III.2)  and  (A.III.3). The  cross-correlations at two  points along 

the  turbulence line can be essentially viewed as representative  of p11 

possible cross-correlations for any pair of  points in the reference 

and  B-point planes in a similar manner as  for  the Eulerian autocorrelar 

tion. Then the  area integrals in three  I-terms  reduce  simply  to 

evaluation of  the  cross-correlations at two  points x and xB on 

the  turbulence line. The  three  sums in Eqs.  (A.III.l),  (A.III.dj and 

(A.III.3) are further dominated by their  respective  first-order space- 
time  cross-correlation terms, viz., by the terms obtained when 

m = n = 1. Consequently, they  are approximated by 

k k 

0 

uc' 
Y;,Ixo.~l - du (x; t+T) 

2 u(xo't) [ dx ]x=xB , (A.  111.8) 

and 

(UC') 2 
Y4 (x ,T) - - .- 11 0 6 

- 

, (A.III.9) 

0 

. .  . .  
f .  
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where  use  was  made of Eqs. (3.15),  (3.16)  and  (3.17) in  terms of 

spatial  coordinates  and  time.  The  overbars  in  these  equations  denote 

time  averaging  according to Eqs. (A.III.4),  (A.III.5)  and  (A.III.6). 

The  spatial  derivatives  which  are  evaluated  at  x = x and xB 
0 

in  the  foregoing  Y-terms  were  approximated  by  their  corresponding  time 

derivatives  at  the  very  same  positions  on  the  turbulent  line  in  the 

usua1,manner.  Thus,  d/dx = (l/Uc)(d/dt), where Uc is  the  charac- 

teristic  mean  velocity  scale  along  the  turbulence  line.  Then  the 

three  Eulerian  velocity  cross  products  are  given  by 

and 

B;l(Xo,T) z - - 2 T u  (xo,t>  du (xB, t+r) 
dt 

(A. 111.10) 

(A.III.ll) 

(A.III.12) 

The  above  three  equations  are  furthermore  expressed  in  terms  of  their 

respective  dimensionless  space-time  cross-correlations  according  to 

and 
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where the   c ros s -co r re l a t ion   coe f f i c i en t s  are 

(A. 111.16) 

and 

(A. 111.17) 

(A. 111.13) 

\ and the  averaging time T = 1200 s (see  Sect.  5 . 5 ) .  

The c ross -co r re l a t ion   coe f f i c i en t s  were  computed f o r   t h e  f i rs t  

two s ta t ions   on   the   tu rbulence   l ine ,   v iz . ,  a t  2 = 10 and j; = 11. 

Then the  axial   space  separat ion 5 = x - 2 = 1 (1 .52 m (5 f t ) ) .  

Greater   separat ion  length would yield  undoubtedly smaller cross- 

cor re la t ion   va lues ,  The time lapse T corresponding   to   th i s  

ax ia l   separa t ion ,  i.e., = 1 is about  0.21 s based on E q .  (3.23). 

For t h i s  1,ag time, t h e   c o e f f i c i e n t s  ~ / 2 ,  "c/2 and  -.r2/6 i n  

Eqs. (A,III . lO)@  (A.III . l l)  and (A.III.12)  are  roughly 0 .1  s ,  -0.1 s 

and -0.008 s2, respec t ive ly .  

0 B 
.., 

B o  

The ve loc i ty-ve loc i ty   der iva t ive  and double   veloci ty   der ivat ive 

c ros s -co r re l a t ion   coe f f i c i en t s  were estimated  using  the  recorded  hot- 

wire anemometer s ignals .   These  cross-correlat ion  coeff ic ients   in  terms 

of the   f l uc tua t ing   vo l t age   e (%, t )   a r e  
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(A.  111.20) 

and 

de(l0,t)  de(ll,t+T) 
.% 

(lO,ll,T) = dt  dt (A. 111.21) 
cll,ll { f y t q 2  [de(;;,t)]')~ 

The  preceding  three  cross-correlation  coefficients  were  calculated 

in  the  very  same  manner  as  used  in  the  autocorrelation  computation. 

Each  signal  was  fed  concurrently to either  channel A or B of  the 

correlation  function  analyzer  (see  Sect. 5.5). A RC differentiating 

circuit  was  utilized  to  obtain  the  time  derivative.  In  order  to 

differentiate  the  signals  up  to  their  highest  frequencies  of  interest 

f = 250 Hz, a  RC  time  constant  of 38 p s  was  used  [A.III.l]. m 
The  resulting  three  first-order  space-time  cross-correlation 

coefficients  are  depicted  in  Figs. A. III.l(a), (b) and  (c)  up  to  a 

lag  time  of 1 s. This  lag  time  range  permits  evaluation  of  the 

trends  of  the  cross-correlations  with  increasing  time  delay  in 

addition  to  furnishing  their  values  at  the  lag  time of interest 

T = 0.21 s. The  magnitudes  of  the  three  cross-correlation  coefficients 

are  negligible  as  clearly  indicated  by  their  random  variations  shown 

in  Figs.  A.III.l.  Their  maximum  values  are  at  the  most  0.02  which  is 

smaller  than  the  possible  standard  deviation of the  correlation 



198 

function analyzer output signal and the rms error of the 

autocorrelation estimator. The &ee EuRehian v e t o c t l j  -oh6 prradua2 

can be distrqukded. Consequently, Eq. (3.38) or its axial component 

given by  Eq.  (6.39) supply an  acceptable approximation for the 

Lagrangian autocorrelation. 

REFERENCE 

A.III.l. Magrab, E.B. and  Bloomquist, D.S., The Measurement of Time- 
Varying Phenomena: Fundamentals and Applications, Wiley- 
Interscience,  New  York, N.Y., 1971. 

. ~. . ." . 



0.0 I 

0 
N 

Cy,( I I ,IO,T) 

-0.0 I 

-0.026 W I I I J 0.2 0.4 0.6 0.8 1.0 
T (SI 
(a) 

0.02 

0.0 I 

hl 

c,,,j IO, I I ,  r) 0 

-0.01 

-0.02 
0 0.2 0.4 0.6 0.8 I .o 

r (SI 
(b) 

0.01 I I I  I I I 1 

Fig.  A.III.l Variation with increasing time delay for an  axial 
separation 5 = 1 of: (a) and (b) the velocity- 
velocity derivative cross-correlation coefficients; 
and, (c) the double velocity derivative cross- 
correlation coefficient. 



200 

APPENDIX  IV 

DATA  TABLES 

1. Eulerian  autocorrelation  coefficient 

The  five  Eulerian  autocorrelation  coefficients  data  are 

summarized  in  Table  A.IV.l.  These  Eulerian  autocorrelations  were 

obtained  simultaneously  at  five  stations  on  the  turbulence  line 

as  described  in  Sect.  6.3  and  their  computation  is  outlined  in 

Sect.  5.5.  Variation of the  set of five  Eulerian  autocorrelation 

coefficients  with  increasing  time  delay T is  portrayed in 

Fig. 6.13.  The  Eulerian  autocorrelation  coefficient  is  defined 

by Eq. (6.22) 

where  the  total  turbulent  kinetic  energy  is u2 = R(0). In 

Table A.  IV.l the  variation  of  the  Eulerian  autocorrelation  coefficient 

- 

at  each  station  on  the  turbulence  line  with  augmenting  time  displace- 

ment 'I is  tabulated. 

The  dimensionless  axial  position  is  defined  by  Eq. (6.1) 

2 = x/R, 

where R = 1.52  m  (5ft/s).  The  total  turbulent  kinetic  energy  at 

each  station  on  the  turbulence  line  is  summarized  below: 
" 
X 10 11 12 13 14 

u2 (m2/s2) 6.25 1.81 1.35 1.67 1.97 

u2  (ft2/s2) 67.2 19.5 14.5 18.0 21.2 

- 

- 

Variation  of  the  dimensionless  mean-square  value  of  the  fluctuating 

velocity u2 along  the  turbulence  line  is  shown  in  Fig.  6.3 
- - 

and  its  computation  is  presented  in  Sect.  6.1.2. 
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TABLE  A.  IV. 1 

EULERIAH  AUTOCORRELATION COEFFICIENT 

i 
i .  

X 

. 7 .  

( 5 )  

o.oon 
.002 
.004 
.006 
.008 
.OlO 
.012 
.014 
-016 
.01R 
.020 
.022 
-024 
-026 
.O?A 
.030 
-032 

.036 

.03c 

. n 3 ~  

. o ~ n  

.04? 

.044 

.04b 

. n 4 ~  

.os0 . os2 
OS4 

.OS6 . OSR 

.os0 

-064 

.04R 

.066 

.070 

.074 

.07P 

. O R ?  

. Otlh 

.OR4 

. O R @  

. 0 9 0  

.092 

.09h 
-098 
. I O 0  

-104 
. I  O ?  

-106 
.1OR 

.112 

.110 

-114 
.116 
.11P 
.120 

-124 
. I ? ?  

.126 

.1PA 
-130 
.I32 

-136 
.134 

.13R 
-140 

.oh7 

.n7? 

.n76 

. O R O  

.094 

10 

ii 

1’.000 
-926 
.e70 
-424 
-702 
.791 
.745 
-689 
.666 

.h20 

.?I92 

.57H 
,555 
.536 
.527 
.so4 

.6 76 

.495 

-462 

. A34 

.411 

.LO? 

.3v7 

.3HH 

.370 

.360 

.35h 

.374 

.319 

.374 

.305 

.2Y5 

.277 

.212 

.?63 

.25R 

.249 

.254 

.230 . ??c. 

.221 
,216 

.203 
217 

.19A 
-184 
.179 
.175 
.lh5 
.I61 
.15h 

.161 

.I61 

.13R 

. 1 3 R  

.133 

.lZA . 1 24 

.124 
-142 
.142 
.142 
-142 
.I10 
.091 
.091 

.63a 

.4*n 

,309 

.3on 

.13a 

11 

R 

1 . o o o  
.Vh5 
.940 
.913 

.e67 

.es3 

.A36 

.A25 

. A 0 9  

.793 

.779 

.7h3 

.7=2 

.736 

.72R 

.714 

.hP7 

.7no 

.677 

.66h 

.655 

.h43  
-6.79 . 6?H 
.hl2 

.593 

.SH7 

.S77 

.5c2 

.553 

.546 

.535 

.5E4 
-513 

.4Qh 

.4Hh 

.475 

.471 

.4h7 

.4hD 

.45l 

.443 

.437 

.43 1 

.4?7 

.4?4 

.41H 
-414 
.411 

.393 

.379 

.7Ph 

.374 

.370 

.365 

.3h0 

.356 

.351 

.343 

.337 

.333 

-318 
.323 

.3n4 

.n91 

.603 

. sbn 

. s n ~  

.on1 

.33a 

.3n9 

12 

ii 

1.000 
.%77 
-952 
-931 
-912 
893 
.R7h 
.A59 
.R42 
.826 
.A15 
.a02 
.7n5 
-772 
.756 
.744 
.733 
.7?4 
.712 
,703 
.h93 

.h73 

.h62 
-652 

-632 
-641) 

.62 1 

.hll 

.6U4 

.5Y4 

.588 

.581 

.574 
-568 
.s57 
.554 
.54 1 
.53h 
.52R 
. S I R  

.4 98 
-504 

.489 

.474 

.465 

.458 
,451 
e442 
.443 
-429 
.425 
-419 
-416 
.607 
-402 
-402 
.39R 
.394 
.390 
.384 

.6n4 

.sin 

.4n1 

.3a2 

.37a 

.375 

.373 
366 
-360 
-351 
.349 

13 

ii 

1.onn 

.94n 

.97u 

.Y28 

.910 

. H 9 6  

.H79 

.Rh3 

.R37 

.HZ1 

.79h 

.a10 

.7H5 

.773 

.7h4 

.755 

.74z 

.74n 

.724 

.73s 

.713 

.70 1 

.h93 

.h44 

.hrlO 
,666 
.65H 
.651 
.64 6 
.h40 
.634 
.h25 
.621 
.61 I 
.611 
.h01 
-596 
.5R7 
. 5 H 2  
.576 
.ShR 
,558 

.552 

.54Y 

.53H 

.530 

.5?4 

.5?0 

.SI2 

.bo5 

.50 1 

.4Y2 
,448 
.4A2 
.475 
.4h9 
.465 
.45P 
.457 
.452 
.444 
.440 
.432 
.4Eb 
.4?2 
.41Y 
.417 
.4nH 

.n5n 

. s n  

.4n4 

14 

R 

1 . o o o  
.985 
.963 
.943 
.v25 . AH5 
-903 

.A73 
,856 
.R41 . R336 
.R22 
.HU7 
.7YA 
.786 
.775 
.766 
.75Q 
.755 
.74? 
.731 
.725 
.713 
,706 
.h96 
.h91 
.h77 
.h70 

. A 5 3  

.64h 

. 6 3 H  

.632 

.h27 

.6lY 

.h14 

.hU7 

.601 

.595 

.5*5 

.577 

. 5 7 7  

.5 71) 
. 5 4 9  

.559 
,549 
.547 
. 5 3 ~  
.53? 
.527 
.51Q 
.514 
,511 
-504 
.4Y? 

.4H9 

.4Rh 

.4&3 

.475 

.473 

.463 

.46h 

.457 

.453 
-452 
.44h 
.440 
.424 
.42R 
.425 
.419 

.6hn 

X 

T 
( 5 )  

140 
-142 
.144 
-146 
-148 

.152 

.150 

.154 . IS6 

.158 

.160 
-162 
.lh4 

-168 
-166 

.170 
-172 

-176 
.174 

.17H 

.180 

.1&2 
-184 
.186 
.le8 

-192 
.190 

-194 
-196 
. I  YA 
.PO0 
.202 
.204 
-206 
.20A 
.210 
.212 
.214 
.Zl6 
.2lH 
.220 
.P?? 

.Z?b 

. if24 

.228 
-230 
-232 
-234 
.236 
.23A 
.240 
-242 
.?44 
.24b 
-248 
-250 
-252 

-256 
.254 

.?SA 

.260 
-262 
-264 
-266 
.2hR 
-270 
-272 
-274 
-276 
.27H 
.?A0 

10 

ii 

.091 

.087 

.087 

.077 

.077 

.u77 

.077 
-073 
.073 
.06R 
.063 
.OS9 
.OS9 
.059 
.os0 
.045 
.040 
.03h . 0 36 
.040 
.031 
.031 
.U3h 
.031 

.013 

.026 

. U?h 

.003 

.003 

.003 

-.001 
. 0 0 3  

-.001 
-.001 
- . O O h  
-.OOh 
-.006 
-.006 
-.015 
-.015 
-.020 

-.025 
-.020 

-.020 
-.015 
-.020 
- . 0 2 0  
-.020 
- .020 
- . O ? O  -. 02.5 
-.02% 
-.025 

-.025 
-.o2n 

- . 025  
-.025 

-.025 
-.025 

-.025 
“ 0 3 8  
-.O4R 
-.03A 
-.038 
-.038 
- . 0 3 R  
- . 0 3 8  -. 043 
-.043 

. nR2 

.no3 

11 

ii 

.304 
-301 
-296 
-291 
-286 

-272 
.279 

. 2 6 A  

.264 
-260 
.254 
.?48 
.e41 
-236 
.231 
.228 
.223 
.218 
.213 
.209 

-203 
.201 
.19R 
.I93 
.1Y1 
,.le6 
-186 

.184 

.179 

.184 

.173 
-170 
-164 
.159 . 160 
-160 
.153 
.153 
.14R 
.143 

.136 

.140 

.131 

.125 
,120 
.121 
.121 
-113 
-115 
.111 
.112 
-114 
.112 
.112 
-106 
.098 
.099 
.099 
-092 
.091 
.089 
.086 
.OH4 
-079 
.075 
.075 
-074 
-070 
-067 

.7n7 

.ins 

12 

1 

.34Y 

.346 
,341 
,336 
.336 

.328 

.332 

.323 

.315 

.312 

.30h 
-302 
-299 
.29h 
.292 
.290 

.z77 

.283 

-274 
.271 
.2h6 
.263 
.262 
.255 
.24v 
.252 
.252 
.252 
.245 
.245 
.235 
.22@ 
.224 
.221 
.217 
.217 
.21s 
.210 
. ? O S  
.20 0 
.195 
.192 . 1 R 9  
- 1  AH 
.187 
.184 

.17h 

.171 . 1 hY 
-164 
.161 
.159 
.157 

.149 

.154 

-147 
.146 
-148 
.14A 

.150 

.141 

.136 
-135 
.131 
-133 
.133 
.128 
.I29 

. 2 a ~  

.1no 

.14n 

13 

a 

-404 

.393 

.3R4 

.3R7 

.3A2 

. 3 R  1 

.375 
,372 
.370 
-362 
.35R 
.355 
-351 
.34s 
.346 
.345 

.341 

.339 

.332 

.32P 

.31h 

.322 

.314 

.4n3 

.3n7 

.30 1 

.29R 

.295 

.290 

.?A7 

.2R5 

.2R7 

.2R4 

.EA 1 

.2n 1 

. 2 A Z  

.?73 

.?h6 

.2h9 

.2h5 

.2h2 

.25Q 

.2ss 

.?SI 

.24S 

.?LO 
-240 
.237 
.232 
.234 
.22h 
.228 
.2?1 
.?I9 
.213 

.ZOR 

.E13 

.20R 

.ZOO 

.201 

.197 

.194 

.191 

.192 

.195 

.I86 

. l a 6  

.1AO 

.I73 

.173 

,190 

14 

ii 

-419 
-419 
.407 
-401 
.397 
.391 
.3A7 

.377 

.379 
-371 

-364 
,367 

.360 

.361 

.349 

.346 

.33h 
-342 

.332 
,331 

.320 

.324 

,321 
.30n 
.302 
,302 
-302 
.30? 
.302 
-302 
-302 
.2YY 

.291 
-296 

.285 

.284 

.2A3 

.277 

.?71 
,266 
.2h1 . P 5 A  
.ZhO 
.256 
-251 
-248 
-245 
-243 
.243 
.237 
.233 
-232  
-232 
-229 

.221 
-226 

.220 

.?15 
-214 
.217 
.210 
-204 
-205 
.lYR 
-199 
,193 
.191 
.193 
-189 
.187 

.3n2 
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TABLE A .  I V .  1 (CONTINUED) 

X 10 

ri T 
(SI 

- 2 8 0  -.043 

.2R4 -.04H 

. 2 R R  " 0 4 3  

.2Rh " 0 4 3  

.290 -.043 

.2n? -.043 

.29? -.n43 

.294 - . o m  

.29R -.09h 

.29h -.04h 

.30? - . O 7 R  
,304 - .043 

.30A - . O 4 R  

.3Oh - .04i i  

.310  -.04H 

.31? -.O4H 

.314 - . O S ?  

.31h - .OS? 

.3lR -.052 

.320 -.OS2 

- 3 2 4  " 0 5 7  
.32h -.OS7 
.3?R -.057 

-337 " 0 5 7  
.330 -.os7 

-330 -.Os7 
.336 -.OS7 
.33R -.057 

.300 -.n4n 

.322  -.os7 

.340 - .os7 

.34? -. OS7 
,344 - . 05?  
,346 -.05? 
. 3 4 ~  -.n4n 
.350 -.047 
.35? - .n4u 
.3s4  - . n w  
.3S6 -.04R 
.3SH -.04R 
.3h0  "04 .3  .wr' - .n43 
,364 -.043 
. 3 6 h  - .043 
.36n - .04h 
.370 -.048 
.37? -.n5? 
.374 - . n 4 ~  
.37h -.nap 
.37n -.tr5? 
. ~ R O  -.os? 
. 3 ~ ?  -.n52 
. 3 ~ 4  - . n w  
. 3 ~ h  - . n 4 ~  

.392 -.n4n 

.390 -.os? 

.w4 -.n4n 

.39h -.043 

.3oa - . ~ . ? F I  

.4oo - . n 3 ~  

. 3 A H  -.04R 

.40? - . n 3 ~  

.40h - . 0 3 R  . 
,404 - . 0 3 R  

.4ou -.ob3 -.054 

.41@ -.03H -.O53 

. 4 1 ~  -.n43 -.041 

.41? -.n43 -.os1 

11 

R 

. uc 7 

.OhS . Oh2 

.Oh1 . a59  

.os2 
,054 

.04h 

. Oh 5 

. n4 7 

.04 h 

. 0 4  7 

. O b ' /  

. u4  7 

.o* I 

.04h 

.041 

. 0 3 %  

.o37 

.n3 1 

.031 

.030 

.0?7 

.0?5 

.617 

. O l O  

.012 

. U l j  

.Ol? 

.on7 

-.on> 
. o n 4  

-.on1 -. U O ?  
-.oris 
- . O F 7  
-.on7 - . 0 fly 
-.010 

- . 0 1 5  
- . 0 1 Y  
- . U ? I  
-.0?4 - . 0?5 -. 0?4 

-.n~o 

- . O X  

-.n?7 
-.0?6 

-.O?Y 
" 0 3 1  -. 0 7 0  
-.030 
- . ( I32  

-. 044 
-.o43 
- .u4s 
-.04H -. 04l l  
- .04n 
-.I149 
-.n49 -. 0 5 4  

-. 0 4 4  

12 

a 

. 1 Z Y  

.126 

.123 

. I 2 0  

.122 

. I 1 9  

.11Q 

.113 

.116 

.11? 

.112 . I O h  

. I  o n  

. f ly7 
,1195 
.OY1 
.090 . ObR 
.OH3 
,079 
.07R 

.070 

. 073  

.071 

.067 . 0 h6 

.O65 . Ob1 

.05H 

.056 

.OS4 

.05A 

.054 

.051 

.049 

.n4 2 

. O  36 . n 3 3  

.O2H 

.025 

.021 

.020 

.n19 

. n i b  

.O lh  

.015 

. O  16 

.n15 

. O l b  

.012 

.011 

.I104 

.01@ 

.009 

..n o rl 

. O O R  

. O O H  

.OOh 

.nos . on5 . n 0 5  

.002 
-.001 

-.006 
-.a08 
-.OOH 
-.011 
- . 008  
" 0 0 7  

-.004 

- 4 7 0  " 0 4 3  -.OS9 -.014 
" 

13 

R 

.173 

.170 

. l h 7  

. lC8 
- 1   h 7  

. 1 C O  

. I  h 2  

.I *n . IS3 
.14n 
.144 
. I 4 4  
. 1 7 n  
.13Q 
,177 
.132 . l ? U  
.130 
.131 

.1?4 

.124 

.120 

.119 

.17O 

. l l h  

. l   I d  

.I ny  

. I  O Y  
,107 

. O Q 9  

. l o o  

. l o o  

. 0 46 

. l o o  

. l o o  

.OVb . (I q5 

.n93 

.095 

. O H 9  . LIP5  
. O R 7  
.UP3 
. O R 3  

. n w  

.nq7 

. n 9 v  

.nu7 

. n ~ - +  
.occ I 
.077 

. u 7 1  

.n7t 

. 0 6 b  

.UT1 

.1164 

.Ob5 . Oh6 . 0 b 4  
.Oh3 
.Oh3 

.os2 

. 0 5  7 

.054 

.054 . u s 4  

.054 

.050 

.05O 

.04V 

. o w  

14 

a 

. 1 * 7  

. I  H 4  

.1n1 . 1 U? . 1 H? . 1 ti? 

. I 1 1  

.110 

.17n 

.17n 

.171 
- 1 0 4  
.163 

.16? 

. I  h 3  

. l > h  

.157 

.15h 

. I 5 1  

.14h 

.145 

. l 4 2  

. I 3 8  

.137 

.133 

- 1 2 7  
.129 

.124 
,129 

. l   1 9  

.123 

. I 1 5  

. I 1 6  

.111 

. I 1 2  

. l o 5  
,107 
.IO0 . n w  
. n ~ 4  . n v 2  
.nu3 
.Q'J 7 
.nnr  
.n*s 
. n n 7  
. o ~ n  . n r h  
.n 7R . 0 7 4  

.U71 

. ( I 7 1  

. n 7n 

. 0 7 0  

.nhn 

.n33 

. n 7 4  

.n33 

.053 

.u33 

.ns3 

.n57 

.os4 

.n4 7 

.n4h 

.n45 

.n42 

. 0 4 n  

.04E 

- 0 4 2  
.044 

X 10 

- 4 2 0  
- 4 2 3  
- 4 2 4  

- 4 2 8  
.42h 

.430 

.4 31 

.4 34 

.4 3h 

.440 

.43H 

.442 

.444 

.44h 

.44R 
- 4 5 0  
- 4 5 2  
.454 
.456 

.460 

.45A 

-467 
.4h* 
.46h 
.46R 

.47? 
- 4 7 0  

.47h 

.474 

.4HO 

.476 

.4H1 

.4RZ 

.4Hh 

.4HH 

.490 

.497 

.494 

.49h 

.498 
-500 
.5U? 
.SO4 
.SO6 
. 5 0 R  
. 5 1 0  
.512 
- 5 1 4  
.51h 
.51H 
.s20 
. S Z 2  
.524 
.52h 
.S2H 

.53? 

.S30 

- 5 3 6  
.s34 

.S38 

.540 

.544 

.54? 

- 5 4 6  
.548 
.55@ 
.SSE 
.s54 
-556 
.55n 
-560  

-.043 
-.04A -. 0 4 8  
" 0 4 8  

-.04H 
-.04R 

- .043 
-.04H 

-.04H 
-.04U 
- .048 
-.04ir 

- .03R 
-.u34 

- .03H 
- . 0 3 R  
-.034 
-.f l34 

- . 0 3 H  
-.03A 

-.047 
-.03H 

-.034 
- . 0 3 H  

-.n43 

-.n4n 

-.ON 

- . O M  
- . 0 3 h  
- . O H W  

- .03H 
-. 0 3 d  

-.034 
-.034 -. 0 2 9  
-.029 
-.n2q 
- .n29 
- . o m  
-.n29 
-.nz5 
-.n34 
-.I134 
-.034 
-.03+l 
- . 0 3 4  
- . 0 3 4  

-.024 
-.U2Q -. 02s 
-.029 
-.029 
-.OZY 
-.0?9 

" 0 3 4  

-.n34 

-.n34 

- .n34 
-.n34 
- . n ~ 9  

-.n34 
-.034 

-.029 
-.029 -. O P 9  
-.029 
-.029 
-.029 
-.025 
-.020 
- . 0 2 0  

11 12 13 14 

ii a ri R 

-.OS9 
-.065 
-.Ob8 
" 0 7 1  
-.067 
-.Obfi -. OhR 
- . 0 6 R  -. 0 6 6  
-.O6R 
-.070 
-.071 
- .Oh8 
-.Ob& 

-.Ob7 
-. 065  

-.n74 
-.n73 
" 0 7 2  
-.07? -. 0 7 5  
-.n77 
"083 
- . O R 3  
-.079 
-.OH? 

-.OH5 
-.OB4 

-. 0 8 4  

-.OR* 

- .n91 -. 090 
-.OYO 
- . O R 9  
-.097 
-.OQ? -. O H 9  
-.097 -. n w  -. nsr 
- . o w  

-. 1 Oh 
-. 1 O ?  

-. 1 0 4  
- . l o 7  

- . l o 5  

-.114 
-.111 

-.115 
-.116 
-.11R 
-.121 
-.11H 
-.11R 
-.116 

-.11R 
" 1 1 6  
-.11R 
- . l l b  
- . l l R  
-.120 
-.120 
- . I 16  
-.120 
-.1?0 

-.120 
-.121 

-.121 
-. 1 1 8  

-.11n 

-.11n 

-.014 
-.012 
" 0 1 6  

- ;019  
" 0 1 7  

-.0?2 
-.0?2 

-.02? 
" 0 1 9  

" 0 1 9  
" 0 1 7  

- . 0 2 h  

-.031 
-.02s -. 07s -. 028 
-.031 

-.027 
- . 0 3 0  -. 075 
" 0 2 9  

-.n?4 

-.o3n 

-.n37 
-.033 
-.034 
-.030 

-.034 
-.030 

" 0 3 3  
- .034 
- a 0 3 5  
" 0 3 7  

" 0 4 2  
-.039 

- 0 4 5  
-.045 
-.044 

-.04h 
-.045 
- .04n 

- ,054 
"053 

-.OS? 
" 0 5 4  

-.052 
-.054 

" 0 5 4  - 0 5 6  
-.OS4 
-a056 - 0 5 7  
" 0 5 9  

-.Ob3 
-.Oh? 

- . n 4 ~  

-.n4s 

-. 1165 -. 0 6 5  
" 0 6 6  -. Oh5 
-.Oh8 
" 0 7 0  
-a070  
" 0 7 1  
-.07P -. 084 
-.OH4 
- . O R 1  
- .OR? 
- . O R 3  

,049 
.04H 
.042 
.042 
.04h 
.042 

.047 

.04b 

. n 4 5  

.n4? . n 37 

.n33 

. n 3 3  

.n30 
. O ? R  
,025 
.0?5 
.024 
.0?4 

.020 

,021 

. O ? l  
.O?l . 0 ?? 
. 0 ? 3  
.n19 
.017 
.nnn 
.no7 
.005 
.OOh 
.OO7 
.nnh 
.OlO 
.no* 
. n o 4  

-.no1 
o . o n o  
-.on? 

-.on7 
-.nns 

. o w  

.nz? 

. n ~ 3  

-.010 

-.007 
- .OOR 

-.oofl 

-.011 

-.()I7 

- . n n ~  

- . n 1 1  

-.nil 

.042 

.035 

.034 

.029 

.02r 

.027 
,075 
.O?? 
.073 

,016 
.023 

.01H 

.01R 

.012 

.017 

.007 

.007 

.005 

.0u6 

.0n3 

. 0 0 6  

.001 

- .013 
-.0n5 

-.0n6 

-.OOh 
-.005 

-.009 

. n l ~  

. on6 

-.01? 
-.015 
" 0 1 7  
-.021 
-.022 
-.023 
-.02h 

-.(I37 
-.G34 
- .034 

- .a39 
-.035 
-.035 
-.035 
"038 
-.039 
-.045 -. 0 4 6  

- .nz7  

-. n 3 ~  

-.n47 
-.050 
-.050 

-.O12 -.os0 
-.01? -.049 

-.017 -.049 
" 0 1 3  - .OS5  
- . O 1 1  -.OS4 

-.n13 -.04~) 

-.n14 -.os? 
-.n14 -.oh2 
- .D l4  -.OS8 

" 0 1 7  -.Ob4 
- . n ~ o  
-.a19 - - 0 - n  
-.0?4 

-.O?h 
- .074 

-. 02* 
-.024 

-.071 
-.0h4 
-.,oh@ 
" 0 7 7  
-.07* 

" 0 7 8  
" 0 7 5  

" 0 7 9  
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TABLE A .  IV.l (CONTINUED) 

X 

T 
( 5 )  

.56n 

.56? 

.564 
-566 
.568 
.570 
.57? 
.574 

.578 

.5RO 

.5RZ 

.5R4 

.5R6 

. 5 R R  
-590  
.59? 
.594 
,596 
.59w 
.600 

-604  
-607  

.60h 

.610 

.61? 
-616 
. 6 l h  

.hZO 

.6lR 

-624  
.h2? 

-626  . b2R 

.63? 

.63h 

.634 

.640 

. b3n  

.64? 
-640  

.64R 
-646 

-650  
.65? 

.65h 
-654 

. 6 5 H  
-660  
.6h2 
.664 
.6hh 
. 6 6 R  
-670  
.672 
.674 
.676 
.67R 
-680 
.hR2 
.684 
. 6 H 6  
.6R8 
.690 
.692 
.A94 
.696 
. 69R 
.700 

,576 

. m e  

.63n 

10 

ii 

- . O ? O  
-.025 
-.0?5 -. nzs 
-.n2s 

- . o w  
-.ws 
-.n?9 

- .no6 

-. 029 

-.OW 

- . f l?O -. 020  -. nzs 
-.029 

- .@25 

-. 02% 
"025 -. O2h 

-.O2h 

-.n25 

- .n2s 

-. n m  

- .n24  

- .n24 

-.n2h 
- . n Z h  
-.026 -. Q?h 

-. 0 7 0  

-. 076 
-. 0 2 4  

-. O?h 

-.n?7 

-.n27 
-.n27 

-. o n  
- . n 3 0  -. nzh 

- . n l ~  
-. nzo 

-.o?n 

-.nz1 -. n23 

- .nz3 
- .nZh  -. nz5 -. 027 
-.n2? 

-. 077 
-.017 

-. 02.5 
-.O?h -. 0?5 -. 077 

-.017 

- . O ? O  

-.n?o 

-.n21 

-.n13 
- . n ~ o  
- . O O H  
-.011 

- .no6 
- .on9 

- . n l o  

- .n12 
-.n13 
-.Ill1 
-.007 
- . n l 3  

11 

ri 

-.1?1 
-.1?0 
-.1?3 
-.1P7 -. 127  -. 1?7 
- . l ? H  -. l ? H  
-.132 
-.131 
-.132 -. 135  
-.13H 
-.134 
-.141 -. 135  

".1?Q 
-.132 

-. 1 ? R  

-. 179 
-.1?4, 

-.132 
-.132 
-.133 -. 133  
-.136 
-.137 

-.132 
-.136 

-.130 
-.1?7 

-.134 
-.1?7 

-. 134 
-.1?7 

-. 127 
-.I26 

-.134 
- .133 

- . 1 .7.3 
-.131 

-.13u 
-.137 

-. 1 3 5  
-.13u 

-. 136  -. 13H -. 1 4 6  -. 137  
-.1.3u 
-.13h 

- . I 7 6  
- .133 

-.13h 
-.13h 
"176 
-.137 
-.137 
-.132 
-.131 
-.131 
"132 
-.136 

-.135 
-. 13H 

-. 139 -. 179  
-.13H 
-.132 
-.131 
-.133 

12 

ii 

- . O H 3  
-.OH2 
-.081 
-.OH1 

-.OR1 
- . O R 3  
- . 0 8 3  
- .of33 
- . O R 3  
-.n97 
-.n91 

-.on1 

-.091 
-.OB7 
-.OY2 
"094 -. nss -. 095  -. n w  

-. n w  
- . o w  

-.09H -. 099 
- . lo2  -. 098 
-.09H -. 103  -. 106 

-. 105  -. 113 

-.110 
-. 1 u q  

"109 
- . l o5  

-. 1 n h  

- . o w  
- . lo7  

-. 1 n 2  
- . l o1  
"101 
-.IO4 -. 1 Oh 
- . l o 7  
- . l @ h  -. 1 os 
"107 -. 109 -. 110 
"110 
-.112 

-. 115 
-.lib 
-.11b -. 116 
-.117 
- .I17 
- . l l b  
-.117 
-.117 -. 121 
-.123 
-.11R 
-.I12 
-.119 
- .I16 
"117 
-.118 

-.119 
-.122 

-. 119 

-.117 

13 

li 

-.024 
-.U?h 
- . 030  
- . 0 3 h  -. 032 
- .03Y 
- .nw -. I1 36 -. n3n  
- . 0 3 h  

-.n42 
-.042 

-.042 
- . 0 3 9  
-.n43 
-.04b 
- . n 4 ~  
-.043 
-.n43 

- . n 4 ~  
- . f l4R 

" 0 5 0  
- .os0 

-. OS4 
-.054 
-.054 

- .OS6 
-.os5 

- .Oh1 

- .Ob6 
-.Ob5 

-.OhH 
-.071 

-.077 
-.071 
-.071 

- .n73 
-.072 

" 0 7 4  
-.07tI 
- . n 7 ~  
-.074 
"074 
-.n7h 
-.I177 
- . n ~  
- . n 7 ~  
"077 
-.u7n 
-.uno 
- .DHO 

-.nr3 
-.on3 
- . O H O  
- . n n ~  
- . O R 3  
- . O R 6  
- . O R 3  
- .OH4 
-.n79 
-.OR0 
- . O R 3  

- . o s 0  

-.n5h 

- .n73 

- . O H U  

-. n p 4  

-.nn7 
-.no5 

- . O H 4  

-.nHh 

14 

ii 

- . 0 1 9  

-.07A 

-.or10 
- . O H 4  

-.Oh4 

-.087 
-.OY4 
- . O Y 3  -. 0 9 3  
-.OYZ 
- . O Y 3  
"097 
- . 0 9 R  -. O 9 R  
- . O Y R  -. OYR 

- .OYH 
- . l o3  
- . l o3  

- .om 

-.n79 

-.nc\4 

-.on7 

- . O W  

- . o Y n  -. nr9 -. O W  
- . lo1  
- . lo?  -. 102 
- . l o3  

- . l o9  
- . lo7  

- . lo8  

- .I10 
-.lUR 

-.111 

-.114 
-.111 

-.115 
- . 1 1 6  
- . 1 1 H  
- . l l h  

-. 120 
-.120 

-. l ? ?  -. 125 
-.lZh 
- . l2h -. 127 
- . l ?7  

-.13-i 
-.131 

-. 134 
-.1ze 
"132 
-.134 
-.134 
-.130 
"133 -. 134  -. 1 3 3  
"131 
"1.31 
"132 
"137 
-.13? 
"134 -. 134 
- . 1 3 3  -. 134 

X 

T 

(5) 

-700  
- 7 0 2  
-704  
.706 
-708  
.710 
-712  
.714 
.716 
-718  
-720  
-722  

724 
-726  
.72A 

-732 
-730  

.734 

.736 

. 7 3 R  
,740  
-742  
.744 
.74h 

-750 
.752 

.75h 

.754 

.75R 
-760  

.764 

. 762  

-766  
.76R 

-772  
-7 70 

.774 

.77h 

e 760 
-778 

.782  

.7R4 

. 7 R R  

.78h 

-790  
.792 

.796 

.794 

.7YH 

.HOO 

.kloz 

.ti04 

. R o b  

.HOR 

.H10 

.e12  

.a14 

.e16 

. A l R  

.920 

.e22  . R24 
-826  . RZR 
.H30 
-832 
.e34 
-836 
. e m  
-840  

.74n 

10 

ii 

"013 

-.017 
-e017 
"013 
-.012 
-.017 
"017 
"013 
-.016 
-.a15 
-.011 
-.011 
"007 
"006 
- . O O R  
-.o12 
-.012 
- . O O R  
-.u13 
-.012 
-.013 
-.(I13 

-.u12 
" 0 1 3  

-mol6 

-.n17 
- .n15 
- . n l n  
-.022 
- . O ? l  
- .020 

"013 
-. 02? 

-.Ill3 

-.OOR 
- . O O H  

- .013 
-.ole 
-.01R 

-.01R 
-.017 

-.017 
-.012 

-.Ill6 
" O ? O  

-.01h 
-.01b 
-.013 
"013 

-.014 
-.021 
- . O % O  

-.(I10 
"013 
"015 
-.01R 
-.019 
-.01R 
-.01q 
- . O l R  -. 020 
- . 025  
-.I121 
-.01h 

-.017 
-.01R 

- . n l z  

- .n2n 

-.n11 

- .nlh 

-.ole 

11 

r( 

"133 
-.I32 
"133 
"134 
"131 
"131 
"126 -. 126  
-.125 

"125 
"127 
"134 
"131 
"127 
-.125 
"124 
-.125 
-.121 
-.170 -. 122 
-.119 
-.121 
-.121 
- .12? 
-.121 
-.11q 
"119 
"115 
"114 
-.119 -. 116  
"114 
"113 
"114 
"114 

- . lo9 
-.111 

-.110 
-.110 
-.lo9 
- . l o9  
- . l o 9  -. 104 

-. 104 
- . l o 4  

- . lo6  
- . l oo  
- . l oo  -. 099 
- . o w  
- . l o o  
- . loo 
- . l o 1  
- . loo  
- . lo1 
- . l oo  
"104 
- . lo1 
- . l o1  
- . lo4 -. 105  
-.I05 
- . l o 6  
- . l o 5  
- . lo4 
- . lo1 
-.I04 
- . lo3  -. 106  
"107 

-.ow 

12 

ii 

-.122 
-.I23 
-.127 
-.128 
-.lPA 
-.12R 
-.12H 
"130 
"130 
"130 
-.I27 -. 127 
"130 
-.131 
"130 
- . I 3 4  
-.13H 
"139 -. 135  

"135 
-. 13H 

-. 1 3 3  
- . I 3 3  -. 134 -. 133  -. 135  
"135 

-. 142 
-.13S 

"138 

-.141 
-a140 

"141 
"142 

"141 -. 13fl 
-.135 

-.133 
"133 

-.13h 

-. 139  
-.13h 

-.I35 
"135 
-.142 -. 141 
-.I44 
"144 
"144 
- . I45  
"144 -. 146  
-.144 
"144 
-.144 
-.140 
-.I37 

"137 
-. 13h 

- . 1 3 R  
"139 -. 130 -. 1 3 9  -. 140 
-a137 
"137 
"143 
"145 

-. 138  

- . 1 ~  

1314 

13 

R 

-, Ofih 
-.nt34 

-.c42 
-.092 

-.OR9 

"090 
"093 
-.092 
"091 

"095 
-.090 
-.095 
-.09R 
- . lo1 
- .09H 
-.I395 

-.092 

- . O R R  
- .@90 

-.ne4 
- . o n 4  

-.nq1 
- . O R C .  

-. n9o 

- .nq l  

-. 094 

- . n 9 ~  

-.OR0 
-.On3 

-.OR4 

-.OH4 
-.OR4 

-.OR4 

-.OR6 

- .ne0 

-.ne4 

-.ne9 
-.on9 
-.ne9 
- .ne3 
- . f l R h  
-.flRh 

- . O R A  

- . O R 6  

- . O R 3  
- . O R 3  
-.On3 
- . O R 3  

- . n o 3  

-.nQo 

- . n ~ 3  

- .nr3 
- . m 4  
- . O R 3  
- .OR4  
-.nn4 
-.n79 
-.ne0 

- .ne3 
-.on0 

- . n ~ 3  
-.nu4 

-.079 

- .Of l3  

-.079 
-.079 
"076 
-.077 
-.n77 
-.074 
-.074 

1 4  

R 

"134 
-.137 
-,13R 
- . i 3 f l  
"138 
-.14h 

-. i 4 6  
'. . 1 4 h  

"145 
-.144 

-. 145 
-.145 

-.145 
-.148 
-.14H 

-.147 
-.!4H 
-.147 

-.14H 
-.14H 
"148 
-.14fl 
-.147 
-.144 

-. 143  
-.148 

-.142 
-.144 

-.145 
-.145 

"-144 
-.145 
"144 
-.145 
- .145 
-.147 
-.14R -. 149 
-.15U 
-.153 
-.155 
-.151 
"150 
-.151 
-.149 
-.149 
-.149 

-. 146  
-.146 
-.145 
-.146 
-.146 
-.14h 
-.153 
-.149 -. 149  
-.149 

-.145 
"144 

-.144 
"141 

- . 1 3 R  
-.142 

-. 138  -. 139  

-.139 
- . 1 3 R  

-.137 

-.14v 

-. 1 GH 

- . 1 4 ~  
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TABLE A. IV. 1 (CONTINUED) 

X 

T 

( 5 )  

.R40 

.a43 

.A*& 

.84R 
-946 

.AS0 

.RS? . RS4 
,856 . R5R 
.860 

. R 6 4  .R6? 

,864 
. R h 6  
.A70 
.A72 
.A74 
.976 

.RRO 

.87R 

.RR2 . R84 . R R h  . RRR 

.A90 

.89? 

.e94 . A 9 6  . R9R 

.90? 

.904 

.90h 

.908 

.910 

.912 

.914 

.91h 

.9lR 

.92@ 

.92? 

.924 

.9?h 

.930 

.92a 

.937 

.934 

.936 

.93R 
-940 
.94? 
.944 
.946 
.94# 

. Y54 .95? 

.956 

.95n 

.960 

.9h? 

.966 

.9hh 

.968 

.970 

.97? 

.97b 

.97h 

.9RO 

.son 

.95n 

.97a 

10 

ii 

"017 
"013 
-.n11 
-.n17 
- . 0 1 R  

-.O19 
- . O ? @  

- . n 1 ~  
-.n19 
-.n1q 
-.n?o 
-.nzo 

-.n19 
-.1116 
-.n15 

-.nlq 
-.azo 
-.n?4 
-.na 

-.n25 

-.015 

-.021 

-.OlR 
- .013 
-.n13 
-.nl1 
-.no7 
-.n13 
-.nil 
-.n1o 
-.012 

-.024 
-.014 

- a 0 2 5  
-.n24 

-.n24 

- . n z  
-.024 

-.020 

"014 
-.021 

-.OlH 

-. OT4 
"020 

-. O P O  
-.OlH 
-.OlM 

-.nil 

-.n?4 

-.n24 

-.nib 

- .n23 

- . n l ~  
-.OlV 
-.01H 
-.n17 
-.n15 -. 013 
- . n 1 ~  
-.n19 
-.022 
-.n19 

"017 

-.019 -. 025 
-.n20 
-.n19 

-.o~R 
-.a20 

-.0?1 
-.021 

11 

ii 

-.lo7 
-.in9 
-.110 
-.112 
-.119 

-.114 
-.115 

-.111 
-.111 

-.111 
-.112 
-.lo9 
-.111 
-.lo7 -. 105 
-.lo6 
-.lo1 
-.loo 
-.lo1 
-.lnl -. 1 fl5 
-.110 
-.lo9 
-.lo5 
-.I13 
-.113 
-.loo 

-.lo4 
-.lo4 
-.lo5 
-.loo 

-.099 
-.loo 
- . 0 9 A  
-.095 
-.096 
-.O91 
-.OR9 
"OP9 
-.OP9 -. OPH -. OR7 

-.in1 

-.lo1 

-.n~4 
-.on7 

-.OF47 
-.OR4 
-.OM3 

-. 079 
"077 
"077 
-.077 
-.077 

-.077 

-.07Y 
-.07h 

-.079 

-.077 
-.07h 
-.077 
-.07', 
-.079 
-.OR0 

-.077 

-.076 
- . 0 7 6  

--.n~$ 

-.07n 

-.n79 

   OR^ 

12 

ii 

-.145 
-.145 
-.146 
-.146 -. 138 -. 138 -. 139 
-.l48 
-.144 

-.148 
-.145 
-.l4R -. 148 
-.151 
-.150 
-.150 
-.150 
- . 1 5 2  
-.1s2 
-.149 -. 149 
-.149 

-.145 
-.145 

-.14h 
-.141 -. 139 
-.139 
-.146 
-.146 
-.142 
-.139 
-.13R -. 146 
-.146 
-.13a 
-.136 
-.136 
-.137 
-.134 
-.134 
-.133 
-.I32 
-.131 
-.12R 
-.126 -. 12s 
"127 -. 126 
"127 
-.130 
-.127 
-.12e 

-.12h 
-.12R 

-.125 
-. 125 
-. 121 -. 125 
-.120 
-.121 
-.121 
-.123 
-.125 
-.125 
"123 
-.122 

-.123 
-.1z1 

"117 -. 116 

13 

R 

-.074 
-.OH1 
-.on1 
-.OAl 

-.n73 
-.072 
-.n72 

-.n72 
-.n72 
-.n71 

-.074 

-.072 

-.073 
-.074 
-.076 
- . O R 3  
-.a80 
- . O H 5  

-.nu4 
-.n~4 

-.on6 

"083 

-.OR4 

- . O R h  

-.OH3 
-.ntio 

- . O R 5  
- . O R 3  

-.nu3 
-.079 
-.n~3 
- . O R 3  

 OR^ 
- . O R 6  

-.077 
-.074 
-.OR1 
-.079 
-.on0 
-.OH7 -. O H 4  
-.OR4 -. O H 6  
- . O R 0  
-.OH2 

- . O H 3  
-.n~3 

- . n ~ . q  
-.on3 
- .ovo  
-.OUrJ -. 0 9 Y  

- . O b 5  
- .Oh3 
-.OR4 

-. O R 0  
- . O R 0  
- . O R 0  
-.n~4 
-.003 
-.OR4 
- .OH3 
- . O R 3  

-.Oh4 

- . 0 8 7  
-.OH4 
-.086 

-. ~ H Y  

-.na4 

- . 0 a 3  

-.nn4 

14 

ii 

-.137 
"135 
-.133 

-.133 
"133 

-. 134 
"135 

"134 
-. 135 
-.139 
"143 -. 139 
"143 
-.l43 -. 140 
-.141 
"141 
"141 -. 138 
-. I 3 R  
-.137 

-.137 -. 13R 
-.135 
-.134 
-.12R 
-.12H 
"131 
-.132 -. 128 
"127 
-.12R -. 126 
-.127 
"126 

-.12q 
-.171 -. 133 -. 134 -. 133 
- . I 3 3  
-.136 
-.12R 
"127 -. 12R 
-.127 
-.12R -. 134 -. 134 -. 134 -. 134 
-.137 
-.13H 
- . I 3 Y  -. 139 -. 139 -. 140 
"141 
-. 140 
-.139 
-.139 
"141 
-.141 
-.lUO -. 139 
"140 
-.139 
"139 

-. 13H -. 139 

-.14n 

X 

T 

( 5 )  

.980 

.982 

.904 

.986 

.988 

.992 

.Y90 

.996 

.994 

.Y9R 
1.000 
1 .002 
1.004 
1.006 
1.008 
1.010 
1.012 
1,014 
l.Olh 
1.OlH 
1.020 
1.022 
1.024 

1.028 
1 .n26 

1.030 
1.032 
1.034 
1.036 

1.040 

1.044 
1.042 

1.04b 

1.n3~ 

1 .n48 
1 .n5o 
1.052 
1.0S4 

1.OSH 
1.060 
1.062 
1 .Oh4 
1 .Ohh 
1 .Oh8 
1.070 

1.1756 

1.072 
1.074 
1.076 
1.078 
1 .oao 
1 .ne2 
1 .on4 

1 .088 
1 .OH6 

1.090 

1.094 
1 .O92 

1.096 
1.09H 

1.104 
1.102 

1.106 
1.108 

1.112 
1.110 

1.116 
1.114 

1.120 
1.118 

1.1no 

10 

R 

-.021 
-.021 
-.ole 
-.015 
-.015 
-.01h 
-.0?1 
-.022 

-.021 
-.O24 

-.021 
-.02.? 
-.018 
-'.Olh 
-.022 
- .023 
-.024 

-.020 

- .02i !  
-.oil2 

-.020 -. 022 
-.026 
- .023 

-.027 
-.031 
- . 0 3 3  
-.030 
-.025 
-.027 

-.026 
-. 027 
-.02R -. 025 
-.017 
-.021 

-.017 
-.017 
-.019 
-.019 -. 024 
-.024 

-.020 
-.021 

-.014 

-.01? 
-.OO7 
- . O O R  

-.o1n 

-.n16 

-.n13 

-.no9 
-.014 
-.007 
-.011 
-.013 
-.013 
-.013 
- .010 
-.003 
-.005 
-.002 

-..002 
-.007 

-.002 
-.002 

-.OD2 
0.000 

.002 
-.004 
-.001 

1 1  

R 

"076 
-.077 -. 076 
"072 
-.070 

-.067 

-.062 

-.063 
"062 

-.06? 
-.Oh5 

"062 
- . 0 6 3  
-.OS7 -. 059 
"063 

"062 
"062 

"061 
"061 

-.063 -. 062 
-.OS7 

-.OS6 

-.n71 

-.ob5 

-.ob2 

-.ob1 

-.n57 

-.nsh -. 053 -. OS4 
-.055 
"052 

-.04R 
"046 

-.O4R 
-.048 

-.049 
"042 
-.041 
-.041 
"046 
"040 
-.041 
"041 

-.n34 
- . n 3 4  

-. 034 
- . 0 2 R  
"030 

-.029 
-.029 
"029 
"031 
"031 

"030 
- .03R 

"032 
- .032 
"031 
- . 0 3 R  
"031 
-.025 -. 02s 
-.02s 
-.02s 
-.O22 
"024 
"027 

- . o x  

12 

R 

-. 116 
"116 

-. 117 -.A23 

-.117 
-.llh -. 117 
-.119 
-.116 
-.115 
-.115 
-.117 

-.112 
"117 

-.110 
"109 
-.110 
-.11O 
-.110 
-.110 
-.111 
"113 

"106 
-.lo6 

-.110 
-.lo7 

"109 
-.110 

-.llO 
-.lo7 

-.lo9 
-.lo6 

-.110 
-. 107 
-. 104 -.10h 

-.lo3 
-.lo4 

-.lo4 
-.lo4 
-.09R 
-.095 -. 095 
-.099 

-.in3 

-.n9~ 
-.094 
-.09S -. 094 
-.09b -. 095 
-.ow 
-.09A 
-.095 
-.093 
-.ORY 
-.08h 

-.OB7 
- . 0 8 R  

-.OA9 
-.087 
"087 

- . O R f l  
-.OB9 

-.On7 
-.087 
- .OR5 
-.On7 
-.087 
- . 084  -. O R 6  

13 

R 

- . O R 6  
-.OH5 
- . 98R 
-.ORh 
-.093 
-.two 
-.nu5 

-.OW -.ne4 

-.OA9 
-.nH9 

-.os0 
-.OR9 

-.OR7 
-.096 
-.OR7 

-.n9e 

- .oa3 

-.n~7 
-.OR4 

-.090 
-.a90 

-. 092 
-.092 
-.n~3 
-.092 
-.090 
-.mo 
-.nsl 
-.n~9 
-.n9n 
- . O H 9  
-.Os@ 

-.090 
-.OR4 

-.n~7 

-.nq4 
-.n~4 
-.OW 
 OR^ 

-.nq3 

   OR^ 

-.nm 

-.n9? 

- . O R 6  

-.09? 

-. O R 6  

-.OB9 

-. 092 
- . O R 6  
-.OR7 
- . O R 6  
- . O R 6  
- . O R 3  

-.OR0 
-.OR4 

-.on0 
- . O R 0  
- . O R 3  
-.079 

-.n79 

-.n77 
-.07R 
-.077 
-.074 
-.n74 
-.n77 
-.OR0 
-.OR0 
- .OAO 
-.OB0 

14 

R 

"138 
13R 

"138 
-.13A 

"139 
"137 -. 137 
-.137 
"138 
-.13R 
"138 
"139 -. 134 
"132 
"131 

"126 
-.128 

"127 
-.128 
- e  177 
1.136 
"131 
-.135 -. 135 
"134 
"134 
"131 
"131 
"133 
"134 
"141 -. 139 -. 137 
"133 
"133 
"133 
"134 
"133 

"139 
"135 

"138 
"137 
"134 
"136 
"136 
"129 
"132 
-.12R 

"127 
- . 1 3 0  

"129 

,-. 133 -.132 

- .133  
"129 
-.128 

"131 
-. 12n 

-.131 
"128 
"132 
"133 
-e133 
-.136 

-e132 
"131 

"127 

"127 
"127 

-e134 

-.12a 
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(CONTINUED) LBLE A. IV. 1 

X 10 11 12 13 14 X 10 

T R 
( 5 )  

1.120  -.001 
1.122 .no3 
1.124 .no1 

1.13n .oo5 

1.134 i .no5 

1.126 .DO5 
1.128  .003 

1.132 ' .006 

1.136  .004 
1.13R .OOl 
1.140 -.DO1 
1-14? -.003 
1.146 - . 0 0 7  
1.146 -.004 
1.14R "004 

1.193 -.003 
1.154 -.004 
1.156 -.nOR 

1.150  -.004 

1.1sn. - .on9 
1.lhn -.019 

1.164 -.nl~ 

1.170 -.nil 

1.174 - . n o 7  

1 . 1 ~ ~  -.nlo 
1.180 -.on3 

1.184 -.oo7 
1.186 - . 0 0 3  
1.1w -.no2 
1.190 -.004 
1.192 - .007 
1.194 - . n o 5  
1.196 - . O O U  
1.19~ -.01z 
1.200 -.012 
1.202 - . O O R  
1.204 - . o o 7  
1.2nh - . O O A  
1.209 - . o n 9  
1.210 - . n o 8  

1.162 -.019 

1.166 -.013 
1.16R -.013 

1.172 -.012 

1.176 - .OOR 
1.178 "007 

1.213 -.014 
1.214 -.014 
1.21h "007 
1.21R -.009 
1.270 - . 0 0 7  
1.227 -.on7 
1.224 -.on7 

1,230 -.n13 

1.226 - . O O &  
1.22R "009 

1.232 "013 
1.236 "013 
1.23h "917 

1.240  "013 

1.244 "011 
1.246 -.012 
1.24R "016 
1.250 -.015 

1.23~ -.n16 

1.242 -.nos 

1.25~ -.n17 
1.254 -.n16 
l.tsh -.n1? 

1.260 "013 
1.258 "011 

11 12  13 14 

ii a ri ii a a k 7 

( 5 )  

1.260 
1.262 
1.264 
1.266 
1 e268 

1.272 
1 J 7 0  

1.274 
1 .276 

1.280 
1.278 

1.282 
1 a284 
1.286 
1 .e88 
1.290 
1.292 
1.294 
1.29h 
1.298 
1.300 
1.302 
1.304 
1.306 
1.308 
1.310 
1.312 
1.314 
1.316 
1.311) 
1.320 

1.324 
1.322 

1.326 
1.32R 
1.330 
1.332 
1.334 
1.336 
1.338 

1.344 
1.342 

1.346 
1.348 

1.352 
1.350 

1.354 
1.356 
1.358 
1.340 
1.362 
1.364 
1 a366 
1.36R 
1.370 
1.372 
1.374 
1.376 
1.371) 
1.3RO 
1.382 
1.384 

1.38R 
1 e386 

1.392 
1.390 

1.394 
1.396 
1.398 
1.400 

1.340 

-..077 

"019 
-.01Y 

-.014 
-.012 

-.010 
- .009 

- . O O Y  
-.ox2 

-.012 

-.004 
-.007 
-.004 
-.Ob2 
-.007 
-.oon 
- .008 
-.OOH 

-.01h 

-.014 
-.015 
- .015 
- .015 
- .015 
-.017 
-.01R 
-.OlS 
- . I l l2  
-.012 

-.004 
- . 0 0 8  
- . O O A  

-.on6 

-.no9 

-.n15 

- .on9 

-.on4 
-.on3 

-.on6 
-.on4 

-.nns 
- . n o 3  

- . O O 4  
- . o n h  

-.on1 
.001 
.on1 

-.on2 
-.on? 

. ons 

.on2 

- . 0 0 6  

. 0 0 5  

.002 

.001 

.on?  

.001 

-.on1 
0.000 
.001 

0.000 

-.001 
- . 0 0 5  
-.oos 
-.010 
- . O O h  

-.010 
-.007 

.on2 

-.on1 

.on1 

-.086 - .oen 

-.Ob7  -.OR2 
"087 -.07'4 

-.087 -.073 

-.o90 -.n72 

- . O A O  -.MH 
-.om -.071 

-.083 -.n71 

-.077 -.n72 

-a083 -.074 

"078 -.065 

"081 -.069 

-.07R -.074 
- .Of8  -.071 
"071 -.067 

"072 -.072 
-.07R -.06R 

"071 -.072 
- . 0 7 2  -.077 
-.075 - .n7q 
-SO70 -.079 
"069 -.077 
-e069 - . 0 7 7  
"070 -.Or13 
- a 0 7 3  - . 0 7 7  
-.073 - . 0 7 Y  
-.n73 - . o n  
-.067 -.07b 
"060 - . O R 0  
"067 -.077 
-.ob3 - . o w  

"063 - . 077  
- .Ob5 - . 0 7 V  

-e064 - . 0 7 7  
"067 -.flRl 
"059 - . a 7 7  
"059 - . 072  
-.Oh3 -.074 
- . 0 5 R  -.n79 
- . O 5 A  - . 0 7 Y  
- . O S A  -.n8.3 
-.055 - . O H O  
-.os4 -.on0 
-.n54 -.081 
-e058 -.084 
"057 -.OH0 
"054 - . 0 7 R  
-.OS? - . 0 7 8  
-e054 - . 0 7 7  
"054  - .079 

-.063  -.n74 

-.n59 - . 0 7 t l  
- .os5 - .n75 

-.Oh0 - . o l i o  
-.Oh0 - . O P O  
-.OS9 - . 0 7 5  

" O 5 A  - .07H 
"061 - . 07H 

-.Os9 -.n74 
-.OS9 -.n73 
-.OS& - . 0 7 3  
-.05R - . 0 7 5  
- . 0 5 R  -.073 
" 0 5 5  -.073 
" 0 5 R  -.071 

" 0 5 2  -.073 
- . O S A  -.074 

-.os1 -.071 
- e 0 5 2  -.071 -. 054 -. 072 
" 0 5 R  -.Oh7 

-.12R 

"130 
-.128 

"126 -. 123 
"124 
-.117 
-.12p 
-.11p 
"115 
-.11E 
-.lo9 
-.112 
-.117 -. 116 
"114 
-.llh 
-.lib -. 11s 
-.110 
-.lob 

-.lo3 
-.lo3 
-.loo 
-.09d 
- . f lYA 

-.lo3 
-.loo 

-.loo 
- .OY7 
-.098 
-.lo1 
-.093 
"097 
- . 0 9 7  

- . 0 9 7  
"097 
- .OY7 
- . O Y h  

-.OYR 
- . O %  

-. 099 
-.OL)8 
- . O Y 7  
- . O Y 7  
-.093 

- .OY5 

-.OYZ 

- . O Y I I  
-.OB7 
-.OY4 
-.OY1 

"092 
-.095 
- .OY5 
"096 
-.0')2 
-.Otl4 

-.084 
-.OB4 

-.OH5 
"086 

-. 105 

-. 094 

- . Q Y ~  

-. n ~ 5  

- . n ~ 9  

-.ion 
-.n93 

- . n ~ ?  

-.n93 

-.013 
-.015 
-.OlR 

-.023 
-.021 

-.018 
-.021 
-.021 
- . 0 2 0  
-.ole 
- . 020  
-.023 
-.022 
-.OEl 
-.O22 
-.021 
-.017 
-.OlR 
"017 
-.019 
-.017 
-.013 
-.01h 
-.015 
-.012 

-.01h 
-.020 
-.or0 
-.ole 
-.013 
-.015 
-.012 
- .009 
- .009 
"014 
-.013 
"015 
-.012 

-.01R 
-.ole 
-.017 
-.o27 
" 0 2 7  
"023 
-.021 
"026 -. 03P 
-.OF7 -. 025 
- . 0 2 0  
-.021 
-.017 

- . 0?3  
-.023 

-.02? 
-.021 
-.020 
- . 0 2 0  
-.ole 
-.017 

-.011 
"013 

-.012 
-.OOA 

-.013 
-.012 
-.015 
-.013 

"013 
-.013 

-.n12 

-.old 
"009  
-.010 
"007 
-.010 
-e009 
- . 0 0 6  
-.a09 
-.011 
"013 
-.OW 
-.011 
-.017 
-.012 
-.012 
-.01s 
-.016 
"016 
-.012 
"006 
- . 0 0 4  
- .009 
-.011 
-.016 
-.010 
"006 

- .005 
-.005 

- . a 0 6  
"006 

-.oos 
- . 005  
-.001 

0.000 
.001 

0.000 
.001 

-.oos 
. 0 0 2  

0.000 
"003 

-.OOh 
"007 

"009  
-.010 

"004 
"004 

-.OOh 

-.005 

-.005 
-.001 

-.006 

"013 
-.011 
-.018 
-.016 
-.016 
"017 
"016 
"016 
-.01A 
-.015 
"016 
-.01h 
" 0 0 3  
- . 0 0 3  

-.no6 

-.oln 

- .on3 

-.on7 

-.no6 

-.09R 

"061 
-.OS3 

-.OS4 
-.OS3 
-.053 
-.053 
- .os7 
-.059 
-.OS8 
-.OS6 -. 053  -. 054 
-.os1 
-a048 
"049 
"051 
-.OS1 
"051 
"051 
-.OS2 
-.os1 
- . 0 5 3  
-.os5 
-.049 
-.04S 
-.042 
-.049 
-.042 
-.042 
-.044 
-.044 
"043 
-.042 
-.04? 
"042 
" 0 3 7  
-.035 
-.033 
-.034 
-.031 

- . 0 3 0  
-.030 

"031 
"031 

-.034 
-.035 

-.029 
- .028 

-.O24 
"024 

- .022 
-.023 
- .020 
"017 
-.016 
"013 
-.011 
- .OOA 
-.OOA 

- . O O R  
-.010 
-.006 

- . O O R  
-.006 
- .005 
-.OOh 
-.006 
-.006 

-.on7 

-.one 

-.Oh7 
-.06h 
"-071 
"067 
"070 
-.Oh5 

-.Oh5 
-.Oh3 
"062 

-.oh3 

-.oh7 
-.n67 
- . O 6 R  
-.Of17 
-.Oh7 
-.067 
-.06h 
-.Oh8 
-.Oh5 
"066 
-.064 
-.Oh3 
- .066 

-.Oh4 
-.Oh4 
"061 
"041 
- . 0 5 h  
-.064 
- . 0 5 6  

-.Oh1 
-.OS6 

-.Ob? 
-.Oh* 

"070 
-.06R 

"071 
-.079 
-.074 
- .073 
-.074 

- .073 
- . 0 7 ?  

-.069 
-.075 

"067 -. 075 
-.068 
-.n6R 
- .06R 
"067 

-.Ob8 
- .O6R 
-.Ob7 
-.Ob? 
-.067 
- . 0 7 0  
-.061 
"064 
- .os7 -. 055 
-.05h -. os5 

" 0 5 0  
" 0 5 8  

-. 05s 
-.055 

- . o w  

-.n71 

-.oh7 

-.os5 

-.0b6 
-.0m1 
-.0b7 
-.0b7 
-.0b6 
-.0b6 - O R 6  
-.081 
-.0r1 

- .078 
-.0r2 

-.079 
-.079 

- .075 
-.075 

-.074 
"074 

-.075 
"072 

-.07? 
"073 
- . 073  
"069 
-.067 

"071 
-.OhA 

"064 
-.068 

"071 
-.071 

-.063 
"060 

-.071 
"067 
"066 
"067 
-.06R 
-.064 
-.0b3 
-.061 
- . 0 5 f l  
-.05H 

-.052 
-. 056 

" 0 5 2  
-.052 
-.049 
-.049 
- a 0 5 0  

"044 
"049 

"040 
"039 
-.039 
-.041 
"041 
-.040 
-e043 
"045 
-.04R 
"046 -. 046 
"045 
-e040 
"041 
"044 

"044 
"044 

-.044 
-.044 

-.072 
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TABLE A.IV.l (CONTINUED) 

X 

T 
( 5 )  

1.400 
1.402 
1.404 
1.406 
1.408 

1.412 
1.41*' 
1.41h 
1.41R 
1 .420 
1.422 
1.424 
I .4?h 
1.42R 
1.430 
1.432 

1.436 
1.4.34 

1.440 
1.442 
1.444 
1.446 

1 .450 
1.452 
1.454 
1.456 
1.458 

1.467 
1.466 
1.466 

1.470 
1.472 

1.476 
1.47k 

1.478 
1.480 
I .4R? 
1.4R4 

1.488 
1.486 

1.492 
1.490 

1.494 
1.49h 

1.500 
1.49Y 

1.504 

1 .sow 
1.510 
1.512 
1.514 
1.516 
1.518 
1.520 

1.524 
1.512 

1.528 
1.526 

1.530 
1.532 
1.534 
1.536 

1.540 

I .41n 

I .43n 

1.44~ 

1.460 

1.46~ 

1.5n2 

1.506 

1.53~ 

10 

ii. 

" 0 1 3  
-.016 
-.015 
-.ole 
-.021 
- . O Z 4  
-.020 

-.024 -. 025 
-.n21 

- . o m  
-.023 

-.n?o 
-. 02.3 
-.018 
"015 
-.015 
-.Ol!=i 
-.01a 
-.01H 
"015 

"023 
-.0?1 
-.018 

-.020 
-.020 
-.022 
-.073 

-.020 
-.02? 
-.021 
-.016 

"027 

-.025 
-. 025 
- . O Z R  

"027 -. 024 
-.ole 
-.015 
"014 
-.015 

"014 
"013 
-.Olh 
-.01h 
-.021 

-.025 
-.020 

"023 
-.02R 
-.025 

-.020 -. 024 

-.rile 

-.nln 

-.n21 

-. n23 
-.nzs 

-.n2s 

-. 020 

-.n16 

- . o m  

-.n19 

- . o n  
-.o~Y 

-.n?3 
-.073 

-.020 
-.019 
"013 

11 

R 

- . o w  
-.on3 

-.ann 
-.004 
-.004 
-.0?4 
- .0?1 
-.01H 
-.016 
-.013 
-.006 
-.006 

-.003 
-.004 
-.005 

-.005 
-.OOh 

-.on5 

- . n o 4  

.on1 
-.on6 
-.002 

-.on1 
.on 1 

. o n 1  

.on1 

.on2 
-.001 
.on6 
,007 
.OOh 

-.on1 
.002 
.on2 

-.on6 

-.on3 
-.005 

-.OOh 
-. 004 
-.002 
0.000 

.on1 

.on4 

.on7 

.006 

.on6 

.On6 

. o o  1 
o.ono 

.on 1 

-.on1 
.on1 

- . o n 3  
.on I 

.001 

.no1 
-.on5 
-.unn 

-.on9 
-.one 
-.on5 

-.non 
-.on9 
-.on7 

-.on8 

-.nil 

- .On6  

-.I308 

-.OOH 

-.OOH 

-.012 

12 

R 

- .006 
-.OO6 
-.OOJ 
-.004 
-.007 
"013 
-.013 
-.01h 
-.009 

-.013 
-.012 

-.01? 
-.01? 
- . 0 0 9  
-.008 
-.012 
-.012 
-.012 
-.011 
-.012 
-.009 
-.007 
-.OOh 
-.OOA 
-.no7 
-.on4 
-.oos 
-.OOh 
-.004 

"004 
- . O O ?  

-.001 
-.001 

-.OO2 
-.004 

-.002 
-.004 

"009 
- .OOR 

- . O O R  
- . O O R  
-.010 
-.OOA 
-.OOH 
- .OOR 
-.006 
-.004 
- . O O R  
-.on7 

-.no7 
-.no8 

-.006 
-.ooq 

- . O O R  

- . O O R  
-.009 

-.on9 

-.no7 

-.n1o 

-.008 
- .OOH 

-.010 
-.010 

-.no2 
- . no?  
"003 
-.010 
- . 0 0 3  
-.002 
-.004 
.004 

13 

R 

-. 055 -. 055 
-.050 
- . o s 0  
-.os1 
-.nq1 

-.nw 

-.060 
-.056 -. 055 
-.053 -. 055 
-.OS6 
-.OS? 
-.052 
-.os0 
-.os2 
-.052 
-.04Y 
-.os0 
-.046 

-. 044 -.046 

-.044 
-.Oh3 
-.ob0 
- . O F  
-.034 
-.039 
-.03Y 
-.043 
-.044 
-.045 

-.040 
-.04H 

-. 043 -. 044 
-.03Y 
-. 044 
-.039 
- . n 3 0  

- . n 3 ~  
- . 0 7 R  
-, 0.38 
-.036 
-.040 
- . 0 3 c ,  

- . 0 3 3  
-.0.34 
"035 
-.033 

-.(I27 
- . 0 ? 7  

-.029 
-.U?h 

-.02Y 
-.O2H 
-.Oi'H 
-.029 

-.03? 
-.029 

-.029 
-.031 
-.029 -. O?H 
-.029 
-.028 
-.032 
-.028 

-.n35 

- . n 3 h  

14 

;i 

"044 
-.044 
-.045 
-.OS0 
"049 
-.052 -. 052  
"047 
-.04R 
-.Or5 -. 045 
-.049 
- . 0 4 3  
"045 
-.049 
"050 
-.048 
"048 

"049 
-.048 

-. 049 
-.049 

"045 

-.044 
-.045 
-a048 
-.Ob8 
"048 
-.04Y 

-.04n 

-.n4~ 

-.n49 
-.ow 
-.n4~ 

-. 049 -.045 

-.049 -. 050 
-.n49 
-.OL.R 

"044 

-.n45 

-.044 

-.Ob5 

-.OS2 

-.OS? 
-.OS2 

-.044 
-.047 

-.Ob3 
"046 

-.043 
-.03Y 
-.042 

-.04R 
-.047 

-.n45 

-.n45 
-.n44 

-.n42 
-.043 

"043 
"043 
"045 
-.044 
-.045 
-.n4~ 
-.n4q 
-.044 -. 045 
"044 

X i o  
'I R 
(SI 

1.540  -.013 
1.542 -.015 

1.546 -.019 

1.550 -.016 
1.548  -.019 

1.552 -.021 
1.554 -.OF3 
1.556 -.023 
1.558 -.023 
1.560 -.025 
1.562 -.024 
1.564 -.0?6 
1.566 -.021 
1.568 -.018 
1.570 -.019 
1.572 -.020 
1.574 -.024 
1.576 -.019 

1.580 "015 
1.582 -.014 

1.586 - . 0 1 5  
1.584 -.016 

1.588 -.021 
1.5'40 -.023 
1.597 -.025 
1.594 -.031 
1.596 "025 
1.598 -.024 

1.602 -.0?2 
1.600 -.024 

1.604 -.020 

1.610 "021 
1.608 -.OP1 

1.614 -.025 
1.612 -.021 

1.618 -.030 
1.616 -.02h 

1.622 -.OT9 
1.624 -.030 
1.626 -.035 

1.630 -.035 
1.628 -.c34 

1.632 -.035 
1.634 -.036 

1.h3H -.035 
1.636 -.034 

1.640 -.036 
1-64? "040 
1.644 -.044 
1.646 -.044 
1.648 -.044 
l.hS0 -.043 

1.654 -.043 

1.658 -.042 
1.660 -.043 
1.662 "040 
1.664 -.040 
1.h66 -.038 
1.668 -.03h 
1.670 -.03H 
1,672 -.036 
1.674 - . 0 3 ?  
1.676 -.031 
1.678 -.030 
1.680 - .032 

1.544  -.n14 

1.571) - . n 1 ~  

1.606 -.019 

1.620  -.o30 

1.65~ -.n43 

1.656 -.n43 

1 1  

R 

-.01Z 
-.010 
"007 

"005 
-.OOh 

- . 0 0 4  

-.001 
. O O 6  
-007 
.OOh 
.006 

-.no5 

.no1 

.on6 

.no3 

.no1 

.001 

.001 

.007 

.009 
-007 
.007 
.008 
.OOR 
.013 
.017 
.017 

.021 

.021 

.021 
- 0 2 3  

.024 

.023 

.024 

.017 

.018 

. 0 1 8  

.021 

.023 

.021 

.021 

.021 

. 0 1 R  

.015 
,018 
.012 
.015 
.014 
.006 
.OOR 
,007 

.007 

.009 

.007 

,010 

.010 

.011 

.007 

.013 

,007 

.010 

.on? 

.n19 

.on8 

.n10 

.n12 

.oln 

.01n 

.012 

.01R 

.018 

12 

a 

-006 
,004 

. 009  
- 0 0 9  
.010 
. 0 0 9  
.oov 
.002 
.004 
.002 

0.000 
-003 
.004 

-.002 
0.000 

-.002 
-.001 
-.001 
-.001 
.002 
.005 
.010 
.010 

.008 

.004 

.006 

.009 

.009 

.009 

. o o o  

.009 

.012 
-014 
-014 
.Ol6 
.018 
.017 
.01h 
.019 
.019 
.019 
.017 
.021 
.021 
.020 
.019 
. 021  
.020 
.020 
.021 

.02n 

.024 

.025 

.025 

.024 

.024 
-023 

.021 

.020  
-023 
.023 
.021 
,021 
.OEO 
. O ? O  
.020 
.019 

.020 

.Olh 

.one 

.n21 

13 

R 

-.0?7 
-.028 

-. 029 
"027 
"027 
-.027 

-.n27 
- . o m  

"027 
-.027 

-.026 
- .OPh 
-.O2h -. 026 
-.O26 
- . 0 2 6  
-.O26 
-.0?3 
-.023 
- .030 

-.0-36 
-.027 

- . 0 3 9  
-.n39 
-.no0 
-.041 
-.040 
"039 
-.034 
-.04? 

- .039 
-.04? 

-.034 
-.036 

"032 
-.035 
"036 
1 . 0 3 R  
-.037 
"041 
"041 
-.040 
-.04? 

-.04? 
-.04? 
-.041 
-.Ob1 

- .07R -. 042 
-.042 
- . 0 7 8  
- .03a 
-.035 
-.036 

-.04? 
-.038 
-.037 
-.034 

- . O %  
-.032 

- .03R -. 036 
-.OW 
-.035 
-.036 
-.038 
"042 

-.n4? 

-.n4n 

-.ob0 

-.n47 

14 

R 

-. 044 
-.044 
"048 
-.048 -. 047 
"047 
-.049 
"045 
-.043 

-.043 
-.043 

-.043 
-.046 
-.043 
-.043 -. 043 
"043 

-.041 
-.041 
-.039 
-.042 
-.042 
-.039 
-.036 
-.03R 
-.038 
- . 0 3 8  
-.038 
-.038 
"038 
-.038 
- . 0 3 8  

-.029 
-.035 

-.027 
-.028 

-.027 
-. 026 

-.078 
-.032 
-.028 -. 02s 

-.023 
-.027 

-.022 
-.022 
-.02h 
-.025 
-.02h -. 025 
-.025 
-.027 
-.028 
"029 

-.034 
-.032 

- . 0 3 8  
- . 0 3 8  
"033 
-.033 
-.033 
-.034 

" 0 3 4  
"035 

-.027 
"029 

-.027 
-.02R 

-.0?9 
"027 

-.n42 
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TABLE A.IV.l (CONTINUED) 

X 10 

t a 
( 5 )  

1.680 "032 

1.686 -.n27 
1 . 6 ~ ~  -.oz6 

1.686 - .nt4 

1.602 -.n26 

1.688 -.025 
1.690 -.025 

1.696 "029 
1.694 -.027 

1.698 -.079 
1.700 -.027 
1.702 -.079 
1.704 -.029 
1.706 -.079 
1 . 7 O R  - . 030  
1.710 -.034 
1 - 7 1 ?  -.035 

1.716 -.031 
1.714 "031 

1.714 -.w9 
1.780 -.025 
1.722 -.027 
1.724 - . 021  
1.726 -.019 
1.721) -.n19 
1.730 - . O ? O  
1-73?  -.015 
1.734 -.015 
1.736 -.013 

1.740 -.Olh 
1.73R -.015 

1.744 -.022 
1.746 -.020 
1.74R -.OlS 

1.752 -.016 
1.750 -.015 

1.754 -.016 
1.756 -.017 

1.743 - . w o  

1.760 - . 0 ? 1  
1 . 7 5 ~  -.023 

1.762 - . w 1  
1.764 -.01H 
1.7bh -.015 
1.764 -.012 
1.770 - . 013  
1 - 7 7 ?  -.013 
1.774 -.013 
1.776 -.013 
1.778 -.013 
1.780 -.012 

1.7R4 -.012 
1.782 - . n l o  

1.78R - .010 
1.7Rh -.012 

1 - 7 9 ?  -.013 
1.790 -.011 

1.796 "015 
1.794 -.013 

1.79'3 "015 
1.800 -.OlS 

1.804 -.0?2 
1.R06 -.023 
1.808 -.018 
1.810 -.ole 
1-81? "073 

1 . R 1 6  - .ope  
1.814 " 0 2 5  

1.816 "032 

1.Rn3  -.01h 

1.820 - .o30 

11 

R 

.018 

.o le  
e016 
-016  
.015 
.01s 
.OlS 

-014  
.015 

- 0 1 3  
-014  
- 0 1 9  
.015 

- 0 1 7  
.021 
.021 
-074  
.071 

.025 

. 0?2 

- 0 2 5  
.021 

.024 

.O?S 

.0?3 

- 0 2 3  
.025 

.023 

.029 

.023 

. 029  
- 0 2 6  

024 

. O I Y  

.019 

.nla  

.017  

.o2n 

. 0 ~ 4  

.012 
, 0 1 8  

.017 

. 019  

. 0 1 7  

.OF0 

.01A 

. 0 1 9  

. O l h  

.01Y 

.015 

.013 

. 0 1 2  

. O l H  

.Ol8 

.018 

. O ? l  

-023 
- 0 2 4  

.01q 

.01" . O ? O  

.017 

.017 
-017  
-017  
.O lh  
- 0 1 6  
-017  
.017 
-017  

. n i b  

12 13 14 

ii R ii 
X 10 

t R 
(SI 

1.820 - a 0 3 0  
1.8E2 - .030 

1.826 -.032 
1.824 -.033 

1.828 -.029 
1.830 - . 030  

1.A34 -.Ope 
1.h32 -.029 

1.836 " 0 2 5  
1.838 "028 

1.R42 "031 
1.840 -0030  

1.844 -.031 
1.846 -.025 

1.850 -.024 
1.852 -.023 
1.H54 -.025 
1.856 -.02R 
1.858 -.033 
1.860 -.033 
1.862 -.032 
1.464 -.029 
1.866 -.024 
1.868 -.024 
1.870 -.O28 
I , 872  -. O 2 R  
1.R74 - . 025  

1.W78 - .020 
1.880 - . O ? O  
1.887 -.020 

1.886 -.OE4 
1.894 -.020 

1.888 -.023 
1.890 - . O l Y  
1.892 -.019 
1.A94 - . 0 2 0  

1.89R -.01h 
1.896 - . 0 1 h  

1.900 -.015 
1.902 -.017 
1.904 -.Ole 
1.906 -.01R 
1.908 -.023 
1.910 -.025 
1.912 - . 0 2 4  

1.914 -.Ole 
1.916 -.OlS 

1.920 - .020 
1.Y22 -.019 
1.924 -.020 
1.026 -.016 
1.928 -.020 
1.930 -.023 
1.932 -.024 
1.934 -.O28 
1.936 -.021 
1.93'3 - . O i ? 5  

1.Y42 -.020 
1.940 -.02h 

1.944 -.a26 
1.946 -.O28 
1.948 -.027 
1.950 -.032 
1.952 -.038 
1.954 -.034 
1.956 -.033 

1.848 - . o n  

1.n76 -.023 

1 . ~ 1 4  - . o ~ Y  

11 

R 

.017 

e 0 1 5  
.016 

a017  
e016 

e015 
,015 

,016 
,017 
,019 
e016 
,015  
.01s 
e014 
.010 
.OlO 
,012 
.006 
.005 

. 0 0 3  
, 0 0 3  

.004 

. 0 0 3  

.005 

.002 

.002 

.009 

.010 

. 003  

.005 

.005 

.004 

-.001 
. 0 0 3  

.OOl 

.001 
-.001 
- . O O ?  
0.000 

.003 
,001 

0 . 0 0 0  
-.OOP 
- . 0 0 6  
-.001 

- 0 0 3  
-.001 
"009 

"006 
-.002 

-.oos 
" 0 0 3  

-.oos 
-.007 
-.007 
-.007 

-.OOB 
"007 

"013 
"015 
-.007 

-.002 
-.001 
-.002 
-.005 -. 002 
-.001 
-.001 

-.no9 

- .no9  

1.958 " 0 3 4  
1.960 -.034 - . O O 2  

12 

ii 

.021 
-017  
.01H 

.U17 

.017 

.017 

.018 
,016 
.015 

.014 

. O O R  

.016 

.017 

.017 

.020 . 020 

.021 

.021 

.02E 

.020 

.020 

.017 
, 0 2 0  
.OPO 
.021 

.02? 

.021 

.02 l  

.021 

.021 

.023 

.OE2 

.027 

.027 

.026 

.023 
,021 
.n19 
.021 
,013  
.013 

. 015  

.014 

.017 
,021 
.023 . O E h  
.027 
.025  

.027 
.025 
.025 
.025 
.026 
. O E l  
.020 
.021 

.017 

.021 

.020  

.021 
,020  
,013 
.013 
.016 
.Ol6 
-016  
.015 
.015 

.016 

.015 

15 

R 

"054 
-.n55 
-.Oh!i 

-.060 
-.Oh4 

-.059 
-.05R 

-.OS5 
-.058 -. 056 
- .OS8 

-.OS8 
-.Oh0 

-.05tI 
-.052 
-.OS5 
-.055 
-.Ob2 
-.n54 

-.os9 
-.os5 

-.059 
-.Oh0 
-.058 
-.055 
-.n54 -. 0 5 4  
"055 
-.05H 
-.054 

-.OS6 
-.055 

-.os5 
-.OS* 
-.os2 
-.os2 
-.052 -. 054 
-.049 
-.04R 
-.047 

- . 0 4 9  
-.046 

-.053 
-.050 
- . 057  -. 052 
-.049 
-.056 
-.056 
-.054 
- .OS6 
-.060 

"060 
-.OSR 
-.OS8 
- . O W  
-.055 

-.OS4 
-.054 

"054 
-.OS6 
- e 0 5 6  
-.os2 
-.os2 
-.054 
- .054 

-.05S 
-.054 

-.06n 

- . n 5 ~  

14  

a 

"019 
-.024 
"024 
"024 
-.0e2 
-.025 -. 024 
"027 
-.027 
"027 
-.0p7 

-. 024 
-.OZA 

"024 
-.022 
-.024 -. 027 
"029 
"029 
-.027 
"032 
"032 
"032 
-.034 
- a 0 3 0  

"027 
-.029 

-.02R 
-.027 

-.027 
-.076 

"027 
-.027 
"029 
-.027 
-.02h 
-.034 
-.030 
-e031 
-.OZA 
-.077 

- . 027  
-.030 

"025 
"025 
- .07R 
"025 
-.021 

"026 
"026 

-.02i! 
-.025 

-.021 
-.021 
-.O?S 
-.025 

-.021 
"026 

-. 022 
- .026 
-.02r 
-.022 
-.020 
-.021 
"-023 
-.021 
-.021 
-.021 
"019 
-.020 

- . o x  
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TABLE A.IV.l (CONTINUED) 

X 

T 
, (SI 

1.960 
1.963 
1.964 
1.966 
1.968 
1.970 
1.972 
1.974 
1.976 
1.978 
1.980 
1.982 
1.984 
1.986 
1.98R 
1.990 
1.997 
1.994 

1.99R 
1.996 

7.000 
2.002 
2.004 
2.006 
2.onn 
7.010 
2.012 
2.014 
2.016 
2.018 
2.0211 
2. 072 
2.024 
2.026 
2.02R 
2.030 
2.032 

7.036 
2.034 

2.038 
7.040 
2.042 
2.044 

2.050 
2.048 

2.os2 
2.054 
2.056 
2.058 

2.062 
2.060 

7 .066  
2.06R 
2.070 

2.074 
7. 077 

2.078 
2.080 
7.082 
2.084 

? . O W  
2.086 

2.090 
2.092 
2.094 

2.098 
2.096 

2.100 

2.046 

7.064 

2.076 

10 

ii 

"034 

"037 
-. 030 
"0.77 
"038 
"034 
-.030 

"035 
-. 029 
-.035 
"0.77 -. 039 
-.039 
-. 038 
- .03R 
"035 
"034 -. 035 
"032 
"032 

-. 028 
-.026 -. 0% -. 027 
"-027 
-.024 

-.032 

-.029 

"030 -. 02R 
- .029 -. 027 
-.ozo 
-.020 
-.020 
"019 

-.OlY 

-.020 
"019 

-.025 
-.029 
-.028 
- . O Z R  
-.0?7 
-.o73 
-.OlS 
-.01n 

-.044 

- . O W  

-. 032 

-.n1e 

-.n23 
-.n27 
-.nz4 -. 0 2 5  
-.02s 
-.01R 
-.015 
-.OP1 
-.071 
-.01R 
"019 

-.015 
"017 

-.014 
-.001 
"004 
-.013 
-.013 
"013 
-.n13 

11 

R 

-.002 
-.002 
-.005 
-.007 
-.006 
-.on5 
- . o n 2  

0.000 
-.002 

0.000 
0 . 0 0 0  
0 . 0 0 0  

.oo5  

.O06 

.004 

.on5 

.On6 

. o n 5  

.I103 

0.000 
0.000 

-.005 

-.003 
-.003 

-.003 
-.fJ03 

-.010 

-.014 
-.011 

-.011 
-.016 
-.01h 
-.01h 
- . o 1 5  

- . 0 2 3  -. 0?4 
- . 0 2 6  

- .no3 

-.ann 

-, 023  

-.n?2 
-.I127 
-.OP4 
-.(IZh -. 026 
-.(I26 
-.I134 
-.030 -. 07H 
- . 0 3 1  
-.077 
- . 0 2 R  -. O P H  
- . O ? R  
-.031 
-.035 -. 0.76 
-.u75 
-.(I37 
-.07h 
"033 
-.033 
- .035 
-.031 
-.029 
-.033 
-.030 

-.031 
-. 030 

-.n7s 

-.n?7 

12 13 14 

.016 

.Dl5 

.014 

.014 

.011 

.012 

.011 

.012 

.011 

-014 
.011 
.011 
.016 

.015 

.Olh 

.OlS 

.016 

.014 

.012 

.010 

.010 

.OO8 

.OOA 

.009 
-006 

.011 

.009 

.003 

.007 

.OOh 

.001 

-. 00 I 
.001 

-.001 
-.OO2 
-.005 
-.005 
-.005 
-.005 
-.008 
-.011 
-.017 
-.014 
-.014 
-.013 
-.020 
-.01R 
-.02h 
-.02h 
-.n24 
-.n29 
- . n m  
-.029 
-.027 
-.025 
-.031 
-.035 
-.037 
-.040 
-.040 
-.040 
-.040 

-.037 
-.040 

-.03h 
-.035 
-.035 
"037 
- . 0 3 R  
"036 
-.037 

-. OS5 
-.049 
-. 052 
-.048 
-.046 
-.04R 
-.04R 

-.049 
-. 049 
-.044 
-.043 
-.042 
-.045 
- . 0 3 R  
-.038 
-.038 
-.038 
-.03h 
-.040 

-.042 
-.042 

-.04F 
-.037 
- . 0 3 h  
- . 0 3 6  

-.039 
-.037 

-.039 -. 039 
-.035 
-.032 
-.039 
-.039 
-.037 
-.03H 
- . 0 3 6  
-.041 
-.043 
-.043 
-.04h 

-.04R 
-.045, 

-.049 
-.os0 

-.04h 
-.049 
-.04h 
-.os0 
-.04Y 
-.049 
-.04Y 
-.051 
-.047 

-.OM 

-.o4n 

-.04n 
-.04n 
-.049 
-.049 
-.04H -. 04H 
-.047 
-.04R 
-.a47 
-.04R 
-.04h 
-.04Y -. 052  
-.OS4 
- .os0 
-.os0 

-.020 
-.ole 
-.015 
"016 
-.016 
-.OlS 
"014 

"019 
"015 

"019 
"014 
"014 
"013 
-.010 
-.009 
"009 
-.010 
-.010 
-.010 
-.010 
-.010 
-.009 
-.nos 
-.no6 

-.no1 
"005 

-.002 
.001 

0.000 
-.003 
-.004 
"004 
-.004 
-.OD9 
-.010 
-.010 
"005 
-.004 

-.001 
-.004 

-. 0 0 2  
.001 

-.001 

-.005 

- .OOR 
" 0 0 3  

-.on& 

-.on5 

-.on4 
-.no4 
-.no6 

-.nos 
-.nlo 

-.n12 

-.nil 
-.nlz 

- . O O h  

- . O O Q  

-.010 

-.015 
-.012 

-.01h 
-.o12 
-.011 
-.007 
-.005 
" 0 0 5  
- .005  
-.005 
-.006 
-.on5 

X 

T 

( 5 )  

2.100 
2.102 
2.104 
2.106 
2.108 

2.112 
2.110 

2.116 
2.114 

2.118 
2.120 
2.122 
2.124 
2.126 
2.128 
2.130 
2.132 
2.134 
2.136 
2.138 
2.140 
2.142 
2.144 
7.146 
2.148 

2.152 
7.150 

2.154 
2.156 
2.158 
2.160 

2.lb4 
2.162 

2.168 
2.166 

2.170 
2.172 
2.174 
2.176 
2.178 
2.180 
7.182 
2.184 

2.188 
2.1YO 
2.192 
2.194 
2.196 
2.198 
2.200 

7.204 
2.202 

2.208 
2.206 

2.210 
2.212 
2.214 
2.216 
2.218 
2.220 
2.222 
2.224 
2.226 
2.228 
2.230 
2.232. 
2.234 
2.236 
2.238 
2.240 

2.1~6 

10 

R 

"013 

-.015 
-.013 

"014 
-.014 
-.013 
-.015 
-.01q 
-.022 
"023 
"025 -. 026 
-.027 

-.019 
-.023 

-.018 
-.018 
-.018 
-.01R 

-.ole 
-.ole 

-.015 
-.016 
-.011 
-.011 
-.013 
-.014 
-.011 
-.011 
-.010 
-.011 
-.013 
-.014 
-.011 
-.016 
-.010 
-.OOh 
-.004 
- .002 
-.007 
-.007 
-.007 
-.011 
-.010 
-.011 
-.011 
-.013 
-.016 
-.01h 

-.010 
-.010 

-.014 
- . O O A  

-.01s 
-.021 
"016 
-.015 
-.01R 

-.015 
-.016 
-.019 
-.019 
-.ole 
-.01R 
-.01h 
-.016 
-.013 
-.011 
-.013 
-.014 

-.nln 

1 1  

a 

-.031 

-.032 
-. 026 
-.030 
-.031 
-.031 
" 0 3 6  

"030 
-.033 

-.029 
-.026 
-.026 
-.025 

"024 
"024 

-.02h 
-.025 

-.022 
-.026 

"027 
-.02A 
-.027 
-.027 
-.027 
- . 0 2 h  
-.OZh 
-.029 

-.030 
"027 

-.027 
-.030 
"033 
"037 
-.03R 
"041 
-.044 
" 0 3 9  -. 045 
-.041 
-.045 

-.041 
-.047 
-.045 -. 042 
-.047 
-.049 
-.047 
-.n44 
-.045 
-.047 
-.047 -. 057 
-.OS9 
-.OS5 -. 055 -. 056 
-.056 
-.061 
-.061 

-.064 - 062 
-.061 -. 0 5 R  
-.067 
"077 
-.06R 
-.067 
-.06R 

-.070 
-. 067 

-.os7 

12 

R 

"037 
"035 
-.036 
-.040 
"041 
-.040 
"041 

-.042 
"042 

-.Ob1 
"040 
- . 0 3 h  
-.041 

-.044 
-.044 

"044 
-.044 
-.044 
"037 

-.040 
"044 

"037 
"035 
"03.7 

"031 
"033 

"031 
"035 
"035 

"035 

- . 0 3 h  
-.035 

"040 
"039 
-.037 
"037 
"034 
-.029 
-.OLR 
-.030 
"031 
-.030 
"031 
"033 
"034 
-.030 
- .02R 
-.029 
-.02Y 
"027 
"027 
-.024 
"024 
-.023 
"026 
"025 
-.022 
-.022 
-.026 
-.025 
"073 
"023 
-.O26 -. 026 
-.026 
-.026 
-.022 

-.021 
-. 029 

-.n34 

-.n36 

13 

R 

-.050 

-.057 
-.050 

-.os0 
-.048 
-.O4R 
-.os0 
-.054 
-.047 
-.04R 
-.O4R 
-.042 
-.042 

-.039 
-.03R 

-.037 
- .079 

-.045 
"043 

-.042 
-.040 
-.036 
- . 0 3 h  

-.044 
-.n44 

-.045 

-.Oh7 
-.OS0 

-. OS4 -.o53 

-.OS3 
- . O S 2  
-.OS4 
-.04R 

-.n4~ 

-.oh0 

-.n47 

- . n u  
-.04R 
-.049 
-.os0 
-.050 
-.os0 
-.050 
-.049 
- . 0 5 1  
-.047 
-.045 
-.047 
-.047 
-.047 
-.04R 
- .Oh9  

-.OS6 
-.049 

-.055 
-.OS3 
"052 
-.OS4 
- . 055  
- . 0 5 5  
-.OS5 

- .Oh0 
- .05H 

- . O t i R  

/- .os5 
-.05h 

-.053 

-.049 
-.OS0 

-.OS* 

14 

R 

-.oos 
-.d06 
-.OOR 

-.001 
- . O O R  

-.004 
-.003 

- . O O R  
-.003 
-.001 
-.003 
-.004 
-.oos 

.001 

.002 

.oo 1 

.002 

.003 

.002 

.005 . 0 os 

.0n6 

. O O h  
-.002 
.005 
.005 
.OOh 

.005 

. 0 05 

-.002 
.oo 1 

-.001 
.001 

0.000 

-.001 
0 . 0 0 0  

-.005 
-.005 
-.0n6 
- .009 
-.006 
-.003 
-.004 
-.005 
-.005 
-.005 
-.005 
-.oos 
-.005 
"004 
-.005 
"005 
-.005 
-.OOh 
-.013 
"013 
-.007 
"007 
-.007 
-.006 
-.013 
-.013 
-.009 
-.007 
" 0 0 6  
"006 
-.004 
-.007 

.on 1 

-.n01 

0 . 0 0 0  
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TABLE A.lV.l [CONTINUED] 

i 

T 
(SI 

2.240 
2 a242 
2.244 
2.246 
2.249 
2.250 
2.257 
2.254 
2.256 
2.258 
2.260 
P.267 
2.264 
2.264 
2.268 
2.270 
2.272 
2.274 
2.276 
2 -278 
2.280 
2.282 

2.286 
2.288 
2.290 
2.292 

p.284 

2.294 
2.296 
P. 298 
2.300 
3.302 
2.304 
2 -306 
2.30R 
2.310 
2.31? 
2.314 
2.316 
2.318 
2.320 
2.327 
2.324 
7.326 
2.328 
2.330 
2.332 
2.334 
2.336 
2.33n 
2.340 
2.343 

2.346 
2.344 

2.340 
2.350 
2.352 
2.354 

1.358 
2 35h 

2.760 
2.362 
2.364 
2.366 
P.368 

2.372 
2 -374 

2.379 

2.376 
2.378 
2.380 

10 

ii 

-.014 
-.012 

-.011 
-.011 
-.fill 
-.011 
-.010 

"005 
-.002 
- .OO? 
-.001 

.002 
0.000 
.001 

0.000 
.001 
.005 
.004 

-.001 
e.004 
-.Onh 
-.007 
-.on6 
- . 005  
- .005  
- .005  
-.007 
-.009 
-.On6 
-.005 
-.On7 
-.012 
-.005 
-.004 
-.004 
-.ooi! 
-.001 
-.002 
-.006 
-.On9 
- .009 
-.007 
-.007 
-.007 
- r o l l  
-.017 
-.015 
-.01b 
-.ole 
-.015 
"013 
-.Oil 
-.Of35 
" 0 0 7  

-.011 
-.010 

-.004 
-.On7 
-.011 

-.013 
-.011 

-.010 
-.(Ill 

-.01? 
-.a11 
-.017 
-e017 

-.nil 

-.on9 

-.no9 

-.on5 

11 

R 

-.070 
048 

- .o r0  
-.067 -. 067 
-.Oh8 
"076 

-.Oh7 
-.Oh7 
-.Ob7 
-.Ohh -. Oh7 
-.Oh7 
-.Oh4 
-.Oh3 
-.063 
-.Oh2 
-.OS7 
"0'57 -. O*F 
"063 
-.Oh4 
-.Oh3 
-.Oh? 
-.Oh3 
-.064 
-.Oh7 
-.Oh2 -. 058 
-.06% 
-.062 
-.066 
-.Oh7 
-.067 
-.Oh6 

-.n70 

-. 068 
-.ofin 
-.Oh? 
-.ow3 
-.063 
-.069 

-.Oh8 
-. 073 
-.Oh8 
-.Oh8 
-.066 
-.Oh2 
-.Oh2 
-.Oh4 
-.Oh2 
-.Oh2 
-.Oh1 
" 0 5 8  
-.058 
-.OS8 
-.055 
-.OS5 
- .055 
"053 
-.OS6 -. 0% -. OS6 -. 0% 
-.055 
-.OS3 
-.OS5 
-.OS? 
"057 
-.056 
-.056 

12 

R 

-.021 -. 026 
-. 028 
-.028 

-. 029 
"029 -. 027 
-.028 

-.02R 
-.028 

-.a21 
-.026 
-.O28 
-.028 
"029 
"029 
"027 
-.02R 
-.028 -. 02R -. 026 
-e025 
-.O23 
"023 

" 0 2 6  
"026 

" 0 2 6  
"026 
-.022 
-.OS 
"029 
-.027 
"027 -. 024 
-.024 
-.023 -. 026 -. 025 
-.022 
-.022 

-.021 
-.021 
-.021 
-.OEl 
-.020 
-.020 
-.020 
-.021 
-.019 
-.02h 
-.OZh -. 026 -. 028 
-,027 
-.O27 
"035 
"034 
"033 
"034 
"041 
"040 
-.046 
"046 
"040 
-.041 
"041 
"032 
-.031 
-.031 
-.032 
-.034 

13 

ii 

- .049 
-.047 -. 046 
"043 
-.042 
-.040 
"040 
-.041 
-.041 

"041 
-.041 

-.041 
-.040 
-.037 
-.037 
-.040 
-.0311 
-.040 -. 038 
-.037 -. 037 
-.037 -. 034 
-.029 
-.O2h 
-.026 
-.028 
-.032 
"032 
"031 
"031 
"032 
"039 
-.034 
"031 
-.032 -. 037 
-.034 
-.031 
-.034 
-.032 
- . O X  
-.03b 

-.034 
-. 039 

-.035 
-.036 
-.03h 
-.030 
-.035 
-.032 
-.035 -. 035 
-.032 
- . o w  
-.034 
-.035 
-.032 
-.03.7 

-.039 
-.030 

"032 
-.039 
-.038 
-.032 
-.031 
-.029 -. 030 
-.039 
-.031 -. 035 

14 

R 

-e007 
" 0 0 7  
-e009 
-.011 
"013 
"006 
"013 
"013 

- .01h 
-.01q 

- .018 
-e017 

-e018 
-.01R 
-a017 
-.021 
-.021 
-.021 
-e014 
-.017 

-.01R 
-.018 

-.021 
-.018 
-.025 
-.0.32 
-.021 
"023 
-.023 
-.01R 
-.01R 
-.018 

-. 025 -. 025 
-.oz1 
-.021 
-.016 
-.017 
-.019 
- .ole  
"017 
-.017 
"017 
-.017 
-.017 
-.ole 
"017 

-e017 
-.021 

- e 0 1 4  
-.017 
- e 0 1 8  
-.017 

-.Dl8 
-.018 

-.017 
"017 

-.ole 

"023 

-.nu-t 

- . o x  
-.n25 

-.023 
" 0 2 3  

-.ole 
-.021 

-. 025 
- e 0 1 9  
-.01R 
"025 
"023 

X 

T 
(51 

2.380 
2.382 
2.384 
2.386 
2.380 
2.390 
2.392 
2.394 
2.396 

2.400 
2.398 

2.402 

2.406 
2.408 
2.410 

2.414 
2.416 

2.404 

2.412 

2.418 
2.420 
2 -422 
2 424 
2 -426 

2.430 

2.434 
2.436 
2.438 

2.428 

2.432 

2.440 

2.444 
2.44t 

2.446 

2.450 
2 452 
2.454 
2.456 
2.458 
2.460 

2.464 
2.462 

2.466 
2.468 
2.470 
2.472 
2.474 
2.476 

2.480 
2.478 

2.482 
2.484 
2.41)6 
2.488 
2.490 
2.492 

2.496 
2.494 

2.498 
2.500 

2.448 

2.502 
2.504 
2.506 
2.508 
2.510 
2.512 
2.514 
2.516 
2.S18 
i?.52O 

10 

R 

-.017 
-.016 

-.016 
-.015 

-.011 
-.O14 
- a 0 1 8  
-.010 
-.012 
-.013 
-a013 
-.01A 
-.020 
-e019 
"023 
-.a23 -. 024 -. 023 
-.019 
-.019 
-.019 
-.019 
-.019 
-.016 
-.016 
-.019 
-.023 -. 024 
-.025 
-.024 
-.024 -. 023 -. 020 
-.018 
-.015 
-.011 
-e013 
"016 
-.016 
-.016 
-.01h 
-e014 
-e015 
-.021 
-.021 
-e019 
"015 
-.01z 
-.011 
-.Oll 
-.011 
- e 0 0 9  
"009 
-.011 
-.009 
- a 0 0 9  
"007 
"006 
-.005 
-.004 

-.001 
-.005 

-.005 
-.oos 
-.001 
-.004 
-.005 
-.002 
-.002 
-.004 
-.001 

11 

ii 

-. 056 
-.OS6 
-.a57 

-.053 
-.055 
-.056 
-.056 
q.057 
-.05R 
-.047 
-.Oh7 
-.Ob7 
-.04R 
-.048 -. 04R 
-.ob8 -. 049 
"043 
-.043 
-.041 
-.042 

-.041 
-.049 -. 042 
-.049 
-.049 
-.043 
-.042 
-.043 
-.Ob5 
-.046 
-.047 
9.045 
-.Ob1 
-.047 
-.Ob2 
-.044 
"040 

-e041 

-e040 
- a  041 
-0041 
"042 

-.04i! 
042 

-e041 
"041 
"041 
-a046 
-.os1 
-a053 
-e051 
-.04R 
"052, 
-.OS? 
-.OS4 
-e060 
-.OS6 
-0052 
-a054 
-.OS4 
-.OS6 -. 057 
-.063 
-.062 
-.Ob8 
-.070 
-.071 -. 063 
-.065 

-e061 

12 

ii 

"034 
"034 
-,036 
-.032 
-.032 
-.034 
-.036 

-.036 
"034 

-.03 
-.034 

-. 034 
-.034 
-.034 
-.041 -. 037 
-.037 

-.a37 
-.037 

-.034 
-.034 
-.037 
-.034 
-.037 
-,03? 
"031 
-e031 
-.031 
"031 
-.034 -. 034 -. 034 
-,032 
-.032 
-.032 
-.032 
-.033 
-.036 -. 038 
-.03H -. 046 -. 044 
-.044 
-.044 
-.044 
-.043 
-.043 
1.043 
-.039 
-.037 
-.032 
-.02R 
" - 0 3 0  
-.031 
"026 -. 026 -. 028 
-.020 
-e031 
-a031 
-.028 
-.03t? 
-a034 
-a  038 
-.03R 
- e 0 3 8  
-e039 
-a040 
-a040 
-.040 

040 

13 

ii 

-. 035 
"034 
-.035 
"035 
-.014 
-.036 
-.034 
-.031 -. 036 
-.035 
-.035 
-.076 
-.Ofh 
-.03h 
-.031 
-.028 
-.02R 
-.O29 
-.031 
-.034 
"035 
- . 0 3 h  
-.043 
-.041 
-.042 
"042 
-.Ob9 
-.Ob3 
-.Ob2 

-. 043 
-.040 
-.040 
-.040 
-.040 
-.040 
-.a94 
"040 
"041 

-.033 
- .036 

-.035 
"035 
"036 
-.030 
-.031 
-.031 
-.030 
-.0?9 
-.031 
-.034 
-.02R 
-.028 -. 039 
-.029 
"030 
-.030 
-.030 
-.034 
-.028 
-.02R 
-.0?4 
-.025 

-.030 
-.031 

- .034 

"043 
-.043 

-.043 

-.ob2 

- e 0 3 5  

- a  043 

14 

R 

-.023 
-.022 
5.023 
-.022 
u.024 -. 024 
-.024 
-.024 

-.024 
-.027 
-.026 
-.028 -. 030 
-.030 
-.029 
-.029 
"036 
-.028 
-.027 
-.028 -. 029 -. 024 
-.074 

-.024 
-.024 

-.024 -. 027 -. 024 
-.027 

-.032 
-.029 

-.033 
c.035 
-.036 
-.035 
- .034 
-.035 -. 036 
-.039 
-.039 
-.040 
-.045 
-.041 
-.041 
-.040 
-.OM 
-.039 
-.03h 
-.040 
-.048 
-.042 -. 040 
"042 
-,04E 
-.039 
-.041 
-.042 
-.040 
-.044 
-.0b1 
-.042 

-.039 
-.040 

-.036 
-.039 
-.039 
-.038 
-.0b0 -. 042 
-.0b1 

-.n24 

"I"" I_ . - - . .. 
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X 

7 

(SI 

2.520 

2 -524 
2.s22 

2.526 
2.528 
2.530 
2.532 
2.534 
P.536 
2 53a 
2.540 

7.544 
2.542 

2.546 
7.548 
2.550 
2.557 
2.556 
2.556 

2.560 
2 . 5 W  

2.564 
2.562 

2.566 
2.568 
2.570 
2.572 
2.574 
2.576 

2.580 
2.57R 

2.582 
2.584 
2 -586 
2.5RA 
2.590 
2.592 
2.596 
2.596 
2.59R 
2.600 

2.604 
2.602 

2.606 
2.60P 
2.610 
3.612 

2.616 
2.614 

2.61R 
2.620 
2.627 

2.62b 
2.62R 

2.632 

2.624 

2.630 

2.63b 
2.636 

2.640 
P.63R 

2.642 
2.644 
2.646 
2.648 
2.650 
2.652 
2.654 
2.65b 

2.660 
2.658 

10 

a 

-.001 

-.001 
" 0 0 3  

-.002 
-.006 
- . 0 0 2  
0.000 

-.003 
"004 
-.002 
-.005 
- . 0 0 6  
" 0 0 7  
-.012 

-.018 
" 0 1 3  

-e016 
-.015 

" 0 1 4  
-.012 

-.011 
-.011 
-a013 
-.015 
-a014 
-.01R 
-.ole 
-a014 

-.011 
- .011  

-. 013 
-.010 
-.007 
-.006 
- .007 
- .010 

-.012 
-.017 

-.011 
-.011 
- .D l2  

-.010 
-.011 

-.010 
-.009 
-.005 
-.007 
-.007 

-.001 
-.OOh 

- .003  
-.002 
-.001 
- .005 
" 0 0 5  
"007  

" 0 0 6  

-.002 
" -006  

-.oos 
"004 
-.a01 
-.a01 
-.001 
-.001 
-.002 
"007  
-.009 

-.on1 

-.on7 

-.no4 

11 

R 

-. Oh5 
-.Ob3 
-.06S 
-.OW3 
-.Oh7 
-.067 
-.070 
-.069 
-.065 
-.071 
-.Ob5 
-.064 
-.065 
-.Oh7 
-.Ob2 

-.062 
-.Ob4 

-.Ob1 
-.062 

- . o w  
-. OS9 

-.060 
-.OS8 

-.058 
-.OS9 
-.060 
-.OS7 
-.057 

-.051 
-.OS4 

-.0=1 -. u53 
-.os1 
-.os1 
-.OS6 
-.OS7 
" 0 5 6  

-.Os3 
-.05R 

- .050 
- .050 

-.04b 
-.Ob7 

-.046 
-.047 -. 052 -. 054 -. 053 -. 054 -. 055 
-.055 

-.OS3 
-.OS3 
-.oflo 
-.os3 

-.OS1 
-. OS2 

-.os0 -. os2 

-.056 
-. 052 

-. 054 
-.051 
"050 -. 050  
-.OS1 
-.OOH 
-.Ob6 
-.04s 
-.Ob7 

-.n57 

12 

ii 

-e040 

-.046 
"040 

"040 -. 038 
-.040 
-.042 
" 0 4 9  
-.040 
" 0 4 4  
" 0 4 9  
" 0 5 1  
-.os1 
- .050 
-.os1 

-.os1 
-.os0 

-.OS8 
-.OS8 -. OS2 -. 052 

-. 054 
-a055 

-. 055 
-.OS4 
-.OS5 
-.054 
" 0 5 4  
-.OS4 
- .os0 
" 0 4 6  
-.045 
- . O M  -. 049 -. 048 -. 049 
-.048 -. 044 -. 045 -. 046 
-.046 -. 050  

" 0 5 0  
-.os0 

-.052 
-.OS1 
-.OS2 

-.049 
-.049 

" 0 4 9  
-.OS1 
-.os1 
-.OS4 
-.OS5 
-..OS6 -. 056 -. OS8 
-.os1 
-.OS8 

-.os1 
-. 054 

-.OS4 
-. 052 

-.OS1 
-.OS4 

-.OS4 
-.os1 

-.OS5 
-.OS5 
-.OS1 
-.OS5 

13 

K 

-. 043 

-.040 
-.040 

-.042 
-.036 
-.040 
-.040 
-.040 
-e040 
-.040 
" 0 4 2  
-.04? 
" 0 4 8  
-.049 
-.047 

-.Ob5 
-0 045 

-.045 
" 0 4 6  

-.OS2 
-.os2 

-.Ob9 
-.OS0 -. 048 
-.Ob8 
-.Ob7 
-.049 
-.045 
-.045 

-.042 
-.(143 

-. 045 
-.046 
- . O W  
-.os1 

.001 
-.049 

-.047 
-.O4b 

-.U48 -. 048 

-.U48 
-. 04H 

-. 048 
-.048 
-.048 
-.047 
-.Ob2 
-.049 

- a  043 
- .04E 

-.04H 
-e047 
- . 0 4 9  
-.Ob8 
-e046 
-.os1 -. 054 -. 052 

- -054 
-. 052 

" 0 5 7  -. 055 

-.060 
-.058 

-.Oh0 
-.Oh7 
-.Oh1 
-.a61 
-.a61 
-.060 

14 

K 

-.041 

" 0 3 9  
-.041 

" 0 3 9  

- . O W  -. 038 
-. 039 
"040 

-.040 

" 0 3 9  

- e 0 4 0  -. 040 
" 0 4 1  
-.n40 -. 038 -. 039 
-.040 
-e041 
- e 0 4 5  

" 0 3 9  
-m040 
-e040  
-e040 
-.040 

-.041 

"040 
-e042 
-e040  
-e041 
" 0 4 4  
-e040 -. 040 

-.043 
-. 044 

" 0 3 9  
-.Ob1 
-.048 
-.048 
-.a40 
-.048 
-.048 
-.049 
-.049 
-.a47 
-.048 
-.049 

-.O49 
-.OS6 

-.04R 
" 0 4 9  

-.049 
- .040 

-.Ob9 
-.048 -. 049 

-.04a 

"049 
"048 
" 0 4 0  

" 0 4 4  
-. 04R 

-.OS6 

" 0 4 9  
-.OS2 

-.048 
-.050 

-.04R -. 04R 

-. 053 

-. 047 

-e052 

TABLE A. I V .  1 (COmINUED) 

- 

X 

T 
(5) 

2.660 
2.662 
2.664 
2.666 
2.668 
2.670 
2.672 
2.674 
2.676 
2.678 
2.680 

2.684 
2.682 

2.686 
2.688 
2.690 
2.692 

2.696 
2.694 

2.698 
2.700 

2.704 
2.702 

2.706 
2.70A 
2.710 
2.712 
2.714 
2.716 
2.718 
2.720 

2.724 
2.722 

2.726 

2.730 
2.73% 
2.734 

2.738 
2.740 
2.742 

2.746 
2.748 
2.750 

2.756 
2.754 

2.758 
2.760 

2.764 

2.760 

2.772 
2.774 

2 0 7 2 8  

2.736 

2.144 

2.152 

2.762 

2.766 

2.770 

2.776 

2.780 
2.782 
2.784 
2.786 
2.780 
2.790 
2.792 
2.790 

2.778 

2.796 
2.798 
P.800 

10 

ii 

- .009 
-.005 
- .002 
-.004 
-.001 

.002 

.002 

.007 

.004 
0 0 0 1  
.003 
.003 

- .001 
- .003 
-.003 
-.007 

-.001 
.001 -. 00 1 

-.007 
-. 0 0 2  

-.007 
-.002 

- .001 
.005 
.004 

-.007 
-.012 
"007  
-.OOb 

- .005 
-.004 

-0006 
-a006 
" 0 0 9  
- . O O 8  
- . O O 6  
-.005 

-.001 
.001 

- .002 

-.004 
-.oo* 

- .005 
-.007 
- . 0 0 8  
-.007 
-.009 
-.010 
-.010 
-.010 
-.009 
-.OOY 
-.014 
-.014 
-.014 
" 0 1 4  
-.011 
-.013 
" 0 1 4  
-.011 
-.012 -. 007 

-0002  
-. 007 

0 . 0 0 0  
0 .000  

.001 

.DO? 

.004 

.DO4 

11 

ii 

" 0 4 7  
-.os1 
-.OS% 
-.054 
-.OS0 
-.OS6 
-.OS6 
-.OS6 
-.OS6 
-.OS6 
-.056 
-.OS5 -. 052 
-.os1 
-.OS3 

-.046 
-.OS4 

-.046 
-.042 

-.041 
-. 044 

-.a45 
-.041 

" 0 4 5  
-.041 
-.041 
-.048 

"045 
-.012 

-.os1 
-.OS0 
" 0 4 7  
-a046 
" 0 4 6  -. 046 
-e 042 
-e043 

" 0 4 0  
"040 

" 0 4 5  
-a045 

-.044 
"045 

-.045 
-e042 
-e041 
" 0 4 1  

-.04? 
" 0 4 1  

-.048 
-.048 
-.047 
-.047 -. 045 
-.042 -. 040 
-.036 

-.035 
-.035 

-.034 
-.033 

-.030 
-.029 

-.026 
-.025 
-.026 

-.02a 

" 0 2 6  
" 0 2 6  
"023 

023 

12 

a 

-.os5 

-e061 
-a057 

- . O W  
-.OS6 

- .OS4 
-.OS4 

-.os5 
" 0 5 5  

-.056 
-.OS8 
-.058 
- . O B 8  

-.OS6 
-.05R 

" 0 6 2  
-.064 

" 0 5 7  
-.OS8 

-.OS2 
-.OS2 

-.OS6 
-.OS4 
-.os1 

-.045 
-.os0 

-.048 
" 0 5 0  -. 052 
-.os0 -. r n l  
-.os1 
-.OS5 
-.OS5 
-.os2 -. 055 
- e  054 
-.os1 
-.os0 -. 050 
-.OS6 

- .OS4 

-,051 
-.052 
-.os0 
-.OS4 
-.OS5 

" 0 6 0  
" 0 6 3  
-.067 
1.0711 
-.064 - -056 
-.os5 
- a 0 5 1  
" 0 5 0  

" 0 4 6  
-.048 

-.os1 
-.049 
-.045 
-.OS2 
-.OS% 
-.OS? 
-.OS1 
-.os1 
- . o w  
-.058 

- e 0 5 5  

-e054 

" 0 5 6  

13 

a 

-.060 
-.Oh2 

-.065 
-.065 

-.Ob6 
-.073 

-.067 
-.065 
-.065 
-.067 
-.063 
-.Oh1 -. 063 
-.064 

-.OS9 
-.Oh0 

" 0 5 7  
-.OS9 

-.OS5 
-.OS6 
-.060 
" 0 5 9  

-a060 
" 0 5 9  

-e061 
" 0 5 7  
-.OS8 
" 0 5 4  
-0052  
-.OS6 
"055 

-.OS9 
-.OSR 

-.Ob1 
-.05R 

-.OS8 
-.060 

-.OS8 
-.OS8 

-.061 
-.OS4 

-.OS9 -. 058 
-.060 
-.Ob0 
" 0 6 1  
" 0 5 9  
-.Oh1 
-.Ob4 
" 0 6 1  

-.058 
-.os9 

-.061 
-.058 

-.059 

-.os5 
-.OS7 

-.OS5 
"054 
-.os2 
" 0 5 2  
-.OS2 
-.OS4 
-.OS3 

" 0 6 5  

-.a60 

-.ne0 

-e048 
"054 
-.OS4 
" 0 5 4  

14 

ii 

-,053 
-.053 
-.055 
-.052 
-.049 

-.047 
-. 049 

-. 046 
-.043 

-.042 
-.040 
-.041 
-.041 
-.038 
-.036 

-.040 
-.036 

-.037 
-.036 

" 0 4 4  
-.044 

-.064 
-.0b2 
-.0b2 

-.043 
" 0 4 3  

-a042  
- e 0 4 0  
-a043 
w.047 
-a042 
-e042 
-a044 

-.0b3 
" 0 4 5  -. 044 
" 0 3 9  -. 043 
-.0h3 
-e046 
-.0b8 
- e 0 4 6  
-.048 
-.051 
- e 0 5 2  
-0049  
-.049 

-.049 
-.04H 

-.049 
-.04A 
-.052 
-.052 
"052 
-.052 

-.a52 
-.051 

-.053 
-.052 

-.052 
-.052 

-.053 
-.052 
-.0b9 
-.043 
-.046 

-. 047 
-e047  

"047 
" 0 4 7  

-b047 
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TABLE A. IV. 1 (CONTINUED) 

X 

T 
(SI 

2.800 
2.802 
2.804 
2.806 
2.808 
2.810 
2.812 
?.A14 
2.816 
2.818 
2.820 
2.822 
2.824 
2.826 
2.82R 
2.A30 
2.832 
2.834 
2.83h 
2.83R 
2.840 

2.844 
2.842 

2.846 
2.A49 
2.450 
2.852 
2.454 
2.856 
2.858 

10 

ii 

.004 
-.OOP 

-003 
- 0 0 3  
.008 
.008 

-.001 
.001 

0.001 
0.001 
-.007 
-.oil7 
- . 0 0 4  
-.OO? 
-.001 
"004 
-e004 

.001 

.oos 

.001 

.001 

0.000 
.001 

- . 003  
0 . 0 0 3  

0.004 
-.004 

0 . 0 0 3  
- a 0 0 6  

.on3 

11 

ii 

-. 0?3 
-0021 . 
- .ole  
"017 
-e023 -. 023 
-.o21 
-.021 
"019 
-0019 
-e019 
-.017 
"019 
-.019 
-.019 
-.023 -. 0?2 
-.023 -. O F 2  
-.023 
-.019 
-.021 
-.021 
"017 
-.013 
-.Dl0 
-.012 
-.012 
-.009 
-.013 

12  13  14 X 10 

ii E ii 

-.OS8 
-.Oh5 
-.062 
"061 
-.062 
-.OS9 
-.OS7 

-. 052 
"059 

-.os0 -. 049 

-.046 
-.047 

-.OS4 
-.046 

"049 -. 049 
-.OS1 
-.OS9 
-.os5 -. 056 -. 056 -. 058 
"062 
-.OS7 
-.OS9 
-.OS5 -. 058 
-.OS7 
- . o m  

-.054 
-.OS6 
-.OS6 
"062 
-.Ob2 
-.068 
- . o m  -. 06h 
"064 

-.064 
-.Oh3 

-.06i? 
-.067 
-.068 
-.070 
-.070 
"070 
-.07? 
-.ovo 
"071 
-,071 
-.071 
-.078 
-.075 -. 075 
-.073 -. 074 
-.075 
"074 
-.a71 

-. 041 
-.041 
-.os0 
-e050 
-.041 
-.041 
-.056 
-.os2 
-.OS3 
-.060 

" 0 5 1  
-.060 

060 

"060 
- e 0 6 0  
-.OS8 
"061 

-.056 
-.OS8 
-.OS6 
-.OS6 
-.OS7 
-0OSR 
-.OS8 
-.OS9 
"062 
-.OB2 
-.061 
-.os7 

-.as6 

2.940 -.016 
2.942 -.019 
E0944 -.020 
2.946 "021 
2.948 "018 

2.952  -0011 
2.950 "013 

2.954 -.015 
2.956 "021 
2.958 "021 
2.960 "e021 
2.962 -.021 

2.966 "019 
2.968 -.018 
2.970 -.019 
2.972 -.019 
2.974 "021 
2.976 -.019 
to976 -0020 
2.980 -o022 
2.982 -.022 
2.984 -.023 
2.986 -.020 
2.988 "022 
2.990 -.O23 
2.992 -.Or9 
2.994 -.023 
2.996 -.029 
2.998 -.030 

2 ~ 9 6 4  -0020 

11  12  13  14 

ii ii 

,015 
.013 
.010 
.010 
.010 

0008 
- 0 0 5  

.011 
0009 
0010 
.008 
.011 
.011 
.010 
.015 
.015 
e016 
0016 
0 0 1 9  
.021 
-019 
.ole 
.018 
.021 
e019 
.022 

026 
-026 
.023 
.018 

-.OS9 
-.OS4 
-.OS6 
-.OS2 
-.OS3 
-0052 
-.os1 
-.OS1 
- . O f 1  
"049 
"049 
-.04Y 
"047 
-.049 
"049 
-.050 
-.OS0 
-.os0 
-.OS0 
-.os1 
-.OS0 

-.OS2 
-.OS2 

-.050 
-e051 
-.049 
-.OS0 
-.046 

"041 
"045 

ii ii 

-'. 0 A 9  
-.OR8 

- .OR6 
-.OP6 

-0043 
-.OR4 

-.077 

-.081 
-.OR4 

-.OB0 
-.Of7 

- . O R 5  
-.040 

-.OR15 
-.OW 

-.080 
-.OR1 

-.080 
-.OR0 

-.077 
-.080 
- . O W  
-.OR0 -. 080 
-,077 
-.075 
-.074 
-0080 
-.OB0 

"077 

-.061 
"059 
"059 
"062 
"063 
-.065 
"064 
-.063 
-.065 

"068 
-.067 

"068 
"065 

"06.7 
-.068 

-.069 
"070 

-.067 
-.Of19 
"069 
"069 
-.073 

"074 
"074 
-.074 
"069 
-.0h7 
-.065 
"063 

-e074 
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2. Lagrangian  autocorrelation-coefficient,  turbulent  momentum 
exchange  coefficient  and  dispersion  coefficient 

The axial  Lagrangian  autocorrelation  coefficient,  the 

dimensionless  longitudinal  turbulent  momentum  exchange  coefficient 

and  the  normalized  axial  dispersion  coefficient  data  are  summarized 

in  Table A.IV.2  Computation of the  Lagrangian  autocorrelation  is 

described  in  Sect.  6.2  whereas  calculation of the  latter two 

coefficients  is  outlined  in  Sect. 6.5. 

The  axial  Lagrangian  autocorrelation  coefficient  is  portrayed 

.in  Figs.  6.21  and  6.25.  In  the  latter  figure  the  extended  Lagrangian 

autocorrelation  coefficient is depicted.  The  axial  Lagrangian  auto- 

correlation  coefficient  is  defined  by E q .  (6.40) 

where  the  axial  Lagrangian  autocorrelation L(x  ,T) is  given  in  terms 

of  the  Eulerian  autocorrelation  R(x;r)  by E q .  (6.39). Computation 

of the  longitudinal  Lagrangian  autocorrelation  coefficient.  was 

carried  out  utilizing Eq.  (6.42) 

0 

A 
0 

where go(?; T) is  the  dimensionless  envelope of the  Eulerian 

reference-point  autocorrelation  coefficients  defined  by Eq. (6.41). 

The  dimensionless  axial  turbulent  momentum  exchange  coefficient 

(dimensionless  eddy  diffusivity)  is  expressed  by E q .  (6.47) 
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in  which  the  turbulent  momentum  exchange  coefficient %(Go, tD)  is 

defined  in  terms of the  axial  Lagrangian  autocorrelation  coefficient 

by  Eq. (6.46). In  the  foregoing  equation  the  dimensionless  diffusion 

time  is  given  by  Eq. (6.48) 

iD = t /T D L1 

Variation of the  axial  eddy  diffusivity  with  increasing  diffusion  time 

is  displayed  in  Fig. 6.26. 

The  normalized  longitudinal  dispersion  coefficient  (dimensionless 

longitudinal  mean-square  displacement)  is  defined  by  Eq.  (6.51) 

where  the  axial  dispersion  coefficient  is  expressed  in  terms of the 

longitudinal  Lagrangian  autocorrelation  coefficients  by  Eq. (6.50). 

Change of the  longitudinal  dispersion  coefficient  with  increasing 

diffusion  time  is  portrayed  in  Fig.  6.27.  In  all  foregoing  equations 

v2 = 6.25 m2/s2 (67.2  ft2/s2;  see  Sect. 6.4) and TL1 = 51.5  ms 

(see  Sect. 6.4). In  Table  A.IV.2  the  variations  of L(; io , - r )  with 

increasing  time  delay T, and  the  changes  of 3 ( j ;  ,t ) and B(2 ,E ) 

with  augmenting  dimensionless  diffusion  time fD are  tabulated. 

- 
0 - 

l o D  O D  
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TABLE  A.IV.2 
M G ~ I G I A N  AUTOCORRELATION  COEFFICIENT.  TURBULENT MOMENTUM 

EXCllATIGE COEFFICIENT  AND  DISPERSIOIJ  COEFFICIENT 

7 

( 5 )  

n.nnn 
.no2 
.on& 

.OOH 

. O O h  

.OlO 

.nl? . 0 1.4 

.nl* 

.Ill& 

.Cl?O 

. o w  

.024 

.07r 
-026 

.032 

.o>n 

.n3& 

.n3h 

,n40 

. n+4 

.ne6 

.o5n 

. 0 3 P  

.04% 

.UbR 

.oq2 

.054 

. nsv 
oh0 

.Oh? . Oh4 

.Ohh 

05h 

. n w  

.n7n 

.072 
-074 
.07h 

.Oh11 

. n m  

. n w  

.OA4 . OHh . l l P U  

. w n  

.no7 . UP4 

.09h 

.09h 

.lo0 

.in% 

.in4 

.I n A  

. 1 Oh 

.110 

.11? 
-114 
-116 
.I]* 
.120 
-127 
.1?4 
.1Ph . 12n 
.13n 
.132 
.134 
.13h 
.13A 
.140 

LO 

1 .on0 
.9P3 
.n65 
.*lb 
.71? 
.77Y 
.731 
.A75 . h50 
.hi 1 
.h01 
.573 
.S5h 
.534 
. 5 l %  
.SI15 
.4*6 
.471 
.453 
.*3H 
.424 
.41[J 
. 3 U H  
. 3 7 ~  
.373 
.3h3  
.3&h 
.736 
.33 1 
.346 
.344 
. 29h  

.7b2 

. ? A ?  

.27h 

.?73 

.250 

.25S 

.24l 

.?3 7 

,231 
.211 
.20 7 

.lYq 

- 1  hS 
.1Q3 

.1H1 

.17u 

.I65 

.lhl 
h i  

.27r 

.POP 

.I + n  . 1 UL, 

.14n 

.IO7 

.130 

. I  2 s  

. I  29 

.lP5 

.1?1 

.117 

.I16 . 1 f?Q 

.129 

.1?H 

.1?7 . 1 n4 . I19 0 . oyn 

'D % 5, 

(1.00 
.oo .o 1 
.O1 . U ?  
.03 

.Oh 

.05 

. o *  . 1 0 

.l? 

.15 

.17 

.io . 2.3 

.26 

.*3 

. 2v  

- 3 6  

.44 

. 52  

.4* 

.56 

.bn . n4 
69 
.73 
.7t. 
-63 
.bU 
.Q3 
.LU 

1 .@3 

1.13 
1 . O P  

1.19 
1.24 
1.30 
1 ..Yh 

1.47 
1 . @ I  

I .53 
1.59 

1.71 
1 .os 

1.77 
1 ..43 
I .dV 
1 . Y e  

;'.OM 

>.15 
/ . > I  
% . ? H  
6. 3 6  
?.a I 
2 . - 1  
?.54 
?.hl 
7.hS 
2.74 
2.81 
2.nr 
?.U,L. 

.3 . l lQ 
3 . 0 )  

3.1h 
3.73 
3.30 
i.37 

.4n 

?.I,? 

T 

(SI 

.14n 
142 

.144 
,146 

.150 

.I>? 

.154 

.15h 

1 b O  
. 1 su 

.1 h2 

.164 

1 b W  
1 b h  

.l 72 

.174 

.17h 

.17R . Id0 

.lY4 

.182 

. 1 d h  
-163 
.l90 
.19% 

.19h 

.I94 

.19R 

.20U 

.?UP 

.204 

.E06  

.20A 

.?lo 

.21? 
-214 
.?16 
.ZlH 
.?2U 
,222 . h24 
.72h 
.?2H 
.230 
.?32 
,234 
. 2 3 h  
. ? 3 R  
.?40 
.?&2 
.?+4 
.22uh 
.24n 
.?SO 
.?5% 
.734 . Z5h 

. 1 4 ~  

.17n 

.?h0 

.Zb2 

.2h4 . Pbh 

.P72 

. 2 7 0  

.274 

.z-n 

.7m 

LO 

.090 

.(I87 

.OH6 

.O7Y 

. O M 3  

.U7b 

.07Y 

.077 
-074 
-073 
.570 
-064 
-063 
-062 . Oh2 
- 0 5 6  . OS3 
-049 
-066 
-046 
-048 

-04 2 
-045 
-042 . 0 3'4 
.I131 

. aJ% h 

.o -lY 

.d%6 

.I120 
026 
.025 
.UP3 
.022 
.022  . 02 0 
.0?0 
. 0 1 Y  
,019 
-014 
-014 
.011 
.011 
.OOY 
.OlfI 
.01% 
.010 
. 0 1 0  
. O O Y  
.U10 
. U Q Y  

. O O ~  

.010 . 0 (1 7 

. U O h  

. O n 6  

.Unb 

. O l l b  

.On6 
-.uoo 

.n43 

.on7 

.uoa 

-.on4 
-.no1 
-.on1 
-.uo2 
-.llll.i! 

2.72 .917 
2-76 .921 
2.HO -924  

2.HH .Y30 
2.Y? .933 
2.9s ,936 
2.99 .939 
3.03 -942 

3:11 .94H 
3.15 .951 
3.19 ."I53 
3.23 .956 
3.27 .958 
3.30 .9h0 
3.34 . 9 h t  
3.3H .9h4 
3.42 .96h 
3.46 .9hR 

3.54 .972 

3-65 .Y71 
3.62 .v75 

3.69 . 9 7 A  
3.73 .9YO 
3.71 .9A1 
3.81 .9R2 
3.H5 .9A3 
3.h9 .9H4 
3.93 .9H5 
3.97 .9n6 
4.00 . ~ 7  

2.w .w7 

3.07  .q45 

3.511 . ~ o  
3.5~ . ~ 7 3  

4.04 .9HH 
4.08 .9H9 
4.12 .990 
4.16 .990 
4.20 .991 
4.24 .992 
4.iiri .993 
4.31 .993 
4.35 -994 
4.3Y -994 
4.43 .495 
4.67 .995 
4.51 .995 
4.55 .996 
4.59 .996 
4.63 .996 
4.t.h .997 
4.10 .9Q7 
4.74 ,997 

4.92 .9Y8 
4.7h .998 

O.86 .99R 
4.90 .999 
4.94 . 9 Y 9  
4.9~ ..9w 
s.01 1.000 
5.05 1.000 
5.09 1.000 
5.13 1.000 
5.17 1.000 
5.21 1.000 

s.29 1.000 
5.25 1.000 

5.33 1.000 

5.40  1.000 
5.44 .999 

s .3h  1.000 

5, 

3.37 
3.44 
3.52 
3.59 
3.66 
3.73 
3.h0 
3 . m  

4.02 
3.95 

4.10 
4.17 
4.25 
4.32 
4.39 
4.47 

4.62 
4.54 

4.6Y 
4.77 
4.A4 
4.92 
4.99 
5.07 
5.15 
5.22 
5-30 
5.37 

5.53 
5.45 

5-60 
5.hM 

5.A3 
5.7h 

5.99 
5.91 

6.06 
6.14 
6 .22  
h.30 
6.37 
6.45 
6.53 
6.60 
6.68 
6.76 

6.91 
6.R4 

6.99 
7.07 
7.15 

7.30 
7.22 

7.38 
7.46 
7.53 
7.61 
7.69 
7.77 
?.A4 
7.92 
R.00 
8.08 
R.16  

8.31 
A.39 
A.47 
8.54 
R.62 
R.70 

n.23 
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TABLE A.IV.2 (CONTIWED) 

to '" b 

. e n  -.o20 

. ~ Z A  - . w 3  

.422 -.022 

.414 "023 

.42H -.021 

.432 -.a23 

.b30 -.023 

.434 -.(I22 

.436 -.02z 

.43q -.022 

.442 -.u23 

.444 -.u22 

. * *a -.082 

.446 - .0?0 .ASMI -.o~Y 

.*hi! -.u21 

.45* -.n21 

. L S h  -.1lL1 

.45S -.OlU 

.*bo - .UZO 

.4b? -.021 

.460 -.Ot'2 

.*hh -.0?3 

. * b M  -.I121 

,4411 -.oP~ 

.*ro - . O P Z  

.r7? -.n,zo 

. 0 ? h  -.I122 

.474 -.OZl 

. * I n  - . o n  

.4HO -.U2i! 

. 4 Y ?  -.UZi! 

.484 -.()El 

.u*h -.n?l 

.unh -.021 

. 4 ~ n  -.0?1 

. b y ?  -.i)Cl 

.by4 -.n?l 

.son - . w n  

. S O L  -.n24 

. 5 n ~  -.n?s 

.49h -.O21 

. U Y *  - . U % 1  

. 5 U ?  -.023 

. 5 0 6  -.UP4 

.51P -.UP4 

.510 -.024 

mS14 - e 0 2 4  
.Lilh - .0%3 
.3lw -.nz4 .WI -.0~3 
.526 - . w 4  
.SL* -.na 
.s3n -.OZL, 

. 5 P P  - .0?4 

.52r -.U24 

. S 3 ?  -.025 

.S.94 -.1)85 

.SM - . ( I ? ¶  

-540 -.025 
.S3d -.I124 

.S4? - . U P S  

.54h -.OZS 

.s49 -.oi?4 

.J¶O -.LIZ5 

.55? -.UP(, 

-556 -.I125 
.554 -.Q2h 

.ti64 -.n2s 
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TABLE A. IV.2 (CONTINUED) 

" 0 2 5  
-. 024 

-. 02s -. U 2 5  

-.O?h 
-. O?S 

-. O?h 

-so27 
-. 077 

-.n23 
-.Oi'h 

-. IO?h 

-.I??* 
-.a?? 
- . 0 2 h  - O ? h  -. 076 

-.0?7 

-. n?s 

-.n2h 

-.nx? 

-.OX 

-.n27 

-.n?7 
-.nz7 

-.n%* 

-.0?7 

-.aJ?H 

- . ( I ? @  
-.(I27 
-.02fI 

-. O.?H 
- .OZh 

-.0?7 -. O?h 

-. O?O 
- .OZh 

-. O?h 
-.077 -. 0Z)r  
- . O L P  -. 0 7 Y  
-.I117 

-. nzv 
-. n?H 

- . o w  -. I I Z H  - . (\ zn 
- . O ? V  
- .OW 
- . \I29 - .0?b 

-.n+~ 

-. n2u 

- .nzr 

-.n?* -. n?ri 
- . n m  
-.(I78 -. 027 
-.0?7 
-.02h 
-.(I27 -. 076 
-. O?h 
-.I727 
-.n%7 
-.n27 

-. nzcl 

- . O Z h  
-.01'7 

3 4  

. w o  

.a97 

.HQY 

.RYH 

. HYh 

.H95 

.Flu4 

. 8 9 3  . A 9 2  

.e91 

.RVO 

.r?H9 . R P B  

.*I37 

.hHh 

.e114 

.Hk2 

.HA1 

.P7& 

. Y 7 Y  

.A77 

.876 
,875 
.A74 
.H73 
.H72 

.P70 

.I471 

.Rh9 

.Hhb 

.Rh1 

. H h 6  

.H64 

.Uh3 

.a62 

. 8h l  . Rh0 

.YSY 

. 0 5 H  . R57 . H 5 6  

.*!is 

.953 

. H54 

.ws!? 

.95 1 

.R50  

.44H 

.El47 . a6 6 

.e45 

.I344 

.I342 

.a43 

.n4 l  

.R40 

.H37 
.93J 

.A36 

.H3S 

. ! I 37  

.R34  

. A 3 2  
- 9 3 1  
.I430 

. R Z r l  

.*?7 

.H?h 

.ens 
. n ~ 3  

.HW 

T 

( 5 )  

.TU0 

.TO? 
-704 
.7Oh 
.70u 
. 7 1 0  
. 7 l P  
a714 
.71h 

, 7 2 0  
.71r 

. ?.?? 

.72r 

. 7 2 h  

.72P 

.730 

.73? 

.73* 

.73h 

.73A 

.74O 

.74% 

.744 

.7*h 

.75z 
-750 

.754 

.75h 

.73H 

-762 
-760 

.7h4 

.7b6 

.76R 

.77P 

.776 

.77A 

.7a0 
-782 
.7w4 
.?a6 
.765 . T Y O  
.7v2 

.7Y6 
.794 

. 7 9 R  

.non 

. H O Y  . Y 06 . H u* 

.# l?  

.nl4 

. * l h  

.H2n 

. A 1 R  

. H Z 2  

.HZ4 

.R?b . R 2 R  

. R 3 0  

.H34  . Y 3 4  

.74n 

.77n 

.774 

.nn2 

.u lo  

.UH 

.a38 . w+n 

Lo 

"027 
-.0?8 
- . O P ' I  
"029 
-.uzs 
-.OZR 

- . 0Z t l  
-.0?B 

-.(I28 
-.O?d 

-.o,la 
-.OPH 
-.tl.?7 
-.0%7 
-.O.?Cc -. U P 9  

"027 -. lI2d -. 0? I 

-.a27 
-. 0Z.n 

-.U27 
-.u27 

-. O?R 
-.027 -.n.?tI 
-.O?t, 
- .02R 
-.U.?Y 

- .077 
-.027 

" 0 2 7  
"026 

- .02H 
-.077 

-.0?0 

-.0?7 
- . 0 7 1  

-.027 
-.027 -. nzh 
-.OZt! 
- . O Z A  
-.027 

- . o m  

-. n a  

- . n a  

- . o % r  
-.n27 
- . 0 2 7  
- . 0 2 7  

- . O P 7  
-.(I27 

- . w n  
-.OZtI 
-.I127 
-.r/20 
-.U27 
- . O P 7  

-.028 -. ViiY 

- . J t t l  
-. nPn 

-.nztl 
-.OZ9 -. 0?H 
-e027 

-.U2b 
-.028 

-. oZn 

-.027 

133.61 
13.h4 
13.68 
13.72 
13.76 
1 3 . ~ 0  
13.84 
19.tlh 
13.92 
13 -86  
13.99 

14.07 
14.11 

14 -19  
14.23 
14.27 

14.34 
14.31 

1 4 . 1 ~  

14.15 

1 4 . 3 ~  
14.42 
14.46 
14.50 
14.54 
14.58 
14.62 
14.66 
l + . c l Y  
14.73 
14.77 
14.81 

iQ.84 

14.97 
14.Y3 

15.00 

14.8s 

15.04 
1 5 . 0 ~  

15.16 
15.12 

15.20 
15.24 
15.2h 
15.32 
15.35 
15.39 
15.43 
15.47 
15.51 
15.5s 
15.59 

15.67 
lS .63  

15.70 
15.74 

1S.YZ 
15.7.3 

15.kh 
15.YIl 
15.94 
15.V8 

16 -05  

16.13 

16.21 
16.17 

16.75 
16 -29  
16.33 

16.n? 

1 h . n ~  

kM 

.a26 

.e25 
-824 
.B23 
.H22 
.s21 
.a20 
.e18 
.H17 
.Hlh 
,915 
.@l* 
.H13 
.e12 

.H 10 

.e11 

.5OY 

.H08 

.HOC? 

.EO7 

.no4 

. R 0 3  

.eo1 

.HO? 

.hOO 

.799 

.797 

.79@ 

.796 

.7v5 

,793 
.794 

.792 

.7UO 

.7H9 

. 7 n ~  

.747 

.7H6 

.7k5 

.7Y4 

.7*3 

.7H2 

.781 

.700 

.778 
-179  

.7 17 

.776 

,774 
.7?5 

.773 

.772 

.76Y 

.?hH 

.?f ir  

.765 

.766 

0 7 6 4  
.763 

.761 

.762 

.760 

.75Y 

.75R 

.757 

.755 

.794 

.753 

.752 

. ?S l  

.77n 

B 

23.82 
Z3.RY 
23.95 

24.14 
24.0h 

24.21 
24.27 
24.33 
24.40 

24.52 
24.46 

24.65 
24.59 

24.78 
24.71 

24.84 
24.90 

25.03 
24.96 

25.09 
25.15 

25-28 
25.21 

25.34 
25.40 

25.53 
25.46 

25.59 

25.71 
25.65 

25.77 
2 5 . h 3  
25. YO 
25.96 
26.02 
Zd.Od 
26.14 

26.26 

26.38 
26.32 

26.45 
26.51 

26.63 
26.57 

26.69 
26.75 

26.87 
26.R1 

2h.93 
7.6.99 
27.05 
27.11 

27.23 
21-17 

27.23 
27.35 
27.41 
27.67 

27.50 
27.53 

?? 64 
27.70 

.?7.@2 
27.76 

27.88 
27.94 
zti.00 

T9.11 

24.01 

26.20 

zn.  nb 
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TA3LE P.. IV. 2 (COITTINUED) 

0 

-. OZb 

-. 028 -. 029 

-. O P H  
-.O2h 
-.02n 

-. 028 
-.nzR 

-.om -. n2n 

- . O m  -. nzH 

-. nze 

- .02H 

-. U P 8  
-. O Z R  
- . O?H 

- . n m  

-.n?7 

-.n?7 

- .nz7 
- . n ~ 7  

- . n p 7  
- .nz7 

-.n?7 
-.n?7 
-.n?7 
- . n ~ 7  
-.027 -. n? I 
-.n>7 

-. nzh  

- .nzh  
- ? n ? h  

-.OC7 

-. 027 

-.0?7 

- . ( I P h  

- .OZh 

-. O ? l i  

-. O?h 
-.n?h 

-. O?h 

-.ll?h 

-. n?h -. (I>h 
-.(I26 
- . O Z h  
-.OZh 

-.02h -. IJ7h 
- . ( I ?<  

-.n21- 

- .o?s  
-.nz5 

-. n?5 

-.n?s 

-. I I ? 5  

-. 0?5 

-. 1175 -. 1125 
-.n?s -. 1125 -. 0 2 %  -. n ? \  
-.n25 - D 075 -. OCS -. n ? h  
-.I125 -. 0?9 

BM 

.?so 
- 7 5 1  

.74v 
-748  

-746  
.747 

.744 

.74s  

-742  
- 7 4 1  

- 7 3 9  
,740  

- 7  3 H  
.737 
.73h 
.735 
.7 :i4 
.733 
-732 
.731 
.7?3 
.72Y 
.727 
.7?6 . 7?5 
. 7 ? 4  
.723  
.7?2 
.7?1 
.7?  I) 
.719 

-717  
.71* 

. 7 1 h  

.715 
- 7 1 4  
.713  
.7 lZ  
.71 I 
. 7 1 0  
.704 

-707  

. 7  0s 

.703  

.I02 

.701 
,700  

.6L)I! 

.hQ7 

. h V h  

.hY6 . h94 

. h 9% 

.h93 

. h Y  1 
-690 
. hPV 
.hRd 

. c. .4rJ 

.he7 

.htJ5 

.be3 

.he2  

.hHU 

.he1  

.679 

. r o d  

.7nh 

.7n* 

. hLI0 

.hn4 

LO 

-.n?b -. 024 
- .024 
-.024 

- .024 
-.024 

-.I124 -. 024 
-.I124 
- .024 
-.024 

-.0?4 
-.024 

-.024 

-. 024  
-.024 

-.up4 
-.024 

-.024 
-.I123 

-.073 

-.I123 
-.a23 

-.023 -. 023 
-.023 
- .0?3  -. 023 
- . ( I23 

- . ( I23  

-.023 -. I123 
-.02.i 
-.I173 
- . 0 ? 3  
-.u2.i 
-.023 
-.023 

- . w 4  

-. n2r 

-. 024  

-.n?3 

-.073 

- .n? .3  

-.n23 

- . n % ~  
- .nzz 
-.tJ?2 -. (I?? 

- . ( I C 2  
-.0%2 

-.02? 
- . [ Id?  
- . 0 ? C  
-.022 
-.022 
-.I122 

-.u22 
-.02z 

-.022 
-.O.?L 

- . 0 L L  
- .UP2 

-.I122 
-. 022 

-. 022 - .[I22 -. 022 -. 1172 

-.(IC1 
-.022 

% 

19.09 
19.05 

1Y.13 
1'3.16 
19.20 
19.24 
19.2* 
10.32 
19.36 

15.44 
1Y.4n 
19.51 
1Y.55 
1'4.59 
1'4.h3 
19.67 
lq .71  
19.75 
19.79 
lY.R3 
19.U6 
1Y.YU 
19.Q4 

20.02 
lc).qH 

19.4n 

zo.nh 
20.10 
20.14 
20.17 
20.21 
2o.zs 
ZU.%V 
2 0 . 3 3  
20.37 

20.45 

10.5h 
20.52 

%O. h4 
20.60 

20 .be 
20.72 

zo.nn 
2U.7h 

20.84 
20.H7 
?O.Ql 
2u.94 
20.99 

20.41 

20.49 

z1.nq 
21.07 
21.11 
21.15 
21.19 

21 .?h 
21.22 

21.3u 
21.34 
21.314 
21.42 
21.4h 
21 - 5 0  
21.S4 
21   -57  
21.61 
21.65 
21.64 
21.73 
21.77 

5, 
. 6 7 R  
ab79 

.h77 
,676  
,675  
.674 
.A74 . h73  
ah72 
.b71 
-670  
-669 
ah68 
.h67 
.66h 

h b 5  . hh4 
.bh3 
.h6? 
. hh l  
.hhO 
.hhO 
.hSY 

.h57 

.h5b 

.655 

.h54 

.h53 

.652 
-651  
.h51 

.h49 

. hS0 

.b48 

.h47 

.h45 

.643 

.h44  

.h43 
,642 . h b  1 
.hbO 

. f: 3n 

.h 3 9  

.a37 

.h3h 

.*.3b 
- 6  3 5  
ah34 . h 3 3  . h 32 
.h31 
-630  . h Z V  
.h29 
.h2H 
-627  
.b2h . h25 
.h24 

. h23 
-624  

.h22 

.6?1 

.h?O 

.619 

.hlH 

.blB 

.h17 

.hsn 

.h46 

b 

32.00 
32.05 
32.11 
32.16 
32.21 
32.26 

32.37 
32.32 

32.42 
32.47 
32.52 
37.58 
32.63 
32.68 
32.73 
32.7H 

32.89 
32.A4 

32.94 

33.04 
32.99 

33.09 
33.14 
33.20 
33.?5 

33.35 
33.40 
33.45 
33.50 
33.55 

33.65 
3 3 . h 0  

33.75 
33.R0 
33.A5 
33.90 
33.95 

33.30  

33.70 

34.00 
34.05 
34.10 
34.15 

34.25 

34.35 
34.30 

34.40 
34.45 
34.50 

34.h0 
34.55 

34.65 
34.70 
34.75 
34.80 

34.6V 
34.145 

34.94 
34.99 
35.04 
35. O Y  
35.14 
35.1Y 
35.23 
35.28 

35.38 
35.33 

35.43 
35.4n 
35.52 

34.20 
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‘0 

-.(I21 
-.021 
-.021 
- . .n~1 
- . . n z l  
--.n21 

-.n21 

..021 
-.d21 

. . 0 % 1  

. .n21 
“721  .. .21 . ?1  - .. . :’1 
‘.‘,r71 
-.i)?1 

-.UP1 
-.021 
-.OLl 
-.0?1 
- .f l?I 

-.fl?l 

-.!I21 

-.nz1 

-.n?l 

-.0?1 

-.o;?n 
-.n?n 
- .o?n 

-.n?n -. 0 1 0  

-.n20 

- . O ? O  

- . O ? O  

-.020 
-.O?O 
-.n?o 
-.npo 

- .0?0 
-.11Zfl 

-. 010 
- . @ i I O  

- .020 
- . o x 3  

-.5?0 

- .o?n 

- .ozn 

-.o?n -. o2n -. n%n 

-.C/O 
-.ozn 

-.02n 
-.02D -. 020 -. nzo 

-.n15 
- .n lv  
- .n ls 

- .n lv  

- . 0 1 Q  

-.014 

- . I l lV  
-.01v 

- . n 1 ~  
-.n1+ 

- . n 1 4  
-.!I14 

- . 0 1 5  
- . O I G  

.617 

. h l b  

.615 

.614 

.613 

.613 

.612 

.611 

.6flY 

.hOY 

.hOR 

.hOh 
,607 

. h 0 S  

.h04 

.hQ4 

.b in  

.60? 

.501 

.hOii 

.sou 

.59v 

. 5 Y 9  

.5V6 

.547 

.59b 

.Sf45 

.5L)G 

.59.3 

.5c)2 

.5q2 

.59 1 

.LIqu 

.5PV 

.58H 

. 5 Y H  

.SH7 

.SP5  

.5y4  

.5Y4 

.585 

. S R 3  

. S R 2  

.SH 1 

.5Gl . > Y  0 

.57‘4 

.h7H 

.S78 

.57 I 

.G76 

.5 I S  

.572 

.574 
- 5 7  3 
.5 I ?  
.57 1 . L17 I 
.570 
-564 
.She 
.56 4 . S h  7 
.5hC 
.56S 
.5h5 
.5h4 
. 5 h  3 
.5h? 
.5h? 

LO 

“019 

- . U l Y  
-.019 

-.01Q 
-.019 
- . O l Y  
- . O l Y  
- . l i l y  

-.U19 
-.[I19 
-.019 

- .d l9 
-.019 
- . i I lY  
-.u13 
-.019 
- . O l Y  
- . U l J  
-.OltI 
-.01H 
-.OltJ 

- .n ly 

-.nlu 

-.oln 
-.uln 
-.01H 
- . U I ~  

-.[)I5 
- .o le  
-.01* 

-.Old 
- .o le  

-.01H 
-.014 

- . n l n  

-.UIH 

- .() la 
- .n ly 

- . 0 1 H  
-.1ilU 
-.ole 
-.UlH 
-.01H 
-.Ole 
-.01n 
-.018 
-.Old 
-.01n 
- . I I I H  
-.ole 

- . U l J I  
-.1Jl?I 

-.Old 
-.01a 
-.01* 
-.Ol8 

-.Old 
-.Old 

-. i l l7 
-.Ill 7 
-.I117 
-.017 
- . i l l 7  
-.Ol I 
-:017 
-.017 

“017 
-.I l l7 
-.017 
-.‘I17 

-.n17 

t D  

24.49 
24.53 
24.57 
24.61 
Z4.6S 
24.6R 
24.72 
24.76 
24.n0 
24.44 

24.V2 
24.Yh 
25.00 
25.03 

25.11 
25.07 

25.15 
?5.19 
25.23 
25.27 

25.34 
25.31 

25.3H 
25.42 

23-50 
25.46 

2s. 54  

25.62 
25.66 
25.69 
?5.73 
25.77 
25.81 

25.69 
25.93 
25.97 
26.01 
23 -04  

2h.12 

2h.20 
26.16 

2h.24 
26.2e 

2 6 - 3 6  
26.32 

26.3Y 
26 .4 .3  
26.47 
Ea.%l 
2h.35 
2h.Lio 
Zh.63 
26.67 
Zh.71 
2tv. 74 
76.78 
26.R2 
26.86 
Lh.90 
26.94 
2h.9R 

27.0h 
27.0’4 
27.13 
27.17 
27.C1 

2 4 . w  

25. Sn 

2 5 . ~ 5  

26.on 

2 7 . n ~  

4 4  

.5h l  
-562  

.560 

.560 

.5s9 

.558 

.557 

.557 

.55h 

.55s 
,554 
.554 
.5s3 
.552 

.551 

.551 

.S50 

.549 

.549 

.54H 

.547 

.546 

.546 

.545 

.544 

.544 

.543 

.542 

.541 

.541 

.579 

. 5 3 H  

.539 

.537 

.536 

.536 

.53s 

.534 

.534 

.53? 

.5 3 3  

.532 

.531 

.s30 

.S?Y 

.529 

.527 

.527 

.526 

.5?5 

.S?5 

.5?4 

. 523  

.523 

.52? 

. 5 ? l  

.5?1 

.51Y 

.519 

.51R 

.517 

.S17. 

.S lh  

.515 
,515 
-514 
.S13 
.512 

.54n 

.52n 

.s?n 

5 

38.73 
34.77 

3H.8h 
38.81 

38.90 
3R.94 

99.03 
39.07 
39.12 
39.16 

39.25 
39.20 

39.29 

39.38  
39.33 

39.42 
39.46 

39.55 
39.50 

39.59 
39.63 

39.72 
3V.67 

39.76 
39.RU 
39.R4 
39.99 
39.93 
39.97 
40.01 
40.05 
40.10 
40.14 
40.18 
40.22 
40.26 
40.30 

40.39 
40.35 

40.43 
40.47 

40.55 
40.5Y 

40.72 
40.6.Y 

40.76 
40.r0 
40.84 
40.HH 
40.q1 

41.00 
41.04 
41.0H 
41.13 
41.17 
41.21 

41.2Y 
41 -25 

41.33 
41.37 
41.41 
41.45 
41.49 
41.53 
41   -57  
4 1   . 6 l  
41.65 

314.9~ 

40.51 

40.64 

411.96 
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TABLE A.IV.2 (CONTINUED) 

-.017 
- .017 

- .U l7  

- . 0 i 7  
-.1)17 
" 0 1 7  

-.n17 

- .n17 

-.n17 
- .n17 

-.n17 
- .n17 

-.017 
" 0 1 7  

-.I117 
-.I117 
- .017 
- .D l7  

" 0 1 7  
- .n17  

- . 0 1 7  
- .n17 

-.n17 
- . n l r  

- .n17 
- . i l l 7  

-.U17 
- . f l ! 7  
- . I 1 1 7  
-.1116 

- . l l l h  

- . a l e  

- . n l h  

- . n 1 *  

- . n i b  
- . n l c  

-.nit .  
- . i l l 5  

- . O l h  
- , O ; h  
-.fl.h 
-,fl'.. 
-.fl!h 

- .fll' .  
- . O : h  

. - . i l l s  

-.i1?,6 

.- . , :: '. - I ;; , 5 

- . n : 6  

- . n ~ h  

.- . l l  1 h 

- . U l h  
- . I ~ l h  
- .O ih  
- . O I t .  
-.fill. 

- .O ih  
-.n:h 

-.Gib 
-.L)lh 
- . n l +  
- . n l h  
-.n1.5 
- . 0 ; 6  
- .f l:5 
- . @ l h  
- . o l e  
- .01h 
- . n l h  

41 
.s12 
.512 
.s11 
.SI 1 

.so9 

.$lo 

. 5 n ~  

.50R 

.SO7 

.507 

.sos 

.Soh 

, 5 0 5  
.5114 . 4 I) .3 

.53? 

. so1  

,499 
.4u9 

. 4 V B  

.497 

.49h 

. 4 Y S  

. 4ss  

.4u9 

.494 

.4u3 

.4 Y ?  

.4Q% 

. 4 Y  I 

.49u 

. * B O  

.4qb 

. * H *  

.&?I7  

.4Fh 

.447 

. L k >  

. 4 P 9  

.on4  

.4* 1 

. & * 3  

.OH2 

.4N.J 

.5n J 

.5n1 

.so0 

.49r  

.4.J(1 

.*%I) 

.4 7 u  

.4?H 

.474 

.a77 

.477 

,475 
.475 
,474 

.473 
,4 71 

,672 
.*7? 
.a71 
, 4 7 0  
.471) 
.&b9 . 469 
.4hh 

.t ,*n 

.47h 

Lo 

- .U lh  
-.I116 
-.01b 

-.016 
- . l J lb  
- .n ls 

- .015 
- . 0 1 t ,  

- . O l i  

-.Ill5 
-.u1s 

- e 0 1 5  
-.015 
-.015 
-.019 
-.013 
- . O l t ,  
- .015 
-.015 
-.015 
-.01Y 
-.u15 

" 0 1 5  
-.015 

-.I115 
" 0 1 5  
-.u15 

- . i l ls  
- .015 

- .OlS 
-.015 

- e 3 1 4  

- .n1s 

- . n l s  
-.n15 
-.n15 
-.1115 
- .u15 
- .015 
-.(I15 
-.OI> 

" 0 1 5  
-,(I13 

- .u1s 
" . 0 1 5  
- . I l l s  
-.015 
-.015 
-.I113 
-.u15 
- .u15 
-.U15 
-.(I15 
- .u13 
- .UlS 
- . U l f ,  
- e 0 1 5  
-.U15 
- . O l ! Y  
- .015 
" 0 1 4  
-.u14 
" 0 1 4  
- . n i b  
- e 0 1 4  
- a 0 1 4  
-.(I14 
- .014 
- .014 
" 0 1 4  
-.b14 

tD , 

29.97 
2 9   e 9 3  

30.05 
30.01 

90.09 
30.13 
30.17 
30.20 
30.24 
30.2R 
30.32 
30.36 
30.40 
30.44 
30.4R 
30.52 
30.% 
30.W 
30.63 
30.  h? 

30.75 
30.71 

3u.  ? Y  
30.U3 
30.Hh 
30.90 
3u.94 
3U.9R 
31 .I12 
31.116 
31.10 
31.14 

31.21 
31.25 

31.33 
31.29 

31   -37  
31.41 
31.43 

31.5.3 
3 1 . r q  

31.S6 
31.6(1 
31  -64 
31.6P 
31.72 
31.76 

31.U4 

31 .YS 
31.91 

3 l .YY 
32.03 
32.07 
32.11 
3?.1S 
32 . lY  

32.2h 
32.23 

3 1 . 1 ~  

31.h0 

31 .w 

32.30 
32.34 
32.3H 
32.42 
32.46 
32.50 

32.5H 
32.54 

32.61 
32.65 

34 

.461 

.468 

.4hb 

.467 

.4h6 

.4hS 
e4b4  
- 4 6 4  
- 4 6 3  
.463 

.461 
- 4 6 7  

. 4 h l  

.460 

.4hO 

.459 

.45P 

.45n 

.457 

.457 

.4%S 

.45h 

.455 

.454 

.453 

.454 

.452 

.452 

.451 

.L51 

.4SO 

.449 

. * 5 0  

.64R 

.44n 

.447 

.447 

.44h 

.*45 

.445 

. A 4 4  

.444 

.443 

.443 

.40? 

.44l 

.441 

.440 
- 4 4 0  
.439 
.439 
.43n 

.437 

.4 37 

- 4 3 6  
.43b 
.435  
.435 
.434 
.433 

-432 
.433 

- 6 7 2  
- 4 3 1  
a471 
a430 

.4P9 

.430 . 628 

.4Ph 
a427 

5, 

44.31 
44.35 
44.39 
44.42 
44.46 
44.50 
44 .  s3 
44.51 
44.60 
44.64 

44.11 
44.68 

44.75 
44.70 
44.F2 
44.R5 
4 4 .  R', 
44.93 
44.96 
45.00 

45 .07  
45.03 

4 5 - 1 0  
45.14 
45.17 
45.21 
45.24 
45.26 

45.35 
45.31 

45.38 
45.42 
45.45 
45.49 
45.52 
45.56 

45.63 
45.59 

45.6b 
45.70 
45.73 
45.77 
45.r0 
4s.144 
45.87 
65.90 

45.97 
45.94 

46.01 
46.04 

46.1  1 
46.0H 

46.16 
4h.14 

46.25 
46.21 

46.28 
46.31 
46.35 
46.3U 

46.45 
46.41 

46.46 
4h.51 
46.55 
4h.58 

46.65 
46.62 

46.68 
46.72 
46.75 

I 
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'c 

-.014 
" 0 1 4  
-.014 
-.014 
-.n14 
- .n Iu  
-.014 
" 0 1 4  
--.I114 
- .014 
-.014 
" 0 1 4  
-.U14 

" 0 1 4  
- . n 1 4  

- . n l o  
-.I114 

" 0 1 4  
-.I114 

" 0 1 4  
- .014 

-.014 
- . n l 4  

- . n l r  
- . n i b  
-.014 
- . n 1 4  
-.n14 
- .n14 
- .014 
-.(I14 
-.OIL 
- . I l l 4  

" 0 1 4  
"014 
-.014 

-.n14 

- . n l r  
-.I114 

- .01r  
-.Ole 

-.014 
-.014 

- . I114 

" 0 1 4  

- . n i b  

- .n14 

- .n14 

- - . n i b  
- . n l 4  
" 0 1 4  
" 0 1 3  
- . n ~  

-.nl> 
- .n13 
- .n13 
-.n13 
- . n 1 3  

-.n13 
-.n13 

-.01.7 

"013 
-.I113 
- . n13  
-.n13 

-.n13 

-.n13 
-.n13 

" 0 1 3  

-.013 

-.(113 

TABLE A.IV.2 (CONTINUED) 

,427 4 6 - 7 5  
.4E7 46.7R 
e426  4b.HI 
.4?6 4 6 . R 5  
- 4 2 5  4h.HH 
- 4 2 5  4b.91 
,424 46.95 
.423 46.9H 
.423 4 7 . 0 1  
.422 47.'Jri 
.02z 4 7 . 0 ~  
- 4 2 1  4 7 . 1 1  
.421 47.14 

,420 47.21 
- 4 2 0  4 7 . l h  

,419 47.24 
.41H 47.27 
.418 47.31 
,417 47.34 
.417 47.37 
.41b 47.411 
.416 47.44 
,415 47.47 

.414  47.53 
,415 07.511 

.414 47.57 

.413 41.h7 

.412 6 7 . 6 6  

.411 47.73 

.411 L7.h9 

.410 47.76 

.410 47 .74  

.409 47.4.1 

.40Y 4?.Hq 

.40R 4 7 . Y ?  

.407 47.95 

.407 47.uir 

.&Oh 4d.111 

. L O 6  4I4.04 

.4O4 4*.11 
.kc15 4t4.07 

,404  414.14 
. 4 u 3  4n.11 
.403 4.\.20 
.402 4k .23  
.402 4h.2.h 

.4n1 4rr.33 
.401 4H.iJY 

.4OO 4d.36 

. r o 3  4v.39 
-39.4 4b.4? 
. 3 v v  66.45 
.3qh 4*.4n 
.39R 44.Sl 
. w 7  4n.34 
.99? 4l3.37 

.395 4l5.67 

.39h 4l4.tl3 

. 3 Y 5  4H.711 

.3v4 4 r .  73 

.3Y3 OH.?Q 

. j 9 3  4I4.76 

.39z 4H.dZ 

.392 4 H . l 4 5  

.391 4H.bh 

. J Y I  4h.91 

. 3qO 4H.94 

- 4 1 7  47.hV 

. 4 0 n  47.814 

.3Qh 4A.hU 

. w n  43.97 

t D  $1 D 

35.37 .390 4fi.97 
35.41 .3n9 49.00 
35.45 ,389 49.03 
35.49 .388 49.06 
3S.S3 .3R8 49.09 

35-61 .3H7 49.15 
35.65 .3n6 49.18 
35.69 ,386 49.21 
3'5.77 .385 49.14 
35.76 . 3 R 5  49.27 
35.HO .3H4 49.30 
35.R4 .3w4 49.33 

35.97 .3n3 49.39 
35 .14~ .3n3 49.36 

35.57  .3a7  49.12 

35.96 .3HZ 49.42 
36.00 .3H? 49.45 

36.07 .3A1 49.51 
36.11 .3AO 49.54 
3b.15 .3hO 49.57 
36.19 . 3 7 V  49.60 
36.23 .379 49.63 
3h.27 .37b 49.hb 
3b.31 .37H 49.69 
36.35 ,377 49.72 

3 6 - 0 3  .3n1 49.4t4 

36..38 .317 49.73 
3e.47 . 3 7 5  44.77 
36.46 ..77h 49 ;AO 
3h.50 .375 49.A3 
36.54 .375 49.Hb 

3h.62 ..374 49.92 
3 6 . 3 H  .374 49.YY 

3b.hh .373 49.9s 
36.70 ,373 49.98 
36.73 ,372 50.01 
36.77 .37? 50.04 

36.HS .371 50.0Y 
3h.HY .370 50.12 
36-43 -370 50.15 

37.01 . 3 h 9  50.21 
36-91 .3hY 50.1H 

3 7 - 0 5  .368 50 .24  
37.0R . i h H  50.77 
37.12 .367 50.29 
37.16 .367 50.32 
37.20 . 3hb  50.35 
37.24 .3hh 50.3H 
37.28 .365 50.41 

37.36 .364 50.47 
31 .40  .3h4 50.4'4 
37.43 .3b3 50.52 
37.47 . 3 6 3  50.55 
37.51 .362 50.5d 
37.55 .3h2 50.61 

37.h3 ,361 50.66 
37.67 .34l 50 .69  
37.71 .340 50.72 
37.75 . 3 6 0  50.7s 

37.h2 ;359 5O.RO 
37.96 .35R 50.83 
37.90 .35R 50.Hb 
37.94 .357 50.89 

3rl.112 -356 5d.94 
3H.Oh .356 50.97 
38.10 -3555 51.00 

30.81 .371  50.07 

37.32 . . ~ 5  50.44 

3 7 . 4 ~  .361 511.63 

37.78  .359  5n.77 

37.913 .357  50.91 

1111 I I  111111111 
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TABLE A.IV.2  (CONTINUED) 

T 
( 5 )  

1.960 
1.962 
1.964 

1.9hfi 
1.96h 

1.971, 
1.97% 
1 .Y74 
1.97h 
1.978 
1 .WO 
1.9H7 
1.984 
1.9Rh 
1 .Yap 
1.990 
1.992 
1.994 
1.996 
1.99.4 
P . 0 0 0  
%.no? 
? . n o 4  
2.006 
3.0OH 
P.010 
?.Ill? 

2.016 
2.014 

?.Ollr 
2.020 

3.026 
P.026 
2.112u 
2.030 
2.032 

Z.U3h 
?.Om 

?. 042 
7.044 

?.04* 
?.04h 

2.050 
2.057 
z. O S 6  
3.056 
2.OSR 
3.000 

P. Oh6 
?.Oh? 

Y e  Oh6 
?.06# 

P . 0 7 3  
3.076 
2.076 
7.074 
2 . O W O  
3. OH? 

2. 0 R A  
P.OP6 

2.090 

2.09- 
2.0Qh 
P . 0 9 R  
2.100 

2. n?? 

2.n36 

2.040 

2.070 

2. nH4 

2. o w .  

io 

-.012 
-.012 

-.012 
-.012 

-.012 
-.012 

-.012 
-.01? 
-.012 

-.012 
-.012 

- .012 
-.01? 
-.OlP 
-.012 
-.012 
L.012 
- . 0 1 2  
-.012 
-.n12 
-.01? 
-.012 
-.012 

-.n12 

-.nip 

-.012 

-.012 
-.nip 
-.012 
-.012 
-.01i! 
-.01? 
- . 0 1 ?  

-.012 
-.01? 

-.012 

-.Ol? 
-.01? 
- . 012  
- . 0 1 2  
-.01? 
-.012 
- . 0 1 ?  
-.Ill2 
-.01i! 
-.a12 
-.I113 
-.012 
-.01% 

-.01? 
-.I113 
-.01? 

-.017 
-.01? 
-.01? 

-.01? 
-.012 
- .012 
-.012 

-.011 
-.011 
-.011 
-.Ill1 
-.Ill1 

-.nip 

-.nl? 

-.n17 

-.nip 

-.nip 

-.nip 

-.n12 

44 
.355 
.355 
.354 
,354 
.353 
.353 
.352 
.352 
,351 
.351 
.351 
.350 
.35c 
,349 
.949 
.34n 
.348 
.347 
.34 7 
.346 
.34h 
.745 
.345 
.344 

.343 
,344 

.343 

.343 

.342 

.342 

.341 
-341 
-340 
.340 
.399 
,339 
,336 

. i.77 

.337 

.33h 
e336 
.335 
.33% 
.334 
.334 
.333 
, 3 3 3  
.33?  
.39? 
.13% 
,331 . .i3 1 
.310 
.330 . 379 . 339 
, :i%h 

.727 

.3P? 

.32 7 

.32b 

. 32h  

.325 

.325 

.324 

.324 

.3?3 

.3?3 

.33n 

.33 r 

.3?n 

b 

51.00 
91 .02 
51.05 
sl.ow 
51.11 
s1.13 

51.19 
Sl.16 

51.22 
51.24 
51.27 
51.30 
51.33 
51.35 

51.41 
51.43 
51.4h 
51.4V 
51.52 
51.54 
51.57 
5l.hO 
51.62 
51.65 

51.70 
51 .7.7 
51.7h 
51.7P 

51 . A 4  
51.lih 
51.W9 
51.91 
51.94 
41.97 
s1.99 

51.3~ 

5 1 . 6 ~  

sl.n1 

5 ~ .  a ?  
52.n5 
52 .u7  
42.1n 
52.12 
52.15 
5 ? . l a  
sd.zn 
5 ? . / 3  
52 .25  

52.31 
52.2li 

52.33 
%?. 36 
SP. 3 @  

52.41 
S6.64 
52.46 
62.49 
52.51 
SP. 54 

h%.SL) 

5Y.h4 

52 .56  

5Plhl 

S? b6 
5?.69 
5%.72 
52.74 
52.77 
5?.79 
52.82 
5 2 .  h4 

T 
( 5 )  

2.100 
2.102 
2.104 
2.106 
2.1u.9 
2.110 
1.112 
2.1 14 
2.11h 
2.118 
2.120 
2.122 
2.124 

2.128 
L.126 

2.130 
2.137 
2.134 
2.136 

2.140 
2.138 

2.142 
2.144 
2.146 
?.14R 
2.150 
2.19 

2.1Sh 
2.154 

2.15H 
2.lb0 
2.162 
2.164 
2.166 
2 .  lop 
2.170 
2.1 I7 
2.174 
2 . 1 7 6  
2.178 r'. 160 
2.164 
2.1Yh 

. c . 1 m  

.?.l*? 
?.lYO 

%.lV4 
2.196 
2.lV3 

2.202 
?.?os 
2.206 
2.20R 
2.210 
%.%l? 
2.216 
2.216 
%.?1H 
2.220 
?. 222 
2.224 
%.?%h 
2. P i ? &  
2.230 
2.232 
2.234 
2.236 

2.340 
2.83a 

2.1n2 

c . p o n  

10 

-.011 
-.011 

-.011 
-.011 
-.011 
-.011 
-.011 
-.011 
-.011 
-.011 
-.011 
-.011 
-.011 
-.011 
-.011 
-.011 
-.011 
-.011 

-.011 
-.011 

-.011 
-.011 
-.011 
-.011 
-.011 
-.I111 
-.011 
-.011 
-.011 
-.011 
-.011 
-.011 
-.011 
-.011 
-.011 
-.011 
-.011 
-.011 

-.011 
-.011 

-.011 
-.011 
-.011 
-.011 
-.011 
-.011 
-.011 
-.011 
-.U11 
-.011 
-.Ill1 
-.011 
-.Ill1 
-.011 
-.Ill1 
-.011 

-.ill1 
-.011 

-.Ill1 
-.011 

-.011 
-.Oll 
-.011 
-.Ill1 
-.011 
-.u11 
-.u11 

-.Ill1 

-.nil 

-.rill 

-.nil 

tD 

40.82 
40.A6 
40.HY 
40.93 
40.97 
41-01 
,41.05 
41.09 
41.13 
41.17 
41.?1 
41.24 
41.26 
41.32 
41 
41.40 
41-64 

41.92 
41.55 
41.5v 
41.03 
41 . A 7  

41.75 
41.71 

41.79 
41.a3 

41.90 
41-94 
41.Yh 
42.02 
42.06 
42.10 
42.14 

4?. 22 
42.25 
42.29 
42.33 
42.37 
42.41 
42.45 

42.53 
42.49 

42.s7 
42.60 
42-64 
42.68 

42-76 
42.7? 

* ? . f i O  

4 L . M  
42.92 
42.95 
42.99 

43.07 
43.11 
43.15 
43.1'4 
43.23 
43-27 
43.30 
43.34 
4 3 . m  
43.42 
43.46 
43.50 
43.54 

41.4~ 

41  .n7 

42.1~ 

42.ns 

43.05 

44 
.323 
.323 
.32? 
.322 
.321 
-321 
.320 
.320 
.319 
.319 

.316 

.319 

.317 

-316 
.316 
.316 
.315 
.31S 
.314 
-316 
.313 
.313 
.312 
-312 
.312 
.311 

.310 

.310 
-309 
.309 
. 3 O Y  
.308 
.308 
.307 
.307 

.306 
-306 

.306 

.305 

.304 

.303  
-304 

.303 

.303 

.302 

.302 

.301 

.300 

.300 

.300 

.299 

.299 

.298 

. P Y B  
,297 
-291 
-297 
-296 
.2w 
.295 
e295 
.2Y5 
.294 
.P94 
.293 
.2Y3 

e318 

e317 

a31 1 

.3n5 

. s n  1 

b 

52.84 

52.92 
52.89 

52.94 
52.97 
52.99 
53.02 
53.04 
53.07 
53;09 
53.12 

53.17 
53.14 

53.21 
53.24 
53.26 
53.2y 
53.31 
53.34 
53.36 
53.39 
53.41 

53.46 
53.43 

53.68 
53.51 

53.56 
53.53 

53.60 
53.98 

53.63 
53.65 
53.68 
53.70 
53.12 
53.75 
53.77 
53.79 
53.82 
53.84 
53.87 
53.89 
53.91 
53.94 
53.96 
53.98 
56.01 
54.03 
54.05 

54.10 
54.12 

54.17 
54.19 
54.22 
54.24 
54.26 
54 29 
54.31 
54.33 
64 3b 
54 30 
54.40 
54.43 
54.45 

54.49 
54.47 

54.52 

52.~7 

53.19 

54.n8 

54.15 
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TABLE A. I V  .2 (CONTINUED) 

T 
IS) 

2.240 
2.242 
P.744 
2 .?4h 
2.24P 
2.250 
7. 25P 
2.254 
2.256 

2.260 
2.25A 

? . P h Z  
2 . 2 6 p  
7.266 
2 .7hh  
? . n r l  
2.277 
7.276 
?.27h 

2.2n0 
7.27M 

3.2AU 
2.P82 

?.?RH 
? ,286 

?.290 
2.297 

7 .%9r 
P.290 

2. 2u* 
2.300 
P.302 
2.304 
2.70- 
% . 3 0 h  
P.310 
2.31% 
?.31C 
i?.31h 
P. 9 1 A  
? .32-0 

e. 3?4 
P. 322 

7.326 
P.329 
2.330 
2.33% 
7.334 
P.33h 

7.340 
2.339 

?.34Z 
P.344 
7.346 
7.34R 
7.350 
2-35? 
3.3% 
?.35h 
2.35U 
1 . 3 6 0  
2.363. 
1.364 
P. 366 
2.36U 
?.770 
3.372 
2. ,376 
2.376 
P . 3 7 W  
2.380 

io 

-.011 
-.011 

-.011 
-.011 

-.011 

-.011 
-.011 
-.011 
-.011 

-.011 
-.011 
-.011 

-.I911 
-.011 

-.011 
-.011 
-.011 
-.011 
-.Dl1 
-.Dl1 
-.011 
-.011 
-.011 
-.Dl0 

-.01(1 

- . 0 1 0  
-.010 
-.OlU 
- . 0 1 0  
-.OlO 
-.Dl0 
-.n10 

-.nil 

-.nil 

-.nil 

-.o~n 

-.a10 

-.nlo 
-.o10 
- . 010  

-.010 
- . O l f 1  

- . O l t I  
-.Dl0 
-.a10 
-.010 
-.010 

-.010 
-.I110 

-.oln 

-.oln 
-.nln 
-.UlU 
-.010 
-.010 
-.oln 
-.oln 

-.nln 

-.01(1 
- . 0 1 0  

-.010 
-.010 

- . 010  
- . 0 1 0  

-.010 

-.a10 
- . I l l 0  

-.nln 
-.nlo 

-.nlo 
-.a10 

2.3(10 - .010 

2.304 - a 0 1 0  
2.382 -.610 

2.346 -.010 

2.392 -.OlU 
2.390 -.010 

2.3Yh -.010 
2.3Y4 -.010 

2.3'34 -.010 

2.402 -.010 

2 . 3 ~ ~  - .010 

2.4017 - .o10 

2.404 -.n1o 
2.406 - .01o 

d.41~ -.n10 

2 . 4 O H  -.u10 
2.410 -.010 

2.414 -.010 
2.4i6 -.010 
2.419 -.010 
2.420 -.(I10 
2.422 - .010 
2.424 - .010 

2.428 -.010 
2,426 -.a10 

2.430 -.ole 
2.432 -.o1n 

2.436 -.a10 
P.434 - . U l O  

P.43H -.010 
2.440 -.OlO 
2.442 - . 0 1 0  
2.444 -.010 
2.4~6 -.UlO 
2.448 - .01U 
?.450 - .010 
2.45? - . 0 1 U  
2.454 -.DIU 
2.456 - . D l 0  
2.45R - . f l l o  
i?.QbO - e 0 1 0  
2.462 -.a10 
L.6b6 -.OlO 

2.464 -.010 
2.666 -.010 

P.470 - .010 
d . 4 7 2  -.010 
?.474 -.010 
2.616 -.010 
2 . * l R  -.o10 
2.4HO -.[I10 

2.436 - . f l l 0  
Z . 4 h i )  -.010 

t.486 -e010 
2.4h8 - e 0 1 0  
2.490 -.010 

2.4uo -.UlO 
rl.4vz -.n1o 

E . 4 Y h  -.010 
?.4YR - .010 
2.5oa -.a10 
2.bO? -.010 
?.SO4 -.010 

2.SUR -.OlO 
t.Sl0 - . D l 0  
2.517 -.U10 
2.514 -.010 
2.51h -.010 
2.514 -.010 
2.520 - . 0 1 0  

2 . 5 0 6  -.ulo 

tD 

'46 2h 

46.34 
46.30 

46.38 
4h.41 
46.45 
46 49 
46.53 
46.57 

46.65 
4b.hl 

46.69 
46.72 
46.76 

46. hA 
4h.h4 

46.96 
4b.92 

47.00 
41.04 
47.07 

47.15 
47.19 
47.73 
41.71 
47.31 
47.35 

47.42 
47.46 
47.50 
67.54 
41.5H 
47.62 
47.66 
4 7 . 7 0  
67-74 

4?.hl 
47.R5 
47.89 
47.93 
47.97 

48.05 
46.01 

48.09 
48.12 
48.lh 
49.20 

46. no 

47.11 

47.39 

41.77 

4n.24 
4R.2H 
48.32 
48.36 
L8.40 
4H.44 

44.91 
49.55 
44.53 
44.63 
40.67 

48.75 
4H.71 

48.79 
4H.H2 

4W.PG 
4B.Hh 

4W.Y4 

48.47 

48. 90 

.Z65 56.03 

.Z64 56.05 

.264 56.07 

- 2 6 3  56:Il 
0263 56.13 
-262 56.16 
e262 56.10 
.261 56.20 
.?61 56.22 

-260  56.2b 

.259 56.30 

.260 56.28 

.259 56.32 

.?59 5h.34 

.258 56.3b 

-257 50.40 
e 2 5 8  56.38 

.257 56.42 

.257 56.44 

.256 56.48 

.?56 56.46 

e 7 5 6  56,SO 
,255 56.52 
-255 Sh.54 

.PS4 56-58 
-25-4 56.56 

e254 56.60 
.253 56.62 

-252 56.66 
e253 56.66 

.252 56.67 

.?Si' 56.69 
a251 56.71 

,263 56.09 

.Zhl  56.?4 

.251  56.73 
e251 56.75 
.250 5h.77 
.a50 56.79 
.P49 % . A 1  
-249 56.H3 
-249 5h.RS 
-24R 56.87 
.240 56.09 
.24R 56.91 
.247 56.93 
,247 56.9s 

-246  56.98 
,246 56.97 

-245 51.02 
-745 57.04 
-245 57.06 
.244 57.08 

-243 57.12 

,246 57.00 

.244  57.10 

,243 57.14 
-243 57.16 
.242 51.17 
.?a? 51.19 
-242 57.21 
a241 5T.E) 
-241 57.25 
.?ro 57.27 
.24O 57.29 
e240 57.31 
.739 57.32 

.239 57-36 

.23* 57.3$ 

.P38 57.311 

. 2 w  57.40 
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Lo 

-.010 
-.010 

-.010 
-.O10 
-.Dl0 
-.010 
- .OOY 

"009 
-.0119 
-.009 
-.no9 
-.nor -. On9 
- .no9 - .on9 
- . O w  

-.no9 

- .ool i  

-.On9 
- . O ( t Y  

- .OOY 
-.(,Os 

-.on9 

- . o o ~  

- .no9 
- . o m  
-.nos 
-.no* 
-.OOY 

-.OUP 
- .no9 
- . O O Q  
- . O U 9  
- . O D 4  
-.ooq 

-.009 

-.004 
- . 0 0 Y  

-. (109 
-. 009 

- . 0 0 9  
-.009 

-.ooq 
-.on* -. 009 
"009 
-.OOY 
- . n o 9  

-.oflq 
-.Of>* 

- . O O O  

-.oar 
- . O O 9  
- . o n 9  

- . O D 0  

-.on9 

- .on9  

-.nnv 

-.no- 

-.on9 

-.on9 

-.on9 
- . o m  
- . o w  
-.009 
- .OOY 
- .00Y  
- . O W 4  
-.009 
- . o u *  
- .On9 

ik 
. a n  
.P37 
.237 
.e37 
.e36 

-236 
.23h 

.235 

.235 

.234 
e234 
.234 

.233 
- 2 3 3  

,233 
,232 
.232 
e232 
,231 
.231 
.230 
?30 
.230 
.229 

.22Y 

.229 

.E?@ 

. Z2fi 

.r?2n 

.??7 

.227 

.?26 

.e26 

.2P6 

.%25 
,225 

, 2 2 4  
. L Z S  

.??4 

.224 

.%?3 

.??A 

.27P 

.?Pi! 

.22E 

.?21 

.7?1 

.Z?1 

.2?0 . 2 ? b  

. ? l %  

. ? % O  

. ? l Y  

.# lU 
,218 
. ? l H  
.217 
.a17 
. ? I ?  
.216 

.?lh 
-216 

, 216  
a215 
. E l +  
,214 
a214 
.212 
.313 
.213 
.E13 

T 
( 5 )  

2 .660 

2.664 
2 h6b 
2.6bW 
2.670 
2.672 
2.674 
2.676 
2.h78 
2.680 
2.6Bi! 
3.6n4 
2.hbh 
2.  h8R 
2.hYO 
2.692 
P.694 
2.696 
2 .6YR 
2. 700 
2.702 
2.704 
2 . 7 0 6  
2.708 
2.710 
2.112 
2.716 
2.71h 
?.71W 
2.720 

2,724 
2.722 

2.726 
2 . 7 Z H  
2.730 
2.738 
2.73h 
2 . 7 3 6  
P.73h 
2.760 
2.74? 
2.744 
2. 746 
2.74h 
2.750 
2 .  T 5 P  

2. 756 
2.754 

?.-It30 
2.lA 

d.?t I? 
?.?h4 

?.?bW 
2.766 

?.7?0 
?.-I?? 

>.7ta 
2.714 

2.780 
P .  ? 7 R  

2.7nP 
2.1194 
E.7tl)b 
2 . 7 4 ~  
2 . 7 V O  
e. 792 
2.794 
2.740 
2.74w 
?.*on 

Lo 

-.OOY 
-e009 
- .DO* 

O U 9  
-.OOY 
-a009 
-.uo9 
-.UOY 
-.UOO 
- . O D 9  
-.UOY 
- .0OY 

-.U09 
- . 0 0 *  
- .00Y 

-.I309 
-.ooL) 

- .on9 

- .no9 

- .onv 

-.OOY 
- . o n 9  

- . O O Y  
- .on9 

- . O D 9  
-.on9 

- . a 0 9  
- .on9  

- .OOY 

- . on$  
-.on9 

-.on9 
-.OOY 
-.OrJY 
- . O U 9  
- . O O Y  

- .009 
-.OOY 

-.009 
- . O O J  

- .UOY 
- . o u 9  

- . O D 0  
-.oov 
-.OOY 
- .009 
-.OOY 

-.OUY 

-.00* 
- . O O Y  

- . U O Y  

-.OOY 

-.on9 

-.on9 

-.no9 

-.on9 
-.on9 
-.On9 
-.UOY 
-.U09 
-.009 

-.OOY 
- . 0 0 9  

-.OOY 

-.unY 

-.U09 
-.OOY 

-.On9 

-.on9 

- .on* 

- . o n 9  

% 
5 1 . 7 0  
51.74 
51.78 
S1.82 
511.86 
51.90 
5'1.93 
51 .!I? 
s2.01 
S2.05 
52.OY 
52.13 
52.17 
52.21 
52.24 
52.20 
52.32 
52.36 
52.40 
52.44 
52.48 
52.52 

52.59 
5 2 .  S6 

52.63 
S2.b'l 

52.75 
52.71 

52.74 
5P.A3 
52.87 
52.91 
52.94 
52.9H 
53-02 
53.06 

53.14 
53.10 

Sd.lP 
53.22 
53.C6 
57.29 
53.33 
53.37 
53.41 
53.45 
5 3 . 4 Y  
53.53 
53.57 
S.3.61 
53.b4 
S3.hn 

53.76 
53.72 

S3,HO 
53.84 
53. AB 
53.97 
53.96 
53.Y9 
54.03 
54.07 
54.11 
54.15 
54.19 
54.23 
54.27 
55.31 
54.34 
54.34 
54.42 

a213  
.212 

.211 

.212 

.PI1 
,211 
.210 
.210 
.E10 
.PO9 

.2OY 

.20R 

,207 

.PO7 

.207 

.206 

.PO6 

-205  
.2Oh 

.205 

.205 

.204  

.203 
,203 
.203 
.PO2 
.POP 
,202 
,201 
.201 

. P O 0  

.201 

,200 
,199 
,199 . 1 PY 
.19R . 1 QH 
.IO8 

. l o 7  

.197 

.197 
,196 
.196 
-196  
.195 . 195  
.195 

194 
,194 

194 
193  

.m9 

.20n 

.2ne 

.PO* 

.2on 

,193 
a 1 9 3  
.lo2 
.192 
. 1 Y Z  

.191 

. l O l .  

.1Y1 
,190 
. 1 Y D  

.I49 
189  

. I  R 9  

.19n 

b 

58.62 
5R.64 

50.67 
58.66 

5R.69 
5R.71 
58.72 
58.14 
58.75 

5n.90 

58.77 
543.19 

5R. 0i? 
5r.r4 
58.r5 
58.n7 
58.40 
58.90 
50.92 
5A.93 
54.95 
58.96 
5r.98 
59.00 
59.01 
59.03 

59.06 
59.04 

59.0d 
59.0Y 
59.11 
59.12 
59.14 
59.15 
59.11 
59.18 

59.22 
59.20 

59.29 
59.25 
59.?6 
59.2b 
59.2Y 
54.31 
5 Y .  32 
59.34 
59.35 
59.37 
59.39 
59.40 
59.42 
59.43 
59.45 
59.46 
5 9 - 4 0  
59.49 
59.51 
59.52 
59.54 
54.55 
54.57 
59.58 
59.60 
59.61 
5y.63 
59-64 
59.66 
59.67 
59 68 
59.70 
59.71 
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TABLE A .  IV.2  (CONTINUED) 

T 

(51 

?.ROO 
2.802 
2.no4 
?.#Oh 
2.HOh 
3.810 
2.817 
2.1310 
2.Ul6 
7.819 
2.H20 
2.822 
2.R24 
2.826 
P.R2h 
T . 9 3 0  
2.832 
2 .n34 
2.836 
2.834 
2.R40 
7 ,  R4? 

?.A46 
2.84R 
? . A 5 0  
?.HS? 
2.R54 
?.A56 
? . R S P  
?.MU 
?.Ah? 
?.I464 
? . R e 6  
?. HhR 
2.47@ 
2.872 
7.~74 
?.H7h 
Z.R7H 
?.ann 

7.084 
2. RW2 

P.qA6 
?. RClr 
T.HPD 
2. W9? 
7 .  
P.HY6 
Z . R W  

%.QU? 

7.~44 

?.yon 

? . m  
P.Ynb 
'2.90h 
2.910 
2.912 
3.914 
?.Jlh 
7.UlH 
i?.QZfl 
? 927 
?.9%* 
2.52h 
?.Q2P 
2.930 
2.93P 
2.934 
?.'43h 
P . Y 3 h  
?.96? 

"0 

-.no9 

- .no9  
- .on9  
-.no9 

-.009 

-.ooy 
-.009 
-.OOY 
- .on9 
-.onq 
-.nns 
-.on9 

- . n n ~  
- . n o 9  

-.009 

-.OOH 
- . 008  
- . O O R  
-.OOH 

-.oou 
-.OOb 
-.OOR 
-.OOH 
-.OOb 
-.OOh 
- . 0 0 P  
- .O( l tY 

- . O O P  
-.Oflb 

- . on@ 

-.now 

-.noR 
- .on8 
- . o w  
-.on8 
-.no8 

-.OOH 
-.OOH 

- . o o e  

-. 008  
- . O O P  

- . O O A  
-.OOH 
- .OOb 

-.OOH 
- . o o e  
- .008  

-.01)U 
-.OlIH 

- .onn 

-.oon 

 o on^ 

-.nnn 
- . n n ~  
-.ann 
-.non 

-.on8 
-.eon 

-.01lH 

-.OOH 
-.Our 
-.Ol)H 

-.one 
- . o ~ H  

-.oon 
-.now 
- . O W  

-.00h 

- . O f l R  

-.OOH 
- . O O R  

% 
. in9 
.Ian 
.188 
.1R8 

.1R7 

.187 

.187 
-196 
.1Rh 
.1R6 

.1R5 
,l R5 

.lR5 

.le4 
, 1 A 4  
.lh4 . 183 
-163  
.le3 . lH2 
. I P S  
.le2 

.l*l 
,181 

.1H1 

.1HO 
, 1 R O  

.140 

.179 

.179 

.179 

.17H 

.178 

.178 

.177 

.177 

.176 

.177 

.176 

.17h 

.175 

.175 

.175 
,174 
,174 
.1'74 
.173 
,173 
.17J 

172 
,17? 

-171 
-172 

.171 
,171 
.170 
170 

.169 
170 

16'4 
.lhY 

. lhh 

. lhh . lhtr 

.l67 
167 
.167 . 166 
- 1  hh . 1*6 

. t'rz 

2.940 -.008 
2-96? - a 0 0 8  
2.944 - . om 

2.948 -.nod 
2.946 -.non 

2.950 -.ootl 
2.952 - . 008  
2.Y56 -.008 
2.956 - .008 
7.95~ - .ooc)  
Z.wn - .no8 
2.962 -.On8 
Z.Yb4 - . 0 0 8  

2.46R - .008 

2.912 -.OOB 
2.974 - .008 
2.976 -.008 

2.vwo - . O O H  
2.978 -.OOd 

2.W? - . n o d  
%.YH4 -.OOB 

%.YIJR - . O O R  
2.9dh -.008 

Z.Y')? -.no8 
2.9'40 - . O O M  

7.994 - . O O 8  
2.996 - . O O A  
2.9YH - .008 

3.OOE -.OOH 

2.966 -.on8 

2.970 -.oo8 

3.noo -.oon 

3.004 - . o m  
:j.ooh - .on8 

3.010 -.one 
3.017 - .oon 
3.014 - . o o n  
3.016 - .noe 
3.01Y - . 0 0 8  
J . O Z O  - . U ~ H  
3 .022 -.UOH 
3.024 -.OOb 
3.1126 -.OOH 

7.011M - e 0 0 8  

3.n.+ - . U O Y  
3.030 -.on& 
3.n3r -.one 
3 . n ~  -.oo8 
3.034 - .no8 

3.113H - .UOH 
5.040 -.(Ill8 
3.1142 - . [ I O U  
3.044 -.(Inn 
3.046 -.uon 
3.O*H - .008 
3 .050 - . o n 8  
3 . n ~ ~  - . U O A  
3.054 -,eon 
'3.flSh - .no6 
3.05~ -.on6 
.a.nho - . O O R  

3.066 - . o n 8  

3.0hP - . o n 8  
-4.004 - . O O R  

3.070 - . O O A  
3.0bH -.On8 

3.072 -.OOH 
3.074 - .00U 

3.0 14 -.ootl 
3 . n r h  -.ood 

ErJ 

57.16 
57.1R 

57.26 
57.30 
57.34 
57.38 
57.41 
57.45 
57.49 

57.57 
57.53 

57.61 
57.65 
57.69 
57.73 
57.76 
57-80 
57.84 

57.92 
57.96 
58.00 
58.04 
5LI.OR 
58.11 
5R.15 
58.19 

58.27 
SF1.23 

'58.35 
S8.31 

58.39 
56.43 
5lj.46 
5A.SO 

SH.58 
58.54 

5H.h2 
'58.66 
58.70 
SCI. 74 
5W.711 
S8.Hl 
5R.HS 
sn.w 
5H. 9.7 
s8.w 
5Y.01 
SY .05 
50.UY 
5Y.13 

5Y .2v 
SY.16 

5'4.24 
5Y.28 
59.37 
SY.36 

59.44 
59.4fl 

5Y.4.h 
59.Sl 

59.59 
59.55 

59.63 
5Y  .67 

59.75 
59.71 

5Y.79 

57.22 

57.148 

59.~3 

3 ,  
-166 
.lb5 
-165 
-165 
-164 

-164 
.164 

.lh3 

.163 
-163 
-162 
.162 
- 1  62 
.161 
.I61 
-161 
,160 
-160 
.160 
.159 
.lS9 
.1S9 
159 

.158 

.150 

.15H 
-157 
-157 
-157 
-156 
.156 
-156 
.I55 
.155 
.155 

.154 

.154 

154 
.154 
-153 
-153 
.153 
-152 
.152 
.152 
a151 
.151 

.150 

.151 

.150 

.150 

-149 
.150 

.149 

.14R 

.148 
-147 
-147 

144 

.14Y 

14b 

a147 
-146 
146 

rn 146 
-146 
.145 
145 
145 
144 

b 

60.68 
60.69 
60.70 
60.72 
60.73 
60.74 

60.77 
60.75 

60.78 
60.79 
60.81 
60.~2 
60.83 
60.H4 

60.87 
60.86 

60.89 

60.92 
60.91 

60.94 
60.93 

60.96 
60.97 
60.98 
60.99 
61 . O O  
61.02 
61.03 
61.04 

61.07 
61.05 

61.08 
61.09 
61-10 
61.11 

61.14 
b1.13 

61.16 

60.m 

61.15 

61.17 
61.19 
61.20 
61.21 
61.72 
b1.23 
61 -24 
61.2b 
61.27 
61 .E8 
61.2Y 
61.30 

61.33 
61  a31 

61.34 
61.35 
h1.36 
61.37 

61-40 

61.42 
61.61 

61.43 
h1.44 

61 e38 

61.45 
61 -46 
61.48 
61.69 
61.50 
61.51 

J.OU0 -.008 SY.R6 .144  61.52 
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TABLE A .  IV. 2 (CONTINUED) 

T 
( 5 )  

3.~40 
3 OH2 
3.0H4 
3.086 

3.092 
3.090 

3.094 

3.OYR 

3.104 
3.1 O ?  

3.10H 
3.110 
3.112 
3.114 
3.1 lh 
3.11P 
3.1?I) 
3.1?? 

3.1?6 
3.1?* 

3.132 
3.134 
3.136 

3.140 
3.147 
11.144 
3.146 

7 . 1 5 0  
3.144 

3.152 
3.154 
3.156 
3.1F-e 

3.167 
3.lCO 

3.164 
3.166 
3 .  lhh 
7.17n 
3.172 
3.174 
3.176 

3.1Pf) 
3. lk? 

3 .1HH 
3.lHh 

3.190 
11.192 
3.19- 
3.146 
3.19H 

7.262 
3.?09 
?i.r?Oh 
3.?0* 
3.210 
3.212 
3.214 
3.216 

3.2?11 
3.21h 

3.014~ 

3. nqc. 

7.100 

3.1nh 

1.124 

11.130 

3.13~ 

3.17n 

3.1~4 

3.200 

LO 

-.00* 

-.OnH 

-.OUH 

- .008  
- .OnR 

-.OOh 

-.oun 

-.non 

-.on8 

-.non 
-.eon 
-.OOH 
-.ooe 
-.nnn 
- . n o r  
-.one 
 o on^ 
- . O O U  
- . O O b  
- .no# 

-.nnu 

-.on9 

- .non 
-.on* 
 n no^ 
- . n n ~  
- . no@ 
- . n o w  
-.one 

-.OOH 

-.noti 

-.OOH 

- . O O H  
- . f l O P  
-.nun 
-.one 

-.no* 
-.o~H 

-.on€! 

' . O O P  
-.UIlfl 
- .nnn 
-.nnn 
- . n o t i  
- . n n ~  
   on^ 

- .one 
-.nnn 
- . o n 8  
- . O O P  
-.On8 
  on^ 
- . n n r  
- . no t i  
- .not i  
-.00H 
- . n n n  
-.on8 

- .OOh 

-.OOh 
-.OOP 
- .90h 
- . o n r  
-.OD? 
-.OD7 - .007 
-.on7 
-.on7 
-.no7 
-.on7 
-.no7 

4 4  

.144 
-144 
.143 
.143 
-143 
-143 . I42 
.142 
-142 
.141 
.I41 
.141 
.140 
,140 
.14n 
.13Y 
.I34 
.134 
.I39 

.138 . 1 * P  

.I37 

.137 

.137 

.136 

.13h 

.136 

.13b 

.135 

.I35 

.135 

.134 
-134 
.134 
.134 
.133 
.I33 
,133 
.132 . I32 
.132 
.131 
.I31 
.I11 
.131 
.130 

.A30 . 1 ?V . 1 ?9 . 1 ? Q  . 1 ?H 

. 1 ? H  

.1?H 

. l?H 
-117 
.I27 
.127 . l.?h 
.l%b 
.1?5 
.1Zh 
. I??  
a 1 ?5 
.125 
-124 
.1?4 
.124 
.1?4 
. 1  i)3 

.13n 

. I  3n 

T 
( 5 )  

3.?20 
3-22? 
3.224 
3.226 

3.230 

3.234 
3.232 

3.236 

3.240 
3.242 
3.244 
3.246 

3.2SO 
3.?5? 
3.PS4 
3.2Sh 
3.%!5* 
3.300 
3..?b? 
3.?64 
3.2bh 
3.268 

3.272 
3.270 

3.274 
3.216 

3.22~ 

3.234 

3.24.4 

3.278 
3.zno 
3 .  zn? 
3.PH4 
3.r?Hh 
3 . 2 H R  

3.%92 
3.2+4 
3.296 
3. ~ 4 n  
3 . 3 0 0  
3.302 
3.304 
j.3Uh 
3.3nu 
3.310 
3..il? 
3.314 
3.31h 
3.314 
3.3?0 
I. 3 2 %  
3.324 
3.32h 

3. ?vn 

3 . 3 ~  
3.330 
3 .  '332 
3 .334  

3.339 
.3.33h 

3.340 
3.34? 
3.344 
3.346 
3.349 

*. 35P 3.350 

3.354 
*.356 

3.360 
3.354 

LO 

-.On7 
-.007 

-.007 
- .on7 

-.on7 
-.on7 

-.on7 

-.un7 
-.on7 
-.U07 
-.on7 
-.007 
-.on7 
-.On7 
-.uu7 
-.007 
-.007 
-.On7 
-.o07 

-.UO7 

- . 0 0 7  
-.007 
-.do7 
-.On7 
- . 0 0 7  
- . 0 0 7  
-.On7 
-.o07 
-.007 
-.OD7 
-.(J07 
-.o07 
-.on7 
-.(IO7 
- . 0 0 7  

-.007 

-.UO7 
- . U i l 7  
-.007 
-.007 

-.01)7 
-.007 
-.on7 
-.007 

- . O O  7 
-.007 

-.007 

-.on7 

-.no7 

-.on7 

-.on I 

-.no7 

-.on7 

-.on7 

-.no7 
-.on7 
-.no7 
-.OW 
-.no7 
-.on7 

-.on7 
"007 

-.n1,7 
-.UO7 

-.007 

- . U 0 7  
-.on7 
-.007 
-.007 

-.no7 

-.on7 

td 

62.59 
62.62 
62.66 

62.74 
62.70 

62.78 
6 2 - 0 2  
62.86 

62.93 
62.90 

62.97 
63-01 

63-09 
63.13 
63.17 

63.25 
63.28 
63.32 

63.05 

h3.21 

63-36 

h3.44 
b3.40 

63.4H 
bJ.S2 
63.56 
63.h0 
63-63 
h3.67 
63.71 
63.75 
b3.7Y 
63-83 
63.87 
63.V1 
63.Y5 
6.3.9H 
64.02 
44-06 
64.10 
64-16 
64.lA 
b4.22 
64 26 
64.30 
64.33 
64.37 
64-41 
64.45 
64.4') 
64.53 
64-57 
64.61 
64.65 
h4.6'3 
66-72 
69-76 
64.RO 
h4.84 
64-88 
64 92 
64.96 
65.no 

65.n7 
65.03 

65.11 
65.15 
65.1Y 
65.23 
bS -27 
65.31 

54 
-129 
.123 
.123 
.122 
.122 
.122 
.122 
.121 
.121 
.121 
.120 
,120 
.120 
-119 
.llY 
.119 
.I19 
.11R 
.llb 
.I 18 
-117 
-117 
.117 
.117 
-116 
,116 
.116 
.115 
.115 
-115 
,115 

-114 
-114 
-113 
.113 
.113 
.113 
.112 
.I12 
.112 
.111 
. 1 1 1  
.111 

. I 1 0  

.111 

.110 

.110 

.110 

.lo9 

.lo9 

.l n9 . 1 on 

.lo8 

.l O R  

.lo7 

- 1  Ob 
-107 

.lo6 

.lo6 

.lo6 . 1 OS 
-105 
.lo5 
-104 
-104 
.l 04 

. l o 3  

. I  14 

.I n8 

.in7 

.in4 

b 

62.25 
62.26 
62.27 
62.28 
62.29 
62.29 
h2.30 
62.31 
62.32 
62.33 
h?. 34 
62.35 
62.36 
62.37 
62.38 
62.39 
62.40 
62.41 

62.42 
6P.42 

62.43 
62.44 
62.45 
62.46 
62-47 

62.49 
62.50 
62.51 
62.52 
62.52 
62.53 
62.54 
62.55 
62.56 
62.57 
62.58 
62.59 
62.5Y 
62-60 
62.61 
62.62 
b2.63 
62.64 
62.65 
62.66 
62.66 
62.67 
62.68 
67.69, 
62.70 
62.71 
62.71 
6?.72 

62.74 
62.73 

62.75 
hP.7b 
67-77 
62.77 

62.79 
62.p0 
62.H1 
62.r1 
62-82 
62.83 
62.84 
62. 85 

62.Rb 

62.4~ 

62.78 

62.nb 
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TABLE A . I V . 2  (CONTINUED) 

T 

( 5 )  

3.3hO 
3.3hZ 
3.364 
3.366 

3.370 
3.37?. 
3.374 

.3.37n 
3.376 

.3.380 
3.3R2 
3.3P4 
'3.386 

3.39e 
7.390 

3.394 
3.396 

3 . 3 ~  

3 . 3 ~  

3 . . m  
n.4on 
3.402 
3.406 
9.40h 
3.40R 
3.410 
3.412 
3.416 
3.41h 
3.41H 
3.420 
3.42P 
3.424 
3.4%* 
.3.42 8 
3.430 

3.434 
3.432 

3.43h 

3.460 
3.43H 

3.444 
3.442 

3.440 
3.44P 

3.452 
3.450 

3,454 
3.456 
3.45A 

3.46? 
3.466 

3,46!1 

3.4h6 
3.40H 
3.470 
3.472 
3.474 
3.47h 
3.47A 

3.4RP 
3.4H0 

3.4P* 
3.486 

3.490 
3.4PY 

3.4Q% 

3.496 
3.4Y4 

3.49- 
3.5nl) 

10 

-.007 
-.no7 

-.on7 
-.on7 

-.0u7 
-.007 
"007 
-.007 

-.nn7 
-.on7 

-.on7 
- . 0 0 7  
-.007 
-.007 
-.nor 
-.on7 
-.no7 
-.on7 
-.007 
-.a07 
"007 

-.007 
"007 

-.no7 

-.on7 
-.on7 
-.nu7 

-.on7 
-.an7 
-.no7 

"007 

-.007 

-.007 
- . 00 '7  

-.On7 

-.no7 
-.007 

-.007 
-.OUT 

-.On7 

-.no7 

-.no7 
-.on7 

-.on7 
-.no7 -. 0 0 7  

-.no7 

-.on7 
-.on7 
-.no7 

-.no7 

-.no7 
-.no7 
- . 007  
-.a07 
-.007 

-.007 

-.007 
-.007 

-.007 

-.007 

-.007 

- .on7 
-.no7 
-.on7 
-.no7 
- .007 
- .007 
- .007 
-.007 
-.007 

2t.I 

.I03 

,103 

. l o 2  

. l o 2  

. l o 1  

. l o 2  

. l o 1  

e 1 0 3  

. i n3  

. ~ n l  

. i n 1  

. l o o  

. l o a  

. l o o  

-099 
.It99 . 0 Y Y  
.099 

. o w  

. o w  

. n w  

. o w  

.097 

.OY7 

-096  
-097 

-096  . 096 
-096  
. O W  
.095 

. OV4 
,095 

09 4 
, a94 

- 0 9 3  
-093 

-093 
,093 
.092 

.092 

.oq2 

. 092 

. 0 9 1  

. o r 1  

. 090 

. 090  

. 0 9 0  

.090 

, UrlY 
.on9 

.OAH 

.OHH 

.ow4 

.OH7 

.on7 
I OR7 
. O R ?  
, O H 1  . Oh6 . OR6 . O R 5  

OH5 

, OR4 

. 095 

. O Q ~  

. o n9 

: (I R 9 

. n n t  

.nos 

. on5 

T 

(SI 

3.500 
3.502 
3.504 
3.506 
3eS09 
3.510 
3.51? 
3.514 
3.516 
3.51R 
3.520 
3.521 
3.524 
3.526 
3.528 

3.532 
3.530 

3.534 

3.538 
3.536 

3.540 
3.542 
3.544 
3.546 
3.949 
3.550 
3.552 

.i.551 
3.554 

3 e S b o  
3.55R 

3.564 
3.562 

3.566 
3 . i b 8  
3.570 

3.574 
3.572 

3 . Li 70 

3.560 
3.s7.9 

3.584 
3.582 

3.iM 
3.\h8 
3.590 
J.542 
3.5Y4 
3.Sv6 
3.5YR 
3.600 
3.602 
3.604 
3.hU6 
3.hOR 
3.h10 
3.612 
i.614 
. j .hlh 

.3.6.?0 
3.hlM 

3.522 
.'I. 624 
3 .h%6 
.i.h2H 
3.630 
3.632 
3.634 
3.h3h 

3.h40 
3.63U 

LO 'D % 2, 

-.007 
-.U07 
- e 0 0 7  
"007 
-.007 
-.007 
-.007 
-.007 

- .007 
"007 
-.007 

-.007 
-.007 

-.007 

-.on7 

-e007 
-.on7 

"007 
-.007 
-.007 
-e007 
-.007 
"007 

-.007 

"007 
-.007 

- .007 
-e007 

-.007 
-.007 

-.oo7 

- a 0 0 7  
-e007 
-.I107 
-.007 
-e007 
- . oor  
-e007 
-.007 

-.007 
-. 007 

-.007 
"007 

-.0u7 
-.007 
-.007 
-.007 

-.007 
-.Ob7 

"007 

- . o n ?  

-.0n7 

- .on7 
- a 0 0 7  - . I1 I1 7 

-.!I07 
- .007 

-.007 

-e007 
-a007 

-.on7 

-.nu7 

-.uo.r 
- e 0 0 7  

-.007 
-.007 
"007  
-.007 

-.007 
-.OD7 
-.(107 

68 .03  
68.07 
60.10 
68.14 
6L1.1R 

68.26 
h8.22 

68.30 
68.34 
68.30 
68 -02  
68.45 
68.49 

68.57 
60.61 
68 65 
6a.69 

68.53 

68.73 
68.77 
68.80 
68. ~4 
68.88 
68.92 
66.  96 
69.00 
69 -04  

69.12 
69.08 

69.15 
69.19 
69.23 
69.27 
69.31 
69.35 
69.39 
69 43 
69.41 
6Y .SO 

69.5H 
69.54 

69. 66 
6Y .h2 

69.70 
69.74 
69.78 

69.8s 
69.M0 
69.93 
(59.97 
70.01 
70.05 

69. w2 

10.13 
70.17 
70.10 
70.?4 
70.2H 
70.32 

70.40 
70.36 

70.44 
70.41) 
70.52 
70.55 

70.63 
70.SS 

70.67 
70.71 
70.75 

70.09 

-084 
. O R 4  
.OR4 

. O R 3  . O A 3  

. O R 3  

.OR? 

.OH2 

. O M  

.OR1 

.OR1 

. o a l  

.OR1 

.onn 

. n ~ o  

.n79 

.n79 

.07n 

. on3 

. ne? 

. 0 8 U  

.079 

.079 

.078 
-078 
.o  78 
.077 
.077 
.077 
.o77 
.076 
.n7h 
.076 
.07b 
.075 
. n ~  
.07s 
-074 
.07* 
-074 
.074 

,073 
.073 

.073 
,073 . 0 7 1  

-072 
.072 
.071 

.Or1 

.071 

.070 
-070 

.070 

. 0 7 0  

.069 

.Ob9 

.Ob9 

.Oh9 

.Ob8 

. a72 

.n71 

, o6e 
.MR 

.ob7 . nh7 

06? 

.067 

.Ob6 

.Oh6 
-066 

63.37 
63.38 
63.39 
63 39 
63.40 
63.41 
63.41 
63.42 
63.43 

63.44 
63.43 

63.44 
63.45 

63.46 
63.46 

63.48 
63.47 

63.48 
63.49 
63.49 
63.50 
63.51 
63.51 
(53.52 
63.52 
63.53 
63.54 
63.54 
63 -55  
63.55 
63.56 
63.57 
63.57 
63.56 
63.50 
63.5'4 
63.60 
63.60 
63.61 

63.62 
63.61 

h3.63 
63.62 

63.64 
63.64 

63.65 
63.65 

63.66 
63.66 
63.67 
63.6R 
63.68 
63.b9 
63.h9 
b3.70 

h3.71 

63.72 
63.71 

63.72 

63.70 

63.73 
63.73 
63.74 
63.75 

63.76 
63.76 
63.77 

63.70 
63.70 

63.75 

63 -77  



227 

TABLE A.IV.2 (CONTINUED) 

7 

( 5 )  

3.640 
7.642 
3 .644  
3 .646  
7.h4*  
3.650 
3 - 6 5 ?  
3.654 
3.h5h 
3.658 
l . 6 6 0  
3 - 6 6 ?  
3.664 
3 .666  
3.66H 
7.670 
3.672 
3 . 6 7 ~  
3.676 
3.67h 
:j.hno 
3.hh? 
3.51.14 

3.6HR 
7.6hh 

3.h9? 
7.6Vf) 

3.6'44 
3.69h 
3 . 6 9 H  

3.702 

3.7Dh 

3 .712  
3.710 

3.71h 
3.714 

3.71H 
7 . 7 2  0 
3.727 
3.724 
3.72h 
3.7?H 

3.732 
3.730 

3.734 
3.73h 

3.740 
3.731.1 

3.741. 
3.742 

3.74h 
3 .741  

3.752 
3 .7su  

3.7% 
.?.7hn 
3.7h2 
3.764 
3.766 
3.7t.H 
3.770 
3.772 

3.77h 
3.774 

3.77iJ 
3 .7RO 

3.7no 

J .  7 0 4  

3 . 7 0 ~  

3.750 

3.75h 

Lo 

-.a07 
-.007 

-.007 
" 0 0 7  

-.007 
" 0 0 7  

-.007 

-.007 
-.our 

-.007 
-.007 

" 0 0 7  
-.U07 
- .007 

-.007 

-.on7 

-.on7 

-.on7 

- .no7 

-.on7 
- . O U T  
- . 007  
- .on7 
-.on7 
- .007 
-.007 

-.our 
- .007 

-.007 
-.OOh 

- .on7 

- . n n h  
-.no6 
- . O O h  
- .onh 
-.OOh 
- . o n 6  
- . o n 6  

- . o n 6  
- . o n 0  

- . o n *  
- . O D 6  
- .OUh 
-.nn6 
-.OOh 
-.on6 

-.On6 
-.onh 

- . (1 (I h 
-.noh 
-.noh 

- .on6 
- .onh 

-.nu6 
-.OOh 
- . O n 6  
- .no6 
- . n u 6  
-.nnh 

-. no6 
-.no6 
-.no6 
- . O M  

-.no6 
-.no6 

-.no6 
-. 906 

-. 006 
-.on& 
-.OOh 

-.OOh 

2t.I 

,066 

.065 

.Ohb 

.055 

. Oh5 
,064 . Oh4 
.064 . Oh4 
,063 
,063 

.Oh3 

. Oh3 

. 0 h 2  

.Oh2 

.Oh2 . Oh2 . Oh 1 

.Oh 1 . Oh 1 

,065 

. nh I . nhu . Oh0 

. Oh0 .ah0 

. 059  

.059 . os4 . n5Y 

. 0 5 R  

. OSH . 11 56 

.Ob7 

. o w  

.os 7 

.n57 . 05 7 

.05b 

.056 . OSh . O S 6  

.055 

. OS5 

.055 

.054 

.os4  

.054 

. n5s 

.n54 

. ns3 
IJ 53 

. o s 3  . OS3 

.I152 . OS2 

. 0 5 z  

.n57 . ns 1 
-051 
.05 1 
.os1 
. w o  . nsn 
.nsu 
.os0 
. 0 4 Y  
.04V 

.04Y 

. n4v 

. n4u 

Lo 

-.OOb 

-.no6 
-.on6 

-.on6 

-.006 
- .on6 

- . U O b  
-.l)Ob 

-.006 

- .on6  

-.on6 
-.no6 
- .on6  
-.On6 
-.a06 

-.Onh 
-. On6 

- . O O h  
- . U O b  
- . O O b  
-.006 

-.006 
" 0 0 6  

-.UOb 
-.Unb 
-.a06 
- . O U 6  

-.Oil6 
-.OOh 

-.O'Jb 
-.OOb 
-.on6 
-.006 
-.On6 
-.on6 
-.on6 
- .006  
- . O M  -. 006 
- . O U b  
-.Oflh 

-.On6 
-.IlOb 

- . U 0 6  
- . O O b  

-.U06 
-.U11b 

-.OO6 
-.UOb 
-.bo6 
-.I)uh 
-.006 
-.I)Oh 
-.on(, 
- . D O 6  
- . O n 6  
- . d u b  

- . O O b  
- . ( lob 

-.006 
-.OD6 
-.006 
-.006 
-.006 
- . O U 6  -. 006 
-.006 

-.on6 

-. no6 

-.on+, 

-.oab 

tD 

73.47 
73.51 
73.55 
73.59 

73.66 
73.h2 

73.70 
73.74 
73.78 
73.A2 

73.90 
7 3 . ~  

73.94 
73.97 
74.01 

74.09 
74.05 

74.13 
74.17 
74.21 
74.25 

74.32 
74.29 

74.3h 

74 .44  
74.40 

74.4e 

7 4 - 5 6  
74.52 

74.60 
74.h4 

74.71 
74.67 

74.75 
74.79 

74.h7 
74.R3 

7 4 - 9 1  

7 4 . w  
74.Y9 

75.10 
75 . f l6  

75.14 

75.22 
7 5 . l k  

75.26 
75.30 
75.34 
75.37 
75.41 
7 5 . 4 5  
75.44 
7s.s3 

75.b1 
75.57 

75.65 
7'3.69 

7S.7h 
75.72 

7 5 .  A 0  

75.RR 
75.84 

75.96 
75.92 

76.00 
76.D3 
76.07 
7h. 1 1  
76.15 
76.1Y 

7s.02 

4 4  

.OM 

.048 

.04R 

.O4R 

.047 
- 0 4 7  
.047 
.047 
- 0 4 6  

.046 
- 0 4 6  

.045 
- 0 4 5  
- 0 4 5  
.(I45 

.044 
,044 

.044 

.044 

.Ob3 

.043 

. 043  

.047 

.042 

.u42 
,042 

- 0 4 1  
.041 

.Oh 1 
-04 1 
.Ob0  

.040 

.040 

.oh6 

.n43 

.n+o 

. n 39 

.039 . n 39 

.039 

.o 39 

.03A . 0 3H . o 38 

. o w  

.037 

.037 

.037 
- 0 3 7  
.03b 
. 0 3 6  

.036 

.o 7h 

. 0 35 

.035 

.035 

. o  3s 

.o 34 

.034 
- 0 3 4  
.033 
- 0 3 3  
.033 
.o 33 
.033 
.032 
.072 

.032 
-032 

.031 

.n34 

D 

64.09 

64.10 
64.10 

64.10 
64.11 
64.11 
64.11 
64.12 
64.12 
64.13 
64.13 
b4.13 
64.14 
64.14 
6 6 - 1 4  
64.15 
64.15 
64.15 
64.1b 
6 4 - 1 6  
64.16 
64.17 
64.17 
64.17 
64.18 
n4.1b 
64.18 
64.19 
b4.19 
64.19 
64.20 
64.20 
64.70 
64.21 
64.21 
64.21 
64.22 

64.22 
64.22 

6 4 - 2 2  
64.23 
64.23 
64 .23  
64.24 
64.24 

64.24 
64.24 

64.25 
64.25 
64.75 
64.26 
b4.2b 
6 4 .  ?6 
64.76 
64.27 
b4.27 
64.27 
64 .28  
64.28 

64.28 
64.28 

64.2Y 
64.29 
64.29 

64.30 
6 4   - 2 9  

64.30 
64.30 
64.30 
64.31 
64.31 
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Lo 

-.(I116 
-.OOh 
- . O ( l 6  
-.OOh 

-.Doh 

-.OOb 
-.Onh 

-.on6 
-. O O h  

- .no6 
-.OOh 

-.I706 
-.nOh 
- . ( IO6 
-.OO6 
- .no6 
-.O06 

-.on4 

-.no6 

-.nnn 
- .no& 
- . n { ~  
- . n n h  

- .no6 
- .no6 

- .on6 

-.OOh -. 006 
-.nnh 
- .on6 -. 006 
-.OOh 
-.006 

-.IlOh 
-.nOh 
-.OOh 
- . o n 6  
- . nnh  

-.no6 
-.OOh 

-.on* 
-.0Uh 
-.OOh 
-.Doh 

-.oaf. 
-. 0 0 6  

-.OOh 
- .Ollh 
-.006 

-.on6 

- . n n h  

-.non 
-.OM 

- .OOh 
- .Doh 
- .OOcI  
-, no+ 

- .on+ -. o n 5  

-.on6 
- . n n h  
- . O n 6  

-. (16 

- . I1 (1 b 

- .no6  

tD 

76.15 
7 h . I Y  
76.3.1 
76.27 

76.35 
Th.31 

7 6 . 3  
76.42 
7h.l.h 
76.50 
7h .54  
76.5H 
7h .67  
76.66 
76.71) 
16.73 
7h.77 
7h.Hl  
7h.UC1 
76. f i9  
7h.U.3 
7 h . 0 7  

77 .05  
77 .01  

77 .12  
7 7 . 0 ~  

77.16 
77.?0 

77 .?* 
77.72 

77.40 
77 .3n  

7 7 . 4 3  
77.47 
77.L.1 
77.65 
77 .Elq 

77.63 

77.7 1 
77 .75  

77. *% 
7 7 . 7 ~  

7 7 . ~ 6  
77.00 

7 7 . w  
17 .94  

7P.1~2 
7 i ' . C h  
7 1 . 1 . )  
7a. 1 4 
7 3 . 1  I 
I i . ? 1  
IH.25 
7 H . F . I  
7 * .  .3 i 
lJ3.37 

77.24 

77.h7 

7y.4 1 
7 f l . 4 5  

7 n . w  
7 p . 4 9  

73.60 
* I  .w 
7*.6h 

4 4  

.032 
.031 
.031 
.U31 

,030 
.030 
.030 

.02q 
,030 

,059 
.I)ZL, 

. Oi'6 

.02e  

.n31 

. n ? q  

. n?n 

. n ~ a  . OZt i  

.I177 

.027 

.0?7 

. n27 

. O P b  

.O?h 
-026 
-926 
.O?S 

.OP5 

.02s 
- 0 2 4  
. 0%4 

. I) 7 4  

.u74 

. 0 ? 3  

.023 

.073 

,022 
, D?;J 
.0?2 
.n?2 
.071 
.nz1  
.031 

. nzu . 0? 1 

.07n 

. O ? O  

. I l?O 

. O l < >  

. O l Q  

. O l V  

. 0 l H  

. O l Y  

.U17 

.U l7 

.017 

. 02s 

.074 

.I123 

.n?o 

.01v 

. n l c  

. ~ I H  

.n17 

. o n 1  

7, 

6 6 - 3 1  
0 4 . 3 1  

64 .31  
64.31 

h4.32 
b*.3C 

64.32 
64.32 

64 .33  
64.3.3 

h4.33 
h4.33 
6 4  . A 3  
h4.34 
64 .34  
bU. 14 
h4.34 
64 .3s  
64.35 
h 4 . 3 5  
6U.35 
64.35 
64.36 
h4..3h 
h4 .  3h 
64.3h 
bo.  36 
64.37 
64.37 
h4.37 
64.37 
64.37 

64.3* 
h4.3U 
64.314 
h4.3* 
64.3* 
69.3- 
64.3- 

64.3q 

64.3Y 
h4.3V 

6 4 . 4 0  
h4.40 
b4.40 
6 4 . U 0  
h4.40 
6 4 . 4 n  

64.4 I 

h 4 . 4 1  

t-4.ul 

h4.41 
64.1.1 
44.41 
hU.42 
h4.4? 
64.42 
h 4 . 4 ?  
ha .42 
64.42 

04.47 
t.4.4? 

h4.3fl 

64 .30  

ha .4 1 
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4.nsn - .o06 

& . o w  - . O M  

4.068 -.Ow 

4.1-174 - . o o ~  

lr.060 -.006 

4.066 -.OOb 
4.064 -.OOb 

4.070 "006 
4.072 - a 0 0 6  

6 . 9 1 6  -.OOb 
4.078 - . 0 0 6  

4 . 0 d 2  -.OOb 
4.Od4 - . O O b  
4 . 9 M  - .006 
4 . 0 m  - .OOQ 

6.(154 -.006 
4.09? - . O O b  

4.Ogh -.On6 
6 . 0 9 R  - .On6  
4.100 -.006 
4.102 -.on6 

4 . lUh  " 0 0 6  
4.104 -. OOb 

4.108 -.OOb 
4.110 -.On6 

4a.114. -.UOb 

4.118 -.no6 
4.116 -.OOb 

4.120 -.006 
4.12? -.DO6 
4.124 -.006 
4.126 -.006 
4.128 -.no6 
4.130 -.OOh 
4.132 - . O O b  
4.134 -.006 

4.13A -.OOb 

4.142 -.006 
4.140 -.006 

4.146 -.Doh 
4.14M -.UO6 
4.130 -.DO6 
4.152 -.ooa 
u.154 -.006 
4.1% - . O O h  

4.ono -.oo6 

4 . 0 ~ 0  -.oo~ 

4.112 - .on6 

4 . 1 3 0  -.not, 

4.144 - .UOb 

4 . 1 ~  - .noh 
'-.lb'l - . U O b  
4.16% - .OOb 
4 .164 -.006 
4 . l b h  " O o b  
4 . l h 3  - . O O b  
4.1 70  -.UO6 
4 .172 -.UOb 
4.174 -.nOb 
4.17h - . O D 6  
4 . 1 7 H  -.006 

4.1t j? - . D O 6  
4.lHO -.OD6 

4.144 -.006 

tD 

7R.87 
70.91 
78.95 

79.03 
7A.99 

79.07 
79 .11  
79.14 
79.18 
79.22 
7Y.  26 
79.30 
79.34 

79.42 
7V.3b 

79.46 
7 9 - 4 9  

79.57 
79.53 

79.65 
79.61 

79 .h9  
7v.73 
79.77 

7V.84 
7 9 . b l  

79.86 
79.92 

80 .00  
7Y.9h 

80.04 

H0.12 

R l l . l Y  
60.23 
80.27 
80 .71  
do .  35 

8 0 .  on 

80.16 

~ 0 . 4 3  
w 0 . w  

H0.51 
80.47 

80.54 
HO.58 
60.62 
U0.66 

80.74 
l30.70 

80. h2 
80.714 

hO.Hh 
MO.HY 
n0.w 
HO.Y7 

81.05 
81.01 

nl .  00 
81.13 
81.17 
81.71 

81.28 
81.24 

H1.32 

5, 
.015 
,015 
.015 
- 0 1 4  
- 0 1 4  
a014 

- 0 1 4  
.014 

.013 
- 0 1 3  

-013 
- 0 1 3  

.012 
.012  
.012 
. 0 1 2  
.011 
.011 
.011 
.Oil 
. D l 1  
.010 

. 0 1 0  

.010 

.n10 

. o n 9  

.on9 

.009 
4 009  
.009 

.OOH 

.OOR 

. O O H  

.007 

.007 

.007 

. O O b  

.OO* 
-006 
-006 
. 0 0 5  

-005 
- 0 0 5  
- 0 0 4  
e004  
. O D 4  
.004 

.or13 
-003 

-003 

.00.? 

. O W  

.on7 

.no6 

. o n 5  

.on4 

. o n 3  

. o n 2  

. on2  

.no2 

.002 

. 0 0 1  

.001 

.001 
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b 

64.43 
64.43 

64 .44  
64.44 
64 .44  
b4.44 

64.44 
64.44 

64.44 
64.44 
6 4 - 5 4  
64.44 

64.45 
64.45 

64.45 
64.45 
64.45 
64.45 

64.45 
64.45 

64.45 
b4 .  45 
6 4 - 4 5  
64.46 
h4.46 
64.46 

64.46 
64.46 

64.46 
64.46 
64 46  
6 4  .,46 
64.46 
b4.46 
64.46 
64.46 
6 4  -46 
64.46 

b4.47 
64.46 

64.47 
64.47 
64.47 
64.47 
64.47 
64.47 
64.47 
64.47 
64.47 
64.47 

64.47 
64.47 

b4.47 
bcl e47 
64.47 
66.47 
64.47 
64.47 

64.47 
64.47 

64.47 
64.47 

64.47 
b4.47 


