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We sha l l  f i r s t  develop equat ion 2 by s t a r t i n g  w i t h  
the fo l l ow ing  equat ion (which i s  der ivab le  from 
f i g .  1)  r e l a t i n g  r t o  R: 

INTRODUCTION 

Systematic p red ic t i on  o f  s o i l  l oss  due t o  wind ero- 
sion has been shown t o  i nvo lve  the t ime and space 
in tegrat ion of the normal component o f  the surface 
s o i l  loss  vector (Cole 1984). The genera1 spac ia l  
in tegrat ion techniques t h a t  were developed i n  t h a t  
paper are app l ied here f o r  a c i r c u l a r  f i e l d .  Th is  
f i e l d  shape was chosen t o  demonstrate the technique 
because the mathematics and r e s u l t i n g  equations a re  
r e l a t i v e l y  simple. App l i ca t i on  t o  complex f i e l d  
shdpes requ i res  numerical i n t e g r a t i o n  and data 
ent ry  techniques which a re  unique t o  d i g i t a l  com- 
puters. The development o f  t h i s  machine s o l u t i o n  
capab i l i t y  w i l l  represent phase 2. 

METHOD 

The genera 1 ma s s - f l  ow-rate equation developed f o r  
any convex-shaped f i e l d  i s  given (Cole 1984) as 

dx s i n  61 ds {g COS B - a 
(see the 1 i s t  a t  the end o f  the  sumary sect ion 
and f igures 1 and 2 f o r  symbol d e f i n i t i o n s ) .  

I n  order t o  use t h i s  equation, we must . d e f i n e  the  
boundary o f  the  f i e l d  i n  terms o f  s, t he  d is tance 
along the perimeter. Furthermore, the s o i l  l o s s  
l i n e  i n t e n s i t y  func t ion  q (see f i g .  I ) ,  which i s  
assumed ava i l ab le  from wind tunnel studies,  i s  a 
funct ion o f  r, the d is tance from a nonerodible 
boundary. From equation 1 and f i g u r e  2 i t  can be 
seen tha t  u l t i m a t e l y  q, v i a  a ser ies  o f  a x i s  t rans-  
formations, becomes a funct ion o f  s, and 6 t he  wind 
angle. Figure 2 i l l u s t r a t e s  the r e l a t i o n s h i p  
between the wind o r ien ted  coordinates R,u and the  
f ixed coordinates x,y by which the f i e l d  shape, C, 
i s  described. 

TO s imp l i f y  equation 1 requ i res  a mathematical 
descr ip t ion of the compound func t ion  o f  r, t h a t  i s ,  

and 

d x 2 cos fi - - ds s i n  0 

where x(s) and y ( s )  a re  a parametric d e s c r i p t i o n  
of  the f i e l d  boundary and the h,J have been sup- 
pressed for  s i m p l i c i t y  i n  equation 2 s ince they do 
not  a f fec t  the de r i va t ion .  For t h i s  p a r t i c u l a r  
f i e l d  shape, i t  i s  expedient t o  convert t he  s d i s -  
tance t o  w v i a  the fo l lowing d e f i n i t i o n  o f  an arc:  

USDA, ARS, A g r i c u l t u r a l  ~ n g i n e e r ,  Manhattan, Ks. 

Equation 5 represents the  s h i f t i n g  o f  the  r a x i s  
along the R a x i s  due t o  two causes. The Rl term 
i s  the s h i f t  due t o  the  f i e l d  boundaryat  the  i n f l o w  
s ide and Y the s h i f t  due t o  the magnitude o f  the  
s o i l  i n f l ow .  Both o f  the  e f f e c t s  are independent; 
t h a t  i s ,  even i f  the i n f l o w  were zero ( t h a t  i s ,  
\Y = O) ,  the value o f  q ( r )  would vary due t o  the .  
p o s i t i o n  o f  the f i e l d  boundary Rl(u). A more de- 
t a i l e d  explanat ion o f  equat ion 5 i s  developed i n  
Cole (1984). 

We a re  in te res ted  i n  cons t ra in ing  R t o  the  boundary 
o f  our f i e l d ,  s ince t h i s  i s  where the i n f l o w  and 
out f low e x i s t .  We note  from f i g u r e  2 t h a t  R as a 
funct ion o f  u i s  mu l t i va lued  and, as such, i t  i s  
n o t  useful  f o r  i n t e g r a t i o n  u n t i l  i t  i s  made s i n g l e  
valued. We do t h i s  by subdiv id ing the per imeter of 
the c i r c l e  i n t o  two func t ions  depending on a: 

Subs t i t u t i on  o f  equat ion 6 i n t o  5 y i e l d s  

We see t h a t  t o  evaluate equat ion 7 requ i res  the 
desc r ip t i on  o f  (R2 - R 1  and' R 1  since. Y, the 
inverse o f  q ( r )  i s  known. 

From f i g u r e  2 i t  can be seen tha t  (R2 - Rl) i s  any 
chord t h a t  i n t e r s e c t s  the  c i r c l e  and i s  p a r a l l e l  
t o  the R ax i s .  From tr igonometry we have 

R2 - R 1  = 2a s i n  u(s). (8 

I n  order t o  determine R1, the  second unknown i n  
equation 7, we w i l l  u t i l i z e o n e o f  t h e c o o r d i n a t e  

. 

t rans forina t i o n  equations between the x,y and R,u 
coordinate systems, 

R = x cos $ + y s i n  0 .  ( 9 )  

To determine R1 we must cons t ra in  equation 9 t o  
the perimeter o f  t he  c i r c l e  by causing the x,y 
coordinates t o  be the s e t  o f  coordinates descr ib ing 
the  c i r c l e  i n  terms o f  s, t h a t  i s ,  

R = x (s )  cos 0 + y ( s )  s i n  B. (1 0) 

The a n a l y t i c  expression f o r  x(s).and y ( s )  can be 
determined from f i g u r e  2 by app l i ca t i on  o f  t r i g o -  
nometry as 

X (S)  = j + a s i n  (U + $), 

y (s )  = k - a cos (w + 6). (11 



Figure 1 . - -Soi l  loss 1 ine  i n t e n s i t y  funct ion q, r e l a t i v e  t o  two axes, r and R. 

Figure 2 . - -F ie ld  shape, functions, and coordinate systems. 



Subst i tu t ion o f  equdt ion 11 i n t o  10 y i e l d s  because the numerical values ro and a a re  such 
t h a t  

R = j cos B + k s i n  0 + a  s i n  ~ ( s ) .  (12) 

Now equation 12 does not  ye t  describe Rl. This i s  
accornpl ished by f o r c i n g  R, which describes the 
t o t a l  perimeter, t o  descr ibe on ly  the R1 por t ion,  
tha t  i s ,  

This r e s u l t s  i n  two regions f o r  w, which are  sep- 
arated by w0, where 

- R1 = j cos 8 + k s i n  0 - a l s i n  w(s ) l .  (13) 
Since the s o i l  l o s s  r a t e  i s  equal f o r  each h a l f  o f  
the c i r c l e ,  we i n t e g r a t e  over one-half the c i r c l e  
and double the  r e s u l t s ,  t h a t  i s ,  

Now s u b s t i t u t i o n  of  equations 8 and 13 i n t o  7 
y i e l d s  the fo l l ow ing  equivalent o f  equation 2: 

rb = 2 ( c O  o r  a s i n  u d~ r = 6 2a s i n  u 

+ ~ ( j  cos B + k s i n  6 - a l s i n  w l )  (14) + 1;'' a ro a s i n  u dw) 

1 O < W ~ ,  ou t f l ow  

where 6 = 

0 a<u~2n,  i n f l ow .  

where 

r = 2a s i n  u O < U ~ U ~ .  (22 

I n t e g r a t i o n  o f  equat ion 21 r e s u l t s  i n  To complete the eva lua t ion  o f  the  components o f  
equation 1 we must evaluate equation 3. This i s  
done by f i r s t  eva luat ing the  de r i va t i ves  o f  x ( s )  
and y ( s )  ( u t i l i z i n g  equation 11) and s u b s t i t u t i n g  
the de r i va t i ves  i n t o  equation 3. The r e s u l t s  are  

6 = 2a(a2w0 + cos w0(ar0 - a2 s i n  wo)). . (23)  

The numerical values from Chepi l ' s  curve (Chepil 
1957) expressed i n  S I  u n i t s  are 

% cos 13 - - dx s i n  = s i n  ~ ( s ) .  ds 

Subst i tu t ing equations 14 and 15 i n t o  equation 1 
and using equation 4 t o  determine dm i n  terms o f  s 
resu l t s  i n  the fo l l ow ing  mass-flow-rate equation 
for  a c i r c u l a r  f i e l d :  

and 

= 1frq(6 2a s i n  w + r ( j  cos $ + k s i n  6 For a t y p i c a l  center  p i v o t  i r r i g a t i o n  f i e l d  on a 
1/4 section, 

- a l s i n  wl) ,  h,J) a s i n  u dw (16) 

where 6 i s  def ined i n  equat ion 14. From equation 20  we f i n d  t h a t  

Now equation 16 can be f u r t h e r  simpl i f i e d  if we 
assume a zero s o i l  i n f l o w  cond i t i on  ( t h a t  i s ,  
assume t h a t  the boundary o f  the  f i e l d  i s  nonerod 
W e ) ,  then 

wO = 0.675 radians. 

F i n a l l y ,  s u b s t i t u t i o n  o f  these fou r  values i n t o  
equation 23 y i e l d s  

i = Ion q(2a s i n  w, h , ~ )  a s i n  u d ~ .  (17) 

as the r a t e  o f  s o i l  erosion. 
EXAMPLE 

TO demonstrate the u t i l i t y  o f  equation 17, we sha l l  
ca l cu la te  ti f o r  a t y p i c a l  center  p i v o t  i r r i g a t i o n  
system using pub1 ished q curve data (Chepil 1957, 
Fig. 1, curve d).  To simpl i f y  the in teg ra t ion ,  we 
represent t h i s  curve as 

SUMMARY 

A method f o r  i nco rpo ra t ing  a spec i f i c  f i e l d  shape 
i n t o  the general mass-flow-rate equation has been 
demonstrated. The r e s u l t i n g  equation (equation 
16) a l lows f o r  the use o f  a s ing le  l i n e  i n t e n s i t y  
funct ion,  which has been sh i f ted and transformed 
appropr ia te ly .  The equd t ion cor~s iders  not  on ly  
the  surface condi t ions impl ied by J but  a l so  the 
wind angle, rad ius  o f  the c i r c l e ,  the o f fset  d i s -  
tances j and k, and the  magnitude of  the s o i l  
i n f l ow .  where ro i s  the breakpoint o f  t h i s  piecewise l i n e a r  

representat ion and a i s  the slope which i s  assumed 
cons tan t. We note t h a t  i f  there i s  no in f l ow- - tha t  i s ,  i f  

the f i e l d  boundary i s  nonerodi b l  e--then the mass 
f low r a t e  i s  independnet o f  the wind angle. Subs t i t u t i on  of equation 18 i n t o  17 r e s u l t s  i n  two 

in teg ra l s .  These two i n t e g r a l s  r e s u l t  i n  t h i s  case 



This method, whi le  p r a c t i c a l  f o r  simple geometric REFERENCES 
shapes, becomes q u i t e  impract ica l  f o r  nonanalyt ical  
shapes, and the numerical i n t e g r a t i o n  of equation Chepil , W. S. 1957. Width Of f i e l d  s t r i p s  t o  con- 
1 must be performed. t r o l  wind erosion. Kans. Agr. Expt. Str. lech. 
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Symbo 1 D e f i n i t i o n  and dimensions2 

rad 

the 

Cole, 6. W. 1984. A method for  determining f i e l d  
i u s  o f  c i r c l e ,  L wind erosion ra tes  from w i  nd-tunnel d e r f v d  

functions. Trans. ASAE 27(1):110-116. 
perimeter o f  t h e  f i e l d  surface, L 

distance from s o i l  surface t o  top  o f  the  
f i e l d  con t ro l  volume. This a l so  may be 
considered the  s a l t a t i o n  height, L. 

x coordinate o f  the  center  o f  t he  c i r c l e ,  L 

the set  o f  surface condi t ions which a f f e c t  
9 

y coordinate o f  the  center  o f  the c i r c l e ,  L 

the s o i l  mass-flow r a t e  through a spec i f i ed  
surface, M T'l  

l i n e  i n t e n s i t y  the s o i l  f l ow  r a t e  per u n i t  
width, M L - ~ T ' ~  

same as q but w i t h  respect t o  the R,z axis,  
M L-IT-' 

distance along the r axis,  L 

breakpoint o f  q i n  equat ion 18, L 

distance along the R ax is ,  L 

arc length  o f  per imeter C, L 

distance along the u ax is ,  L 
-. . 

d istance along the x axis,  L 

distance along the y axis,  L 

slope o f  l i n e a r  p a r t  o f  q i n  equation 18, 
ML-2~-1  

wind angle, the angle o f  t he  wind r e l a t i v e  
t o  the  p o s i t i v e  x axis,  counterclockwise 
p o s i t i v e  (see f i g .  2) .  dimensionless 

def ined i n  equation 14, dimensionless 

3.14159.. . , dimensionless 

the inverse func t ion  o f  q ( r )  

see equation 4, d i~nensionless 

see equation 20, dimension1 ess 

Subscripts 

i index, 1, 2, 3 ... var ious surfaces and/or 
arc .lengths 

------ 

2 H, L, and T as dimensions r e f e r  t o  mass, length, 
and time. 


