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rvianometers are connected to wells installed in the roil 
surface to give the water tallln elevatiohs brlvrren the 
drains. Photo PX.D.70128 

Water rl~scharg~ny from the l~orwmral  tde draw$ bs 

collected an4 pumped 10 the water rtolage tank for 

rerupp!y to the recharge rystdrn Photo PX-D 70130 



Water ir recircuixed in the drainage system to maintain a 

uniform wxer temperature and to maintain a uniform 

dirralvcd air corltent in the water. Photo PX.0-70127 

A uniform water recharge to the entire roil surface is 
obtained by distributing the flow through uniformly 

spaced holes in the recharge tuber. Photo PX-D-70131 



PURPOSE 

A sand tank model was studied t o  learn more about 
flow conditions for drainage by pipe drains on level 
and sloping land. The main purpose of the study was t o  
determine how drain spacing formulas that were 
developed for.level land could be modified for use on 
sloping land. 

CONCLUSIONS 

1. Data obtained from a sand tank model verified 
theoretical equations developed for steady-state 
drainage conditions on level land. . 

2. The study showed that drain spacing formulas 
developed for level land can also be used for midslope 
drains on sloping land. In  general, dowiislope drains 
require closer spacing than on level land. Conversely, 
the upslope drains can be spaced farther apart. 

3. ~oo~houdt ' s "  equations to correct for convergence 
by use of an equivalent depth can be combined into 
the steady-state 'drainage equation and solved with a 
relativelv simple computer program. 8 J /  ., 

.. . . 

4. The maximum water table height between drains 
and the drain .:spacing can be ddtermined for 
steady-state drainage'$conditionr. Computer programs 
were developed using .the Fortran language for a 
time-rharing compdter system. 

APPLICATIONS 

The computer programs, d~veloped t o  solve the 
Donnan drain spacing equation with Hooghoudt's 
correction for convergence, can be used t o  solve 
steadystate drainage problems on level and sloping 
land. The input variables that determine the drain 
spacing are: hydraulic conductivity of soil, P; deep 
percolation recharge rate, R; maximum height o f  water 
table that can be allowed between drains, H: distance 
from drains t o  the impermeable barrier, D: and radius 
of the gravel envelope, R1. 

INTRODUCTION 

On sloping land that requires drainage, agricultural pipe 
drains are usually installed transverse to the slope along 
'Numbers designate references at end of text. 

percolation pan of the irrigation water is drained away. 
Theoretical developments and Hele Shaw model studies 
have been made and approximate solu;ions given by 
various authors. 

,. ', 

I n  the present study, a series of tesjs were' made in a 
variable slope sand tank hydraulic model t o  
demonstrate level and sloping land drainage problems. 
The studies were made t o  check theoretical drainage 
formulas for level land and to determine i f  the 
formulas iauld be applied t o  drainage on slopingland. 

Data obtained from the model were used to check 
basic formulas developed for drains installed on level 
land. A computer program was developed t o  determine 
the drain spacing for pipe drains. The lwel land 
drainage formulas were applied t o  the data obtained 
from the model tests on sloping land. A computation 
t o  demonstrate the use of 'the computer program for. 
determining drain spacings was made using typical data 
from a ground-water aquifer. 

', 

S ~ D  TANK MODEL 

The basic flume. Figures 1: and 2, used for the study 
was 60 ft (18.29 m) long, 2 ft (0.61 ml  wide and 2-712 
ft (0.76 m) deep with transparent plastic panels 
forming the right side looking downslope. For ease in 

-.. tilting the flume, two 16WF36 continuous steel beams 
..- 

supponed it. The steel beams yere supported at two ..,. 

points. The downslope support was a pivot and the 
upslope beam support was the lifting point. The 
SUppOrtS were located to minimize deflections. The 
spacing of supports was designed t o  give equal 
deflections at the ends and the center of the flu;i;, 
Deflection was limited to one-fourth inch. Design load 
on the beams was 900 Iblft (1.339.3 kglm) (450 Iblft 
(669.7 kglm) on each beam) considering the weight of 
the flume, sand. water. beams. and persons standing on 
the walkway on the side o f  the flume. 

Figure 2. Sketch of tii~ingflume. (Not to scale.) 



Lifting one end of the flume t o  achieve the slope 
desired was done by two 8-ton (7.26metric ton) 
motorized chain hoists. Templates were used to achieve 
the slope desired. After the slope was set, screwjacks 
were placed under the beams of the upslope lifting 
point for safety. Because of headroom limitations, the 
maximum slope that was obtainable with the flume 
was about 12 percent (about 6' 50'). 

Pipe Drains 

To simulate pipe drainage, eleven 518-inch (1.59-cmj 
od by 1R-inch (1.27-cm) id  plastic tubes were used. 
The plastic tubes were slotted with a bandsaw. The 
first drain was 4 inches (10.16 cm) from the downslope 
end of the flume. Drains were spaced 6 f t  (1.83 m) 
apart, except for the last two at the upslope end which 
were 5 f t  4 inches (1.63 m) apart, making the last drain 
also 4 inches (10.16 cm) from the upslope end of the 
flume. 

Floor Drains 

Eleven floor drains were placed along the centerline of 
the flume. The first drain was 1 f t  (30.48 cm) from the 
downslope end. The drains we& spaced 6 f t  (1.83 m) 
apart with the exception of thelast two on the upslope 
end. 'which were 4 ft (1.22 m) apart, making the last 
drain also 1 f t  (30.48 cm) from the upslope end of the 
flume. The floor drains were made from 112-inch 
(1.27-cm) galvanized pipe passing through the floor o f  
the flume. A valve +4s in each drainline which led to a 
common 1-112-inch (3.81-cm) pipe manifold beside the 
flume floor and extending its full length. Each floor 
drain was covered by 100-mesh ssreen and a 1-inch 
(2.54cm) thick layer of No. 16 coarse sand. 

Piezometer Wells 

Piezometer wells were placed in  the sand along the 
centerline of the flume. They were made of 518-inch 
(1.54-cm) od by 112-inch (1.27-cm) id plastic tubes 
7.112 inches (19.05 cm) long. The bottom endsof the 
tubes were pluggcd..and the bottom 2 inches (5.08 cm) 
of the tubes wer&l?ned in the same manner as the 
horizontal drains..~.s;naliyl inder of 100-mesh screen 
was used inside e2ih:piezometer t o  exclude sand. The 
piezometeh wereusad t o  define the water table above 
the drains. The bottom o f  each piezometer well wit. 
one-half inch below the centerline of the hogzontai 
drains. 5 

Hydraulic System 

The hydraulic system for the flume was a closed circuit 
flow system. The recharge water is  pumped from a 

covered wood storage reservoir 7 by 7 by 4 ft (2.13 by 
2.13 by 1.22 m) deep through a man~fold piping 
system to plastic recharge modules. The water was in  
contact with only noncorrosive materials (plastic. 
painted wood, brass, and stainless steel) before entering 
the sand in the flume. The recharge water passed 
through a screen filter, and a 1-1R-inch (3.81-cm) 
plastic pipe manifold to vertical 1/2-inch (1.27-cm) 
pipes. Each of the 10 pipes fed a separate recharge 
module. 

Recharge Modules a 

Each recharge module consisted of two plastic tubes. 
112-inch (1.27-cm) od by 318.inch (1.14-cm) td by 6 f t  
(1.83 rn) long: the tubes were placed side by side 1 f t  
(0.3048 m) apart. These tubes were kept horizontal 
when the flume was t~lted. The tubes were drilled with 
12 holes, 0.020 inch (5.08 mrn) in diameter, 1 f t  
(0.3048 m) apart on the upper side of the tubes. Each 
hole had an inverted cup over it. The water squlrted up 
Into the cup and then dripped onto the sand. By having 
the holes on top o f  the tubes, air could escape and the 
holes did not clog with foreign matter. The inverted 
cups eliminated spray as the water left the 112-lnch 
(1.27.cm) tubes. The recharge system as described was 
for steady inflow tests. For intermittent inflow or 
transient recharge tests, a valve controlling recharge 
flow was turned on and off starting and stopping 
inflow almost ~nstantaneously. 

Filling the Flume *.vifh Aquifer Sand 
-. 

With the exceptions desc6bad.below, the flume was 
filled with a uniform rounded'sqd with a mean 
particle size of approximately 0.2 m m h  size analysis 
of the sand is shown in Figure 3. An enve@ppc.of No. 
16 coarse sand, 0.2 ft (0.061 m) in  diameter; was 
placed around each of the borizonla! drains except the 
first and last drains wh~ch are the 112-ft (15.24-cm) ' . 
thick vertical layers o f  coarse sand at each end of the 
flume. The vertical layer of No. 16 coarse sand was 
placed at the downslope end t o  simulate drainage into 
a ditch. The coarse sand at the upslope end was placed 
primarily to facilitate vertical distribution of inflow, 
water for hydraulic conductivity tests. Hydraulic 
conductivity of the aquifer material could be 
determined by measuring the depths of uniform flow 
and discharge down the slope. The flume was filled t o  a 
depth of 2 ft 4 inches (0.71 rn) with the uniform 
0.2-rnm sand. The sand was placed under water to 
eliminate bubbles forming in the sand aquifer. A 1-inch 
(2.54-cm) layer of No. 8 gravel was placed on top of 
the aquifer sand to spread the recharge water and 
prevent erosion of the fine aquifer sand. 
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Figure 3. Sand used for aquifer and drain envelope material in sand tank model tests. 

DRAINAGE FROM LEVEL LAND WATER TABLE 

Mathematical Development 

The mathematical development i s  based on steady 
conditions; i.e., constant recharge with constant d 

discharge from the drains. The following concepts were 
used in setting up relationships to develop an equation 7 
to describe the steadystate condition: 

The fundamental law pertaining to flow through Figure 4. Definition ~ke f~h -S teady -~ t~ te  drainage ~ i t h  
saturated porous media is generally called Darcy's pipedrain$. 
Law expressed in  the following form^ ~~. , -: ..'.' 

. .~~ . . ..- . . '., , ,' 

dv  Q=P-A  
2. The Dupuit-Forchheimer assumptions are used 

dx which essentially state that flow is  one dimensional. 
I n  more detail, the Dupuit-Forchheimer 

where P i s  the coefficient of hydraulic conductivity. assumptions are (a) that all the streamlines are 
dyldx is the gradient. A is the cross-section area straight and parallel to the impermeable boundary. 
through which the water moves at a discharge of Q (b) that the velocity is constant throughout the 
per unit time, Figure 4. drpth of flow,. and (c) that the velocity is 



From Darcy's Law and the definition sketch (Figure 4) 
we get 

For a unit width. A = y. Then 

where q i s  the flow per unit width. 

From continuity with a constant rate of deep 
percolation R, per unit surface area 

Solving for the drain spacing S2 gives 

where R is equal t o  deep percolation rate per unit area. 
and S is equal t o  the spacing between adjacent drains. which i s  the equation derived by ~onnan'  

S. B. ~ o o ~ h o u d t '  developed an equation in 1940 t o  
determine the water table when it was in  equilibrium 
with constant rainfall or irrigation (steadystate 
condition). His equation is for drainage into parallel 
ditches, Figure 5. His development used the 
Dupuit.Forchheimer assumptions and was very similar 
to that described above. Hooghoudt's equation is  

Equating Equations (1) and (3) gives , .. . .. . ~. 

Integrating this differential equation gives 

If we assume the ditch is empty (Figure 51, then h is 
equal t o  0 and d + H = b in Equation (13). I f  the 
substitution is made, Equation 13 becomes 

For the boundary conditions x = 0 when y = d the 
constant of integration is 

which is identical with Equation (12). 

The distance from the water table t o  the impermeable 
layer, b, is an important factor in Hooghoudt's or 
Donnan's equations. As this distance gets very large, so 
does the drain spacing, S. This is because the 
Dupuit-Forchheimer assumptions do not account for 
radial flow into the drain. Hooghoudt' recognized this 
difficulty and made a separate analysis for flow in  the 

Thus, Equation (6) is 



Figure 5. Definition sketch-Steady-state drainage:v;ith parallel 
open ditches. - - 

C9 (1 - 0 . 5 ~ ) ~  (1 + 7y + 20.25v21 ,,,, 4 ~ n  i~ .- s .-, 
n=l . (1 +4,,)2 

vicinity of the drain. He assumed that the flow is radial "' ! :; ~ 

in character. He then equated the flow obtained with and 
the radial flow assumptions with the flow obtained 
with the horizontal Tlow equations. To be able to 
equate the flows, Hooghoudt developed a method of 
determining. an equivalent depth th i t  . could be (20) 
substituted for the depth, d, hetween the drains and 
the impermeable barrier. 

His equation for equivalent depth, d', can be wrttten as bloody suggested the following two relationships, 
Equations (21) and (23). would be sufficiently 

S 
(15) 

accurate for most uses 
d ' = i ( B + C )  

d' - 1 
where - 

d for 0 <%< 0.312 (21) 

C9 - 
'77 

n=l where a is a ft~nction of d/S and its value varies from a 

+ m (16) = 3.561 for d/S = 0.0 to  a = 3.234 for d/S = 0.312. A 

+ 1 (2ns - &dl2 + 16 d2 I close approximation to a is given by the second degree 

2 
relationship 

- ( 2 n ~ ) ~  + 16 d2 

In the above equations 

d = depth of impermeable barrier below the 
drain q 

d' = Hooghoudt's equivalent depth to the 
impermeable barrier 

S = spacing between (& of drains 
r = radius of drain plus thickness of 

gravel envelope 
B,C = parameters defined by above equations 
In = natural logrithm 

and 

1 d . . 
dl- -- 

I 
for O.312< 7 F,bn?- 1.15 (23) 

: - 

Figure 6khows a typical example, the relationship of 
P/R (hydraulic conductivity over recharge Ate) and 
drain spacing (S) for the range 0 < d/S < 0.312 and 
d/S > 0.312. The curves join together very well . ,. 
snowing that Equations (21) and (23) are continuous 
at d/S = 0.31 2. 



Figure 6. Curve relating drain spacing with P IR  in both ranger. 0<dlS GO312 and dlS >0.312. 

The use of Equations (21) and (23) to correct for R L C ~ ~ C L : ~ .  \ .-IPIE(I TABLE 

convergence o f  flow near the drains have given 
ex.ellenc results when ~~~d with Donnanfs or -...--\J.i l ~ ,  1 \ ! .: 1.1 (~ - I J?~ !  i... ~ - 
Hooghoudt's formulas for design of agricultural pipe -- ~. 
drains, for steady-state conditions, and with Dumm'ss - 
method for transient flow conditions. 

DRAINF--ON BARREEL ::; Figure 7. Definition sketch-Steady-state drainage with 

STEAb Y RECHARGE drains on a barrier. 

For the case of a shallow aquifer where the drains can 
be placed on the barrier, the conditions are shown by 
the definition sketch, Figure 7. The depth, d, drain t o  

(24) 

barrier, i s  zero and consequently there 1s no 
requirement to correct this depth :or convergence of where the terms are the same as described before. 
flow t o  a drain. 

Fora unit width A = y 
T h e n  f rom Darcy's Law and using t he  
Dupuit-Forchheimer assumptions 



W ~ t h  a constant recharge H per unit surface are&, the 
equalon of contirwity i s  

Equating (25) and (26) gives 

"(:- .) dx = ydy 

Integrating the differential equation gives 

For the bourdary conditions x = 0 when y = 0 the 
constant of integration C = 0. 

A t  

x =- z a n d y = h  

Equation (29) becomes 

Solving for s2 results in 

steady recharge conditions. 
, , Vh. .- ,~ .- 

MODEL VERIFICATION 

The height of the water table at the centerline between 
drains was measured on steady-state model tests for 
both a 6-ft (1.83-~n) and a 72-13 13.56-ml drain spacing. 
The measured water table heights were compared with 
predicted values using the Donnan equation and 
Moody's equations for computing an equivalent depth. 
The equivalent depth, d', was used in the Donnan 
equation to replaced. The Donnan equation rearranged 
is 

where 
S = drain spacing 
P = hydraulic conductivity o f  the aquikr 
b' = d' + H =equivalent depth, d', below the 

drains plus water table height, H, 
above drains 

= recharge rate for the steady conditions 

Substituting for b' in the above equation results in 

This is a quadratic equation in H and the formula for 
its solution is 

or by rearranging terms 

Because H must always be positive and d' has)a 
negative value in the equation, the positive root of the 
radical must always be used. 



Substituting ford', Equation (37) gives should also be applicable for determining drain spacing 
on sloping land. A major purpose of the variable slope 

r d sand tank model studies was t o  determine if drainage - 

d2 d3 1 formulas developed for level land could be applied t o  
d d 

1 + E d  in -- 3.55- + - 2.0- sloping land. Therefore, the equations were compared 
r S d s3 with tests made i n  the 60-ft (18.29-m) long flume using - - -I 6- and 12-ft (1.83- and 3.66-m) drain spacings at four 

slopes (2-112. 5, 7-112. and 10 percent). Plots were 
I .  made t o  find i f  there was any trend with increasing 

d slope. The height of ths water table was taken as 

d d2 d3 perpendicular t o  a line connecting the adjacent tile 
3.55_+ 1 . 6 ~ -  - 2.0-- centerlines. Fiuure 9. The measured values of the water 

V \ s r s s' SJ/ table height varied a small amount for the different . . 
slopes but the variation does not seem to  have a 

5% 
definite trend. These variations can be attributed to 

+- 
4P 

(38) nonuciformities in the density of sand aquifer, the 
aquifer material and gravel pack material around each 

d 
f o r0<  G0.312 

dram, construction of drains, and infiltration recharge 
measurements. The data points are for mid.lope drains 
and do not include the end drains of the model. 

For the case 0.312 < dlS 

- - NONDIMENSIONAL PLOT 

~ = - p  J Substituting Moody's approximate formulas for 
Hooghoudt's equivalent depth in Formula (34) and 

r -1.15 rearranging the terms to obtain nondimensional 
parameters we get the following 

A computer program combining Equations (381 and 
(39) to solve for h for the ful l ranse of d1S was . 

d prepared. Appendix 1. Valuer of H for the sand tank for 0< -< 0 . 3 ~ ~  
tests were computed. S 

> 

Using Equations (381 and (39) the computed water and 
table elevations, H, were compared with measured 
water table elevations above the centerline of drains, 
Table 1 and Figure 8. 

Agreement between measured and computed values is 
very good. The excellent agreement shows that for 
steady-state conditions the formulas based on the 
Dupuit-Forchheimer assumptions and corrected for 

' convergence of flow lines can be used t o  compute the 
water table h ~ i g h t  at the f between pipe drains. 

DRAINAGE FROM SLOPING LAND 

There is a general feeling among drainage engineers that 
the Donnan (Hooghoudt) drain spacing formula for 
steady flow and corrected for convergence at the drains 

d 
for 0.312 < - 

S 

The terms are all defined previously. 

A computer program was prepared and values of the 
parameters were computed using values of individual 
terms obtained from the flume tests. The results were 
plotted on log-log paper and are shown on Figures 10 



Hydraulic conductivity K = 5.66 x ftlsec (48.902 frldayl, 
Depth d = 2.0 ft 

&foot Drain Spacing 

Hooghoudt's corrected depth d' = 0.8002 ft 

Height of water table above 
Deep percolation i (2. of internal tile drains 

M Llsec Ftlsec Measured Computed 
per panel x 10-5 Ftlday f t  ft 

I 12-foot Drain Spacinq I 
I Hooghoudt's corrected depth d' = 1.1659 f t  I 



Figure 8. Height of water table above drains versus 
recharge rate-Comparison of measured valuer with values 
computed with Donnan's formula using Hooghoudt's 
correction for convergence for level land. 

COMPUTATIONS TO DETERMINE 
DRAIN SPACING 

General 

Whenever a correction for convergence t o  determine 
drain spacing is used &h the Donnan formula, it 
involves a trial-anderror process or the solution o f  a 
complicated quadratic eq~iation. It also involves the 

*..<, -:., 

Figure 10. Nondimensional plot of hydraulic model 
date-6ft drain spacing. 

recharge rate-Comparison of measured and computed 
values on level land with measured values on sloping land. 

and 11. The scatter of data points is comparatively 
small. 

It is believed that the scatter of data points is due t o  .. 9 
inherent error i n  the model tests. 

Figure 11. Nondimenrional plot of hydraulic model 

data-l2ft drain spacing. 
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determination of whether the ratio, d/S, depth of 
drains to barrier, divided by the drain spacing falls 
within 0 < d/S < 0.312, or within 0.312 < d/S. A 
different value of the Hooghoudt corrected depth for 
convergence near the drain is applicable for each case. 
Publications describing methods for computing drain 
spacing (References 3. 4, 5, and 6) have suggested the 
use of graphs to assist in  the computations. The graphs 
are helpful; however, In most cases, they must be 
prepared before computations can begin, and 
trial-and-error methods must be used even with the 
graphs. 

A computer program using the Newton-Raphson 
recursive method was written which can determine the 
drain spacing quickly without the need for tables or 
graphs. Appendix 2. The program includes the cases for 
0 < d/S < 0.312 and also for 0.312 < d/S. The values 
of permeability of the porous media and the recharge 
or deep percolation rate can be combined into a ratio, 
P/R. 

With this program, the drain spacing can becomputed 
by inserting the following values which are basic data 
and always known or estimated in solving a drainage 
problem: 

Hydraulic conductivity, P-feet per day 
Recharge rate, R-feet per day 
Water table height above centerline of drains. 

H-feet 
Radius of drain plus gravel pack, r-feet 
Depth between centerline of drains and the 

impermeable barrier, d-feet 
Estimated drain spacing, S1-feet 

The estimated drain spacing. S1, is computed in  the 
program using Donnan's formula without convergence, 
and th is  est imated S1 is used with the 
Newton-ilaphson method to solve for drain spacing, S, 
considering Hooghoudt's correction for convergence. 
The Newton.Raphson recursive method o f  determining 
Ihe solution within the accuracy desired can be done 
quickly with a digital computer. 

Example 

An example. Appendix 2, is given to determine the 
drain spacing using the computer program. This is done 
t o  show how much simpler and how the accurate drain 
spacing can be obtained in  much less time and effort 
than using graphs and tables. 

Basic Equations 

To solve for drain spacing directly. Equations (38) and 
(39) are rearranged as shown below 

d 
for 0.312 < 

Because the drain spacing dependent variable is 
nonlinear, iterative methods are necessary for solution. 
In  this method there are four basic parts requ~red in 
the iterative process to reach a solution or a root of the 
initial function. They are: initializing, computing. 
testing, and modifying. The last three components are 
repeated in a closed loop until the desired accuracy is  
achieved. Because there are two equations, each of 
which defines the function in  a different range of d/S, 
it is necessary to make a- initial test t o  determine 
which equation t o  use before proceeding to the 
successive approximation procedure of converging on 
the desired root. The process is  one of computing and 
testing until an answer is obtained within the specifled 
limits of accuracy. The initial values are modified using 
a modification of the "Newton" method called the 
"Newton-Raphson" method. This method, the 
derivative F'lx), is used to provide informatioil which 
results in rapid convergence. 

As shown previously, two formulas are used depending 
on whether d/S is  greater or less than 0.312. The value 
of d/S is first computed from the estimated S and then 
corrected if necessary. 

: 
For the range 0 < d/S < 0.312 

I f  we let the ratio P, the hydraulic conductivity of the 
aquifer, divided by R, the re'charge rate, be replaced by 
the value T or 



and the derivative 
Setting the equations up for using the Newton-Raphson 
method for finding a solution, we have 

and using the Newton-Raphson method for finding the 
solution r 

d 
for 0.312< - 

S 

This relationship is designated Formula B in the 
computer program. 

8TdHSi 

I +4H2T-s f  For each case i t  is necessary to estimate a value of S 
8d d ki + 7 In 7 - 3.4d 

before using the Newton-Raphson method. Even i f  an 
estimate of S is not very close to the final solution, 

S, - only a few successive approximation steps will be 

8TdS required. The first estimate for S is determined by 
solving the Donnan.Hooghoudt formula for S 

8d d rsi + - In - - 3.4d1 

- 

I' 
- 2si 

8d d Fi +, In ; - 3.4d (47) Setting PIR = T 

for O <  d1S G0.312. 

This relationship is designated Formula A in the In the above development, the terms are defined as: 
computer program. 

S = drain spacing, f t  
For the range 0.312 < d1S. the function in terms of P = hydraulic conductivity of aquifer, ftlday 
drain spacing is R = recharge (deep percolation) rate, ftlday 

T = PIR, dimensionless 
d = distance, impermeable barrier to (L of pipe 

F(S) = 
nTsH + 4 ~ ~ 2  - 52 drains, ft 

S 
In - - 1.15 

(48) b = distance, impermeable barrier to water table 
r at between t i l e  drains, f t  



r = radius of pipe drain plus thickness of 
gravel pack, ft 

H = height of water table above Q of drains, f t  
Si = estimated value o f  drain spacing, f t  

Si+l = ( i+ l l th  computed value of drain spacing, ft 

EFFECT OF DRAIN RADIUS ON 
MAXIMUM WATER TABLE 

. ~ 

The cost of installing an extensive drainage system is 
proportional t o  the amount o f  drain pipe with its 
inCcaliation costs. Therefore, anything that can be done 
l o  reduce the amount o f  drain pipe required by 
increasing the drain spacing would be helpful in  
reducing overall costs. In  the formulas developed for 
computing maximum water table elevations or for 
computing drain spacing, the drain radius plus the 
gravel envelope is  a factor. The gravel envelope is 
considered highly permeable and therefore it offers 
very little resistance to flow. 

To determine the effect of increasing the drain radius 
plus gravel envelope on the maximum height of water 
table between drains. com~utations were made with 

In the fine sand aquifer, the water flowed almost 
horizontally until it reached the gravel envelopeat the 
end drains with a much greater hydraulic conductivity, 
where it flowed vertically upward to the pipe drain. 
This flow net has the effect of reducing the headloss 
due to convergence of the streamlines flowing toward 
the drain. 

Hooghoudt'sl method of correcting for convergence 
assumed radial flow toward the drain from a radial 
distance out from the drain equal to the depth between 
the drain and the barrier. Figures 13 and 14 show the 
reduct~on in  water table height above the drains in  the 
sand tank model with increased drain radius plus gravel 
pack. The curves are based on Equations (38) and (39). 
Values of the ratios PIR and the data polnts for a 
radius of drain plus gravel envelope equal to 0.1 foot 
were the same values as were tested in  the sand tank 
model. For given values of P/R and drain spacings, the 
height of water table drops rapidly as the drain radius 
plus gravel envelope is increased. 

EFFECT OF DRAIN RADIUS 
ON DRAIN SPACING 

the computer program developed to compute water i f  increasing the radius of the drain plus gravel 
table height. Observing flow lines toward the end envelope causes a reduction in maximum water table 
drains in the sand tank model with the gravel envelope height beween drains. it follows that increasing the 

.,! extending from the elevation of the drains t o  the drain plus gravel envelope radius would allow an 
bottom o i  the tank (radius of drain + envelope = depth increased drain spacing and thereby the total cost of a 
to barrier) showed that the water table beween drains drainage installation could possibly be reduced. A 
at the ends of the tank was considerably lower than feasible method might be developed t o  accomplish mis 
that between the middle drains where the gravel end. It seems ieasible to install highly permeable 
envelope was only around the drains t o  a thickness or material in a narrow trench below the drain-possibly 
radius of omtenth of a foot. Another report will show using inorganic highly porous material made from 
the water table profile between all drains for all tests. plastic would be practical. Additional studies should be 
The average difference between the height of water made to determine just what effect using an envelope 
table between the drains numbered 1-2 and 10-1 1. and in  a trench below the pipe drain would have compared 
the drains numbered 2-3 and 9-10 are shown in the t o  the full radius used in the computations in  this 

<> 

AVERAGE DIFFERENCE IN  MAXIMUM WATER TABLE BETWEEN 
DRAINS NO. 1-2 AND 10.11 AND DRAINS NO. 2-3 AND 9-10 

Recharge Maximum water table Maximum water table Difference between 
between Drains No. 1-2 between Drains No. 2-3 maximum water tables 
and 10-1 1 (avg), f t  and 9-10 (avg), f t  

13 



Figure 12. Effect of deep gravel envelope on maximum 
height of water table above drains. 

Figure 13. Effect of radius of drain plus Oinch gravel 

envelope an maximum water table-Bft drain spacing. 

Figure 14. Effect of radius of drain plus gravel envelope on 

maximum water table-12-ft drain spacing. 

To determine approximately how much the drain 
spacing could be increased by increasing the drain and 
gravel envelope radius, computations were made using 
the computer program, Appendix 1, to solve the 
Donnan equation with Hooghoudt's correction. 

A typical field condition with the following values was 
used: water table above drains a t  the centerhe H = 

4.0 f t  (1.22 m); hydraulic conductivity of aquifer P = 
1.5 ft (0.457 m) per day; deep percolation rate A = 

0.00417 ft (0.00127 m) pEr day wing the ratio P/R = 

359.97; depths4rains to barrier. D = 31.5 f t  (9.60 
m). For a radius of drain plus gravel pack equal to 0.7 
f t  (0.2134 m) the computer program gives an answer 
for drain spacing of 537 ft (163.7 m). This answer is 
based on steady-state condil~ens in which the deep 
percolation rate is taken as j the average deep 
percolation rate during the peak wigation season (17 
days between irrigations). This example uses the same 
data as L. D. Dumm used in Table 4 of his paper. 
(Reference 6.) Dumm computed a drain spacing of 490 
ft for what he describes as dynamic equilibrium in 
which water buildup is  considered for each irrigation. 
With a value of R = 0.0049ft (0.00149 rnl per day for 
averagE deep percolation rate, which would represent 
an average time between irrigations of 14.5 days. a 
drain spacing or 489 f t  (149.05 m) was computed using 
the computer program. 

Values of the radius of drain plus gravel envelope were 
increased in steps and computations made to show how 
much the drain spacing could be increased. Doubling 
the radius from 0.7 ft (0.213 rn) to 1.4 ft (0.426 ml  
resulted in an increase &-hain spacing from 489 f t  
(149.05 m) to 511 f t  (155.75 m), or 4-112 percent 
Table 2. Increasing the radius of drain plus envelope to 
8 ft (2.44 m) resulted in a drain spacing of 572 f t  
(174.35 m), or an increase of 17 percent over the 
spacing of 489 ft (14.9.05 m) with a 0.73 (0.213.m) 
radius. Table 2 and Figure 15. Additional values of 
drain spacing were computed for a range of values for 
the ratio of P/R,hydraullc conductivity divided by the 
deep percolation. They are included in Figure 15 and 
Table 3. 

Figure 15. Effect of drain rad~us plus gravel envelope on 

drain rpacinpTypical field conditions. 
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I NOTATION 

I The following symbols are used in the report. 

I Dimensioned variables are indicated by giving their dimensions in  units of length (L) and time (TI in parentheses 
after their definitions. 

= cross section area ( L ~ )  
= parameters described in text 
= height of water table above impermeable barrier (L) 
= Hooghoudt's equivalent height of water table above irn~ermeablt.!barrier (L) 
= depth, centerline of drains t o  imper 
= D in computer programs 

= height of water table above centerline of drains (L) 
= depth o f  water in an open ditch drain (L) 
= natural logrithm 
= coefficienr of hydraulic conductivity ( L F I  
= d~scharge (1.3IT) 
= discharge per unit area (LIT) 
= radius of drain plus thickness of gravel envelope (L) 
= R1 in computer programs 
= recharge or deep percolation rate IL iT )  
= spacing betaeen centerlines of drains (L) 
= estimated drain spacing (L) 
= dimensionless ratio (P/R) ii 
= rectangular coordinates (L) 

I 



C B K F U T A T I 0 N S  F O E  D K A I N  S F P C I N G  - S T E A D Y  R E C F A F G E  
D B N N P N ' S  F 0 K M U L P  C I T N  P O 0 G & E U D S 0 S  C 0 R R  FOR C 0 N V E R G E N C E  
F B R  0 < D / S  <= a312  Ofi -312 < - D / S 1  
WPTER T A B L E  A E 0 V E  D R A I N S  A T  C E N T E R  L I N E ,  H - F T  4.00 

.. 
R A D I U S  O F  D R A I N  + GRAVEL PACK, E l  - F T  0.70 
D E F T h  - D E A I N S  T 0  B A R R I E R .  D - F T  31.5 

P E R C E A B I L I T Y  AVG RECHARGE D R A I N  S P A C I N G  
FT/DAY F ( K ) / R < I )  F T / D A Y  F T D / S  

C 0 M P U T A T I B N S  FOR D R A I N  S P A C I N G  - S T E A D Y  RECVARGE 
DBNNAN'S  FORMULA C I T H  H O O G H O U D T I S  C 0 R R  F 0 R  CONVERGENCE . , 
F 0 R  0 < D / S  <= -312 OR -312 c D / S >  

A .  

WATER T A B L E  AROVE D R A I N S  A T  C E N T E R  L I N E D  H - F T  4.00 
R A D I U S  O F  D R A I N  + GRAVEL P A C K S  F1 - FT 1.40 
D E P T V  - D R A I N S  T 0  B A R R I E R .  D - F T  31.5 

P E R W E A B I L I T Y  AVG RECHARGE D R A I N  S P A C I N G  
F T / D A Y  P ( K ) / R C I )  F T / D A Y  F T D / S  

C 0 k P U T A T I 0 N S  F 0 R  D R A I N  S P A C I N G  - S T E A D Y  RECHARG E 
DBNNAN'S  FORMULA W I T H  NOOGHOUDTIS  C 0 R R  FOR CBNVERGENCE 
F 0 R  0 c D / S  <= -312 OR a 3 1 2  c D/S ,  
WATER T A B L E  ABOVE D R A I N S  A T  C E N T E R  L I N E .  P - F T  4.00 
R A D I U S  0F D R A I N  + GRAVEL PACK* R l  - F T  2.80 
D E P T H  - D R A I N S  T 0  B A R R I E R *  D - F T  31.5 

P E R M E A B I L I T Y  AVG RECHARGE D R A I N  S P A C I N G  
FT/DAY P C K ) / R ( I )  F T / D A Y  F T  



D B N N A N ' S  F O R M U L A  k I T H  H O O G H O U D T e S  C 0 R R  F B R  C B N V E R G E N , C E  
F O R  0 < D / S  <= - 3 1 2  O R  .312 G D / S r  
W A T E E  T A B L E  A E 0 V E  D R A I N S  A T  C E N T E R  L I N E D  !-' - - F T  4.00 
K A D I U S  O F  D R A I N  + G R A V E L  P A C K *  5'1 - FT 5.60 
D E P T H  - D R A I N S  T 0  E b R R I E R r  D - F T  

~.. 
31.5  

P E R M E A P I L I  T Y  A V G  R E C H A R G E  D R A I N  S F A C I N G  
F T / D A Y  F ( K > / i Y ( I )  F? ' /DAY F  T  D / S  

C B M P U T A T I B N S  .;FOR D R A I N  S P A C I N G  - S T E P . C Y  R E C H A R G E  
D E N N A N ' S  F 0 R M U L A  W I T H  H Q B G H 0 U D T ' S  C 0 R R  F 0 R  C B N V E R G E N C E  
F B R  0 5 D / S  <= .312 0 R  -312  < D / S >  
W A T E R  T A B L E  A B B V E  Z .XAINS A T .  C E N T E R  L I N E ,  H - F T  4.00 
R A D I U S  O F  D R A I N  + G R A V E L  P A C K *  R 1  - FT 8.00 
D E P T H  - D R A I N S  T O  B A R R I E R *  D - FT 3 1 . 5  

._,, ., ., 

PERKEABILITY A V G  RECHARGE D R A I N  SPACING 
F T / D A Y  P C K ) / E C I )  F T / D A Y  .. F T  D / S  ,: 



TAELE 3 

CONFUTER PRINTBUT - P/R = VARIABLE 

C0MPUTATI0NS FBK DRAIN SPACING - STEADY RECHARGE 
DONNAN'S FORMULA WITH HBOGH0UDT"S C0RR F0R CONVERGENCE 
F0k O < D/S <= -312 OR -312 < D/S, 
WATER TABLE ABBVE DRAINS AT CENTER LINE* H - F? 4.00 
RADIUS 0F DRAIN + GRAVEL FACK, R1 - FT 0.60 
DEPTP - DRAINS TB BARRIER, D - FT 31.5 

PEWtEARILITY AVG RECHARGE DEAIN SPACING 
FT/DAY PCK)/R(I) FT/DAY F T D/S 

C0NPUTATI0NS F0R DRAIN SPPCING - STEADY RECHARGE 
DBNNAN'S FORMULA hITH HOOGHBUDT'S C0RR FBR C0NVERGENCE 
F0R 0 < D/S <= -312  Ofi .312 < D/SI 
IrATER TABLE AE0VE DRAINS AT CENTER LINE> h - FT 4.00 
RADIUS OF DRAIN + GRAVEL PACK* 61 - FT 1.20 - DRAINS TO BARRIER, D - F7 31.5 DEPTH 

PERMEABILITY 
FT/DAY PCK)/R 

AVG RECHARGE DRAIN SPACING 
(1) FT/DAY FT ' D/S 

C0kPUTATIBNS FBR DRAIN SPACING - STEADY RECHARGE 
DBNNAN'S FORNULA WITH H00GH0UDT'S C0RR FBR CBNVERGENCE 
FB& 0 < n/S <= .312 OR ,312 < D/SD 
kiATER TABLE AEBVE DRAINS AT CENTER LINE. H - FT 4.00 
RADIUS OF DRAIN + GRAVEL PACK* R1 - FT 2.40 
DEPTH - DRAINS T@ BARRIERa D - FT 31.5 

PERMEABILITY AVG RECHARGE DRAIN SPACING 
FT/DAY PCK)/R(I) FT/DAY FT D/S 



I TABLE 3 C C 0 N T . l  

COfiPUTATIBluS F 0 R  DRAIN S P A C I N G  - STEADY RFCHPLC-E 
D 0 N N A N . S  F O W L L A  W I T h  HCiQC-HOUDT'S C0RR F 0 R  CBNVEhFENCE 
FBR 0 s D / S  <= - 3 1 2  OK - 3 1 2  c D / S ,  

P E R M E A B I L I T Y  AVG RECHARGE DRAIN S P A C I N G  
FT/DAY P < K ) / R < I >  FT/DAY F T  
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T H E  V I L U E S  SHOWN ON T q E  O C T P U T  L I S T T h G  ERE T H F  I N P U T  DATA,  T H F  COMPUTED V A L U E S  
O F  T H E  V A X I u U V  H E I L P T  O F  WATER i A E L E  E ~ E T H F E Y  LI'4t.S O F  U P A I N S v  COMPUTE@ V A L U E S  
O F  T H E  R P T I C S  F / h  IYIFRCULIC C O ' i U U C T I V I T k  L F  A C l j I F E R i D E E ?  P E R C O L A T I O N  RECHARGE 
R A T E )  AND 1115 I I l I F T A N C t  L F  P k P I h S  A h G V t  T H E  I Y P E k M E A 6 L E  B A R K ' I F R l U F A I N  S ? A C I N G I  

T H E  T I M E  S t i P h I h G  F O R T 2 n N  COMFUTER PROGHAt,l  C ~ M P U T L S  T h F  V A X I M d M  H E I G H T  O F  WATER 
T A B L E  B E T M C F N  E D J L C E N T  O I P E  U R A I N S .  T H F  T H E O P E T l C A L  F U R H U L A  FOR C O M P U T I N G  
D R A I N  S P A C I M G  IS  R E A R Q h H G E D  SO T H A T  I N S T t A D  O F  S U L V I N G  F U R  D R P I N  S P A C I N G +  T H E  
M A X I h U M  h F I G H T  O F  W A T E R  T A G L L  I S  THE R E S b L T A N T  V A L U E  W I T H  0 9 A I N  S P A C I N G  D E I N G  
A N  I k D E D F N U F I v T  v A R I b b L E .  T P E  PGOGRPH U E T E R Y I U E S  T H E  vALUF C F  T H F  R A r l O  i l l s .  . . - .  ~ . - . . . - - - . - . 
( D I S T A N C F  "AINS TORAR~IER/URAIN, S F ~ L I N G I  A N U  T ~ I ~ - P Y O G ~ A M  T H E N  S E L E C T S  
k H I C H  FOU" lL iL i  TI' IJSE TO COMPUTE MAX!hUM ~EI.;HT O F  X A T E R  I A 6 L . E  nETWCEl r  D R A I N S .  
A  D I R E C T - S O L U T I O H  O F  A  W A U P A T I C  F O R h l ' L b  I S  THkL:  W l 3 E  F  NAx!MUt i  WATER l A R L E  
H F T G H T .  . - - -  . . 
T H E  PPOGRA,4 I S  " A I L A B L E  CH F U N r i l E U  P A P F R  T41JE P h n  I T  I S  A L S O  CLlRPE,NTLY S T O R E D  
I N  T H E  T I k I E  S H A Q I b I G  S Y S T E *  I h  b S E  A T  T h F  E AN!? P  C T N T E K .  d.: '. 

: >., ,.. . . 
!NPUT C A T &  ---------- 

I N P U T  D A T A  L R E  ADDED TO THE T I P t  S H ~ h 1 F . G  FG'? lPAF! PROGRA?' W I T H  T H E  T E L F T Y P E . - . ~ - ~  ..-'-''. 
C O N S O L E  ON L I N E .  V A L U E S  O F  ..HYGFI~iiJ~!C CGrr.T.? iC-?-?? ' - IT O F  ? H i -  T D U I F E R '   ATER RIAL A N D  
T H E  D E E P  P E P C O L A T I O N  RECHARGE R * T E ' ' ! h k E  A L O t V k  T H E  U A T A  S T Q T F M F N T S .  D T M F N S T O N  

~ - . - . - .  
S T A T E M E N T S  ~ E T ~ ~ M I W  THE N U ~ G E H  GF P A T A  VACIJES T ~ A T  C A N  UE USED. EIMENSIOPJ AND 
D A T A  S T A T E N F N T S  C A N  B E  C H A N G t C  TO P n O V I P t  F O R  A S  MANY V A L l J E S  O F  r l V C R A U L I C  
CONDUCTIVITY t r  T Y E  AQUIFER MATERIAL ANF OF THE ~ E C H A R G E  DIJF TO UEEP - - .- ~ -.- 
P E R C O L A T I O N  R A T E S  k S  A R E  n t S I R E 5  
V A L U E S  OF u F A 1 d  s P A C I Y ~ ,  QACIUS O F  w A 1 r  PLUS THICKNESS JF G R A V E L  P A C K  AND 
D I S T A N C E  O F  L ' R A l l i S  TO U A I i a I F k  A P E  I h ' r l l T  ON L I M  EIN A N s h F l i  TO T H E  Q U E s T l O E I  
" I N P U T " .  



C L W F l l T P T I 0 N S  F B F  k f X I M U k  M A T E R  T A E L E  6 E T h E E N  D R A I N S  - S T E A D Y  
R E C b A R G E  - D O N k A N I S  F 0 R C U L A  WITH F B C 5 G E 0 U D T ' S  C B R R E C T I O K  
F 0 R  C B N L E K G E N C E  
I F  0 < D / S  <= a 3 1 2  USE FQK'MULP A. I F  -312 4 D / S  U S E  F 0 R N U L A  B 

D P T A  P/ 
48.902~45.0rS5.0>4C.0~6000/  
D A T A  R /  
~ 6 3 5 0 ~ 1 ~ 2 7 1 4 ~ 1 ~ 9 0 7 0 ~ 2 ~ 5 4 2 7 ~ 0 0 0 /  
I N P U T  V A L U E S  
S = D R A I N  S P A C I N G  - F ?  
R 1  = R A D I U S  OF D R A I N  + G R A V E L  P P C K  - F T  
D = D E P T H  - D R A I N S  T B  E A R R I E E  - F T  

270 3 F O R k A T  ( l h l r  17x1 I 

2 P 0 8  5 0 h C W P U T A T I O N S  F B F  k P X  WPTEF T A B L E  - S T E A D Y  R E C H A R G E * /  
290& 1 5 X , 5 4 h D B N N A N 8 S  F B R M U L A  W I T H  H B Q G k B U D T ' S  C 0 K R  F O R  C B N V E R G E N C E a /  
300 8 1 5 X ~ 3 3 H F B f i  0 < D / S  <= r312  O R  -312 < D / S , /  

1 5 X ~ 2 l h D R A I h  S P A C I N G .  S - F T  F B . l r /  I 





C B M P U T A T I 0 N S  FOR WAX WATER TABLE - STEADY RECHARGE 
DQNNAN'S  FBRNULA WITH HBOGHBUDTIS CBRR FQR CQNVERGENCE 
F Q R  0 e D / S  <= -312 OR .312 e D / S  
D R A I N  S P A C I N G *  S - F T  6.0 
R A D I U S  ffiF DRAIN + GRAVEL PACK* R 1  - F T  0 . 1 0  
DEPTH - D R A I N S  T 0  BPGli_iER> D - F T  2.0 

P E R W E A B I L I T Y  AVG RECHARGE MAX WATER TABLE 
FT/DAY PCK>/RC I )  FT/DAY F T D / S  > 

S T B P  

CBMPUTER U N I T S  7 . 7  



CBMPUTATIBNS FBR MAX LATER TABLE - S T E A D Y  RECHARGL 
DBNNAN'S  FORNULA WITH HBOGHBUDTIS t 0 R R  F0R CQNVERGENCE 
F Q R  0 D / S  <= - 3 1 2  OR a 3 1 2  < D / S  
D R A I N  S P A C I N G ,  S - F T  1 2 . 0  
R A D I U S  B F  D R A I N  + GRAVEL PACK, R l  - F T  0 . 1 0  
DEPTH - D R A I N S  T 0  E A R R I E R I  D - F T  2.0 

i \ 

P E R M E A B I L I T Y  AVG RECHARGE F A X  WATER TABLE 
FT/DAY P(K)/R(II F T l D k Y  F T D / S  

4 

S T D P  
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P A G E  1 
0!4/?5/ ' I l  

TO COMPUTE L R A I N  S P A C I N G  B E T d F E N  L I L ' E S  OF 
A G k I C U L T I I R A L  T Y P E  P I P E  PRPIF IS .  

THE FROGRA8.i COMPUTES D R A I N  SPPCIcVc  lI51N6 !'LHt4bkS 
FORMULA CORRECTED FOR C n r 4 v t ~ b F N t 1 -  OC F L 3 h  T O  n R 4 I N S  
BY H D O G H i l U u T S  METdOG 

THE I N P U T  #ILL' C O N S I S T  OF: 
V 4 L U E S  O F  A C U I F E R - H Y D R A U L I C  C O N ' J U ~ T : Y I T Y .  
D E E P  P E R C O L A T I O N .  F A T E .  M k ~  I;~uF! H L I b u T  i)e W 4 T c R  
T A B L E  ABOVE C E N T E h  OF C R A I I ~ S  AT C F N T i R L i N t  
SETWEEN J R A I N S .  R F U I U S  DF JPAIP* P L U S  T ~ ! C K N F S S  
OF G R A V E L  PPCK, 3 I S T A N C F - C E N T F E  O F  " R P I N S  T O  
B A R R I E R .  

PROGRAM C A r l j  R E  U S t D  FOR L A Y O R A T O ? Y  nii F I i L i ;  
T Y P E  C O M P U T ~ T I O N S .  T H E H F  P R E  NO u F k E R A L  L I M I T A T I O N S .  

.. . -~ .. 



E. J. CARLSON 

L N ~ ~ I ; ~ E E R I N G  AND GESEUPCH CENTFR 



T ~ ~ L E  n~ C ~ N T E H T S  

CHAPTER 1. PROGRAM T I T L E .  . . - . . . . . . . . - . . . . . - . . . . . . 1 

CHAPTEP 2 . 0 U T P U T . . . a . - . . . . . . . .  1 

CHAPTER 3. GENERPL DESCRIPT i l3M.  - . . .*. . . . . . . . . . . . . . . - . . 1 

CHAPTER 4 .  I N P U T  DATA.. . . . . - . . . . . - . . . . . . . . . . . . . 2 

( A )  
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O u T i ; l i  ------ 

T H E  v A L U F S  S H O W ~ ~  C N  TSY E U T P v '  L I S T I N G  b d F  T!!C TI4PUT A  kF!J T H E  L l h i J U T t 7  

V A L U E S  0 J F & I F I  S F H I N G  fl!<D C O Y P I I T F L  y h L l J i S  PI- T H E  i i 4 T I O S  P / G  ( I ? Y L I E U I I L I C  

C O ? i 3 U C T I V I i Y  / l l f E P  P i E C O L a T I ! l N  2 F C l ( b S G T  R 4 T i )  i 5 1 3 i S T s ' l C f  PF L l ? P : i i S  

A B G V E  T H F  C A R R I E P  / U R A 1 , r  S P A C I Y G I  

U R h I N .  T H E  C O R R F C T I U N  F U R  CI INbE l<Gt !CF DEPLNi ;S  9N THE V P L U f  O F  T d E  P A T . 1 2  5 / 5  

I D I S T A M C i  OF D R A I i J S  A B O V E  T H C  3 A H s l F R  I U R A I I I  S D A C ! Y G ) .  T H E  C O M P U T E R  ? Z O S H A M  

C O M P U T E S  F I R S T  E S T I M A T t  FnR D 9 i I N  S P A C i N b  U S I N G  A N  ! I N C O l i R E C T E n  F C P M I I L f l  ?3 

D E T E K M I N E  i r H I C H  A I N G V T H t :  H A T I O  d / S  ~ALL:,.,?.?YE P P 3 6 R A F !  T W E W C E L E C T S  T r i F  
,,,, : 

h 
FOiiMLlLA TO 6 E  U S E 2  W I T H  u H I C i i  T J  r i , b l p i l T E  7A.z- K C I J S ; ~ T L  i Q . G : t r  S i ' f i C l Y L ; .  i - t  

N E h T O N  - R A P t l S O N  Ib!ETHOU UF Cb?!VEB"'!b bW 4 2 0 L U T I O N  t j Y  T H C  i T € X A T ! V E  X E T e 3 L  

I i I T H I N  T l l E  A C C u $ l i y  U t S ! G E J  I S  I l j F G  i!! T h E  F,blUC STEF;,Fnk C O ~ I F u T I " 6  T Y E  Un'4Iiv 

S P A C I N G .  

THE P R U G H A X  I S  FCR S T E A P y  S T A T E  d F P T i u A L F  C V H ~ I T I ~ N S .  !WE F K O C H A M  C 4 N  a: USEi 

4 5  A  S U B P R O G R P M  FOR O T H F S  C P A I N A U F  " h O i ) L t 1 4 S .  

I\ 



i W P U T  3 P 7 P .  ----------- 

I N P l l r  3 A T A  A R E  ~ C U E D  ' T O T H L  T I M E  S h f l R I h 6  F O R T R A N  PROGQBM W I T H  T H t  T E L E T Y P E  

CONSOLE ON L I N E .  V A L U E S  OF n Y D R r l l L I I :  C ? r i W C T I V I T Y  O F  T H t  4 Q U I F E R  M A T E R I A L  AFIC 

T H E  D E E P  P E R C 0 L A T : O Y  RECMARGE R a I E  AFE I h D U T  I N  T H E  D n T P .  S T P T F M E N T S .  U I M E h S I O N  

S T A T t N E N T S  ARE U S E D  T O  O t T L Q f i l N r T  T n r  N U M a E k  O F  D A T A  V k L U L S T O  U E  11SEU. 

D I M E P i S I O N  AND D A T A  S T A T E M E N T S  C 4 A  OF C H A N G L D  TO P R O V I D E  F O R  A S  N A V Y  V A L U E S  OF 

H Y D R A U L I C  C O N D U C T i V I T Y  OF A Q V I F E I I  M A T F R I A L  4140 D F  THC R E C H 4 9 G E  D U E  TO GEEP 

P E R C O L A T I O N  R A T E S  A S  B R F  D C S I R S Q .  

V A L U L S  O F  M A X I M V K  WATER T A " L E  AROVE T H t  C E N T 5 P  O F  9 R A I N S v  R A D I U S  O F  D Q A I N  + 

T H I C K N E S S  O F  G R A V E L  PACK AHO D I S T A I K C  3 F  ? R A I N S  TO B A R R I E R  ARE I N P U T  !41TH T H E  

CONSOLE ON L I N E  I N  A N S h F e  T O  T H E  9 U C S T I n N  "1:dFUT''. T H E  P f i U G R b M  I S  A V A I L A B L E  ON 

P U N C H E D  P A P E R  T A P E  FOR T h E  T E L E T Y D t  C O i i S O L i .  I T  I S  A L S O  C I J R R F N T L Y  S T O R F D  I N  

T H E  T I M E  S H A R I N G  S Y S T E M  U S r 3  BY THE E *NU k I E N T E ~  1 4  D E N V E Q r  COLORADO. 



llOC USING DQNNAN'S FORMULA kITH H00GH0UDT'S CBRR F0R CONVERGENCE 
120C IF 0 < D/S c= -312 USE F0RMULA A. IF -312 < D/S USE FBRMULA B 
130 DIMENSIBN PC5) 
140 DIMENSION RC5) 
150 DATA P/ 
1608 .5~1.082.015.0110.0/ 
170 DATA R/ 
1808 .001r.002r.02~.2r0.0/ 
19OC INPUT VALUES 
200C V = WATER TABLE CENTER LINE ABOVE DRAINS - FT 
2lOC R1 = RADIUS @F DRAIN + GRAVEL PECK - FT 
230C D = DEPTH - DRAINS T0 BARRIER - FT 
240 READ lrH8RlrD 
250 1 FBRKAT C3F5.2) 
260 PRINT 3rH8RI.D 
270 3 FORMAT CIHlr l7X, 
2E0 8 &HC0WPUTATI0NS F0R DRAIN SPACING - STEADY RECHARGE#/ 
290s 15Xa54HDBNNAN'S F0RMULA WITH HOOGHOUDTIS C0RR F0R CBNVERGENCEs/ 
3008 15X834HFBR 0 < D/S c= -312 OR -312 < D/St/ 
310& ISXa47HWATER TAELE ABBVE DRAINS AT CENTER LINE8 bi - FT F5.2./ 
320& 15Xa38HRADIUS 0F DRAIN + GRAVEL PACK* R1 - FT F5.2t/ 
340 8 15X833HDEPTH - DRAINS TO BARRIER8 D - PI F8.lr// 
3508 SXI~~HPERNEABILITY AVG RECHARGE DRAIN SPACING*/ 
360& 8%*54HFT/DAY PCK)/RCI) FT/DAY FT D/S / / I  
362C START F0RMULA A CF0R O<D/S<=.312) 
363C D0NNAN F0RMULA F0R ESTIMATING DRAIN SPACING - S1 
370 D0 10 K = Is5 
37 5 IF CPCK).EQ. 0.) Gfd T0 2 
380 DQ 20 I = 185 
382 IF CHCI) .EQ. 0.1 GO T0 9 
383 T = PCK)/RCI) ; 6 = H +D 
384 S1 = 2.*SQRTCCT>*CC8**2> - CD**2>>) 
390 D0 30 J = 1.20 
410 A = 8.0*T*H*D*SI 
420 B = S1 + C8.*D/3.1416>*AL0GCD/Rl) - 3*4*D 

C = A/B + 4-*T*H**2 - S1**2 
E = A/SI 
G = E/B - A/6**2 -2.*SI 
S = S1 - C/G 
SAB ABSCS-Sl) 
V = D/S 
IF CV -67. 0.312) 60 T0 6 
IF CSAE .LT. 0.1) G0 TQ 4 
S1 = S 

30 CONTINUE 
4 PRINT S~PCK)~TIRCI)~SIV 
5 F0RMAT C4X,F7.3r2X1F8.2r2X,F8.5a6X~F1O.2~8X>F8.4> 
G0 T0 20 



EJC18 C0N1 INUED 

572C START FORMULA E <FOR .312<D/S) 
580 6 D0 40 J = 1 r20 
590 Al = 3.1416*T*H*Sl 
600 B1 = ALBGCSI/Rl) - 1.15 
610 C1 = Al/Bl + 4.*T*H**2 - S1**2 
620 El = AI/SI 
630 GI = EI/Bl - EI/B1**2 - 2.*S1 
640 S = S 1  - Cl/Gl 
650 SAE = ABSCS-SI 1 
652 V 1  = D/S 
660 IF CSAB .LT. 0.1) GO T0 7 
662 S1 = S 
670 40 C0NTINUE 
680 7 PRINT SIPCK)~TIRCI)~S~VI 
690 8 FBRMAT <4X,F7.3r2XsF8.2r2X,F8. 5>6X>FlOo 2,8XtF8.4) 
691 20 CONTINUE 
692 9 PRINT, " " 
693 10 C0NTINUE 
710 2 STOP 
720 END 



C 0 M P U T A T I B N S  F 0 R  D R A I N  S P A C I N G  - S T E A 3 Y  RECHARGE 
D O N N A N I S  F0RMULA W I T H  H 0 0 G H 0 U D T ' S  CQRR F O R  CDNVERGENCE 
F 0 R  0 < D / S  <= .312 OR -312 < D / S D  
WATER T A B L E  A B B V E  D R A I N S  A T  C E N T E R  L I N E *  H - F T  4.00 
R A D I U S  0F  D R A I N  + GRAVEL PACK* R 1  - F T  0.60 
D E P T H  - D R A I N S  T 0  B A R R I E R ,  D - F T  31.5 

P E R M E A B I L I T Y  AVG RECHARGE D R A I N  S P A C I N G  
F T / D A Y  P < K ) / R C I )  F T / D A Y  F T  D / S  

S T 0  P 

CBMPUTER U N I T S  4.9 . 
I READY 

43 G P O  839-732 



The followtng mnvert'on faclors aao~ ted  by  the 8.reaL of Reslamalion arc those wb irhed bu the Amerrcan 
Sxwfy  for Tesling and Mdler.ak I W M  Metric Practice Gum.  E 380581 cxcepc that additional factom 1.1 
mmmonly . r d  in me B r r e a ~  m e  Been added. Further diw-rr'on of oefiniticnr of q-anwiesmd ~ n i ~  ir gRen in 
me ASTM Merr c Prenrcc Gu:de. 

The mehic unitr and mnverrion factorr adopted by  the ASTM are bared oh the "lnternstional Syaem of Units.' 
(designated SI for Syrteme International dUnirer1. fixed by the lnte&ational Comminee for Weights and 
Mearurer: thir olrtem ir also known as t h e  Giorgi or MKSA Imeter.kilogram Imarrl-remnd.ampre1 *em. Thir 
wnem has been adopted by the International Orsanization for Standardization in IS0 Recommendation R.31. 

The metric technical unit o f  force is the kilogramform: thir is rh r  force which, when applied t o  a body having a 
marr of 1 kg, g iwr  it an acceleration of 9.80665 miredres. the nandsrd acceleration o f  free fall toward the earth.< 
center for rea level at 45 d q  latitude. The metric unit  of force in SI unitr is the o m o n  IN). which ir defined as 
that force which, when applied to a bady having o mars of 1 k g  giver i t  an accUeration of 1 mirecirec. There unitr 
must be distinguished from the linconrtantl iosal weqht of a body having a mas of 1 k g  that is, meweight of a 
bady is that force with which a body is attracted t o  the earth and is equal to the marr of a body multiplied by the 
acceleration due to gravity. However, becava i t  is general practice to  use "pound" rather than the technically 
mrrmr term "paund.force." the term "kilogram" lor derived mssr unit) has been used in thir guide inrtwd o f  
"kilogram-force" i n  exprening the conversion factors for forcer. The newton unit o f  force will find increasing us. 
and is enential in Sl unirr. 

Where sppmximate or nominal English unitr are "red to express a value or range of valuer. the converted mehic 
unifs in parenthem are also approximate or nominal. Where precise English unitr are used, the converted metric 
un is  ore expressed sr equally significant valuer. 

Table I 

QUANTITIES AND UNITS OF SPACE 

Multiply BY TO obtaln 

LENGTH 

Mil . . . . . . . . . . . . . . . . .  25.4 lexactlyl . . . . . . . . . . . . . . . . . . . . . .  Miuan  
. . . . . . . . . . . . . . .  ineher 25.4 lexactlyl Millimeters . . . . . . . . . . . . . . . . . . .  

Inches . . . . . . . . . . . . . . .  2.54lexdctlyl' . . . . . . . . . . . . . .  .: . .  Centimeters 
Fee? . . . . . . . . . . . . . . . .  30.48 Iexactlyl . . . . . . . . . . . . . . . . . . .  Centimeters 
Feet . . . . . . . . . . . . . . . .  0.3048 lexacrlyl' . . . . . . . . . . . . . . .  .:. . .  Meters 
Feet . . . . . . . . . . . . . . . .  0.0W3048 1exactly)- . . . . . . . . . . . . . .  Kilometerr 
Yards . . . . . . . . . . . . . . .  0.9144 lexactiyl . . . . . . . . . . . . . . . . . . . .  Meterr 
~ i l e 6  lmtufe)  . .  : . . . . . . .  1,609.344 lexactlyl' . . . . . . . . . . . . . . . . . . . .  Meterr 
Miles . . . . . . . . . . . . . . . .  1.609344 lexrctlyl . . . . . . . . . . . . . . .  Kilometers 

AREA 

Square inches . . . . . . . . . . .  -....6.45161exac1lyl . . . . . . . . . . . . .  Squarccenrimeterr 
Square feet . . . . . . . . . . . .  '9'29.03 .................... Squarecentimeters 
Square feet . . . . . . . . . . . .  0.092903 . . . . . . . . . . . . . . . . . . . .  Square meterr 
Square yards . . . . . . . . . . .  0.836127 . . . . . . . . . . . . . . . . . . . .  Square meterr 
Acres . . . . . . . . . . . . . . . .  2 4 0 4 6 9  . . . . . . . . . . . . . . . . . . . . . . .  Hestarer * . . \  
Acres . . . . . . . . . . . . . . . .  4.046.0 . . . . . . . . . . . . . . . . . . . . . . . . .  Square meterr 
Acrer . . . . . . . . . . . . . . . .  '0.0040469 . . . . . . . . . . . . . . . .  Square kilometers 
Square miles . . . . . . . . . . .  2.58999 . . . . . . . . . . . . . . . . . .  Square kilometers 

:, 
VOLUME 

Cubic imhes . . . . . . . . . . .  16.3871 . . . . . . . . . . . . . . . . . . .  Cubic centimeterr 
Cubic feet . . . . . . . . . . . . .  0.0283158 . . . . . . . . . . . . . . . . . . .  Cubic meterr 
Cubic yards . . . . . . . . . . . .  0.7y-75 . . . . . . . . . . . . . . . . . . . .  Cubic meterr 

- CAPACITY 

Fluid ounces (U.S.1 . . . . . . .  29.5737 . . . . . . . . . . . . . . . . . . .  Cubiceenrimeterr 
Fluid ounces (U.S.1 . . . . . . .  29.5729.. . . . . . . . . . . . . . . . . . . . . . .  Milliliters 
Liquid pints IU.S.1 . . . . . . . .  0.473179 . . . . . . . . . . . . . . . . . .  Cubic d ~ i m e t e r r  
Liquid pints IU.S.1 . . . . . . . .  0.473166 . . . . . . . . . . . . . . . . . . . . . . . .  Liters 
o ~ n :  1U.S.l . . . . . . . . . . .  '946.358 . . . . . . . . . . . . . . . . . . .  Cubic centimeters 
Ouans lU.S.1 . . . . . . . . . . .  '0.946331 . . . . . . . . . . . . . . . . . . . . . . . .  Literr 

. . . . . . . . . . .  Galionr(U.S.1 '3.785.43 . . . . . . . . . . . . . . . . . . . .  Cubiocentimeterr 
Gallanr lU.S.1 . . . . . . . . . . .  3.78543 . . . . . . . . . . . . . . . . . . .  Cubic decimeters .. 
Gallons IU.S.1 . . . . . . . . . . .  3.78533.. . . . . . . . . . . . . . . . . . . . . . . .  Literr 
Gallons lU.S.) . . . . . . . . . . .  '0.00378543 . . . . . . . . . . . . . . . . . . .  Cubic meterr 

. . . . . . . . . . . . . . . . . . .  Gallons lU.K.1 . . . . . . . . . .  4.546W Cubic d~cirneters 
. . . . . . . . . .  Gallons 1U.K.I 4.54596 . . . . . . . . . . . . . . . . . . . . . . . . .  Liters 

Cubic feet . . . . . . . . . . . . .  28.3160.. . . . . . . . . . . . . . . . . . . . . . . . .  Literr 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  Cubic yards . . . . . . . . . . . .  '764.55 Liters 

Acrefeet . . . . . . . . . . . . .  '1.233.5 . . . . . . . . . . . . . . . . . . . . . . . .  Cubic meterr 
Acre-feet . . . . . . . . . . . . .  '1.233.500 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Liters 



OUANTITIES AN0 UNITS OF MECHANICS 

MO~,~PIY a" T~ ohm:n - 

Grains I l l iMXl  lbl . . . . . . . . .  84.7S891 Iexartlyl . . . . . . . . . . . . . . . . . . . . . . . .  Milligrams 
Trnyaunoer l48Ograinrl . . . . . .  31.1035 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Grams 
Ounces lavdpl . . . . . . . . . . . .  28.3495 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Grams 
Pounds Invdd . . . . . . . . . . . .  0.45359237 I~xacdyl  . . . . . . . . . . . . . . . . . . . . . .  Kilogiamr 
~ h o n  r o n r i 2 . 0 ~  IbI . . . . . . . .  907.185 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ilograms 
Shon tons 12,OWlbl . . . . . . . .  0.907185 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Mofricionr 
Long lmr (2.2aO ibl . . . . . . . .  t.Ol6.B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Kilogram% 

FORCEIAREA 

. . . . . . . . . . . . . . . . . . . .  ounce; per cubic inch . . . . . . . .  1.72999  rams per subiccentimerpr . 

. . . . . . . . . . . . . . . . . . . .  Povndrprsvbir  fool . . . . . . . .  16.0185 Kilogram perorbirmelei 
. . . . . . . . . . . . . . . . . .  Pwndlpcrcubir loot  . . . . . . . .  0.0160185 Gram$pereubica*timelrr . . . . . . . . . . . . . . . . . . . .  ~ o n l  l ~ g l  per mbic yard . . . . .  1.32894 ~ r a m l p e r  ruhicc~n8mater 

MASSICAPACITY 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  Ounre3oer gallon 1U.S.I . .  .;,. . .  7.4893 Grrmlprr  liter 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  Ounforprigall~nIU.K.l.:I:~:. . .  6.2362 G n m r p ~ r l i t c r  
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  Paundsper gallon 1U.C.i:. . . . .  119.829 G n m l w  liter 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~oundr~crga l lon  IU.K.I . . . . . .  99.779 ~ ramrper l i t e r  

BENDING MOMENT OR TOROUE 

FWI-paunds . . . . . . . . . . . . .  135582 x 107 . . . . . . . . . . . . . . . . . . . . . .  cendmelerdyn~r 
F~~lt.wund.wr inch . . . . . . . .  5.4431 . . . . . . . . . . . . . .  ant imeter-k i layamr~erceni imi i i i  

F e e ~ p e r m n d  . . . .  .':: :.., . 30.48 isxsc1Iy1 . . . . . . . . . . . . . . . . . .  Cmtimctcrr pmmcond 
Feetperwnd . . . . . . .  :;::--. 0.3048 l ~ x a c t l ~ l '  . . . . . . . . . . . . . . . . . . .  Marcrr~er s o n d  
Fper per year . . . . . . . . . . . . .  -"2.965873 x 10-6 . . . . . . . . . . . . . . .  cenri-etergper s o n d  
Milerper hour . . . . . . . . . . . .  1.6h3.4.lexactiyl . . . . . . . . . . . . . . . . .  Kil natrrwr hour 
Mi lesor hour . . . . . . . . . . . .  0.44701 IixS>;t;:; .,-. . . ............... ~~~~~~~~~~ond 

.-; __-.. _ 
ACCELERATION' 

-=:.>. \%.. 
..<::- -=..~., 

F e e t p s r w m d  . . . . . . . . . . .  -0.3W8 . . . . . . . . . . . . . . . . . . . . . . . .  Meterrper rG?d2 

Cubic l e t  perrgond 
. . . . . . . . . . . . . . . . . . . . .  I s g o d - f e e  . . . . . . . . . . . .  '0028317 Cubic m e t m w r  resond 

c u b i ~ f ~ t  per minute . . . . . . . .  0.4719 . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ i m r r p e r  =and 
Gallont1US.I per minute . . . . . .  0.06309 . . . . . . . . . . . . . . . . . . . . . . . . . .  Literr per second 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  poun6r . . . . . . . . . . . . . . . .  '0.453592 Kilograml 
. . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ w n d r  . . . . . . . . . . . . . . . .  '4.1482 >. N ~ n l o n r  

. . . . . . . . . . . . . . . . . . . . . . . . . . .  vomdr . . . . . . . . . . . . . . . .  '4.~482 x 105 Dyne% 

Table 11-Cmtinued 

Multiply 8" ' ~ o o b m i n  

WORK AND ENERGY. 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . .  ~ r i f i h  mermal ""in lerul '0.252 Kilogramsaloricr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . .  a m h  m m d  U~~ISIB~UI 1.0n.m h v l e r  . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . .  em pr pound 2.326 [exactlyl Joules pergmm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . .  Fwtpoundr -1,35582 JOYIDS 

8 m  in./hr h2degrpe F Ik. . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . .  t h r m l  mndustMty1 1.442 M i l l i w a ~ l c m  d e g r ~ ~ C  
8tu in.1hr I t Z d q r l e  F Ik. . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . .  thermal condu~t i~ i ry l  0.1240 ~g degree C . . . . . . . . . . . . . . . . . . . . .  . . . . . . . .  81u N h r  i t2  deme F .1.4880 Kg cal mlhr m2degreec 
Bmlhr h 2 d w & F  IC. . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . .  mermai mnductansel 0.568 M i l l i w a l r ~ r m ~  d ~ p e c  
8mlhr 1t2 dwpe F IC. 

. ~. 
. . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . .  thermal mndufiarrel 4.882 Kgcallhr m 2 d w r e ~  

Degree F k:h2/8tu iR. . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . .  mermal mrinanrrl 1.761 oegpe ccm21mi11iwan . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . Blullh degree F 1.. heat caprciwl 4,1868 Jl9 degree C . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . .  Lltvllb degme F - 1 . ~ 0  Callgramdeg~eC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . .  ~ t 2 l h r  (lhermai ditlulivityl 0.2561 c ~ ~ I S ~ C  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . .  Ftzlhr (thermal dilturiuiwi '0.09290 ~ ~ l h r  

WATER VAPOR TRANSMISSION 

Grainrlhr It2 lwaler vap-l . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . .  r r m m i u i o , ~ l  16.7 Gram124 hrm2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . .  Perms ( p e m e x n ~ l  0.659 Metric perms . . . . . . . . . . . . . . . . . . . . . . . .  . . . . .  perm-inche [permeability1 1.67 Mmicuermcentimetrrr 

T a m  I l l  

OTHER QUANTITIES AND UNITS 

~ v l t ~ p l y  BY TO obmn 

. . . . . . . . . . . . . . . . . . . . . . .  Volt, pel mil 
. . . . . . .  ~~rnensperwluare f o ~ t  1fodt.andlerl 

Ohmrircular m i l s p r  loot . . . . . . . . . . . . . .  
Millimriml m r  whis Iwt . . . . . . . . . . . . . . .  
Mi11i.mpl p'q"." f W l  . . . . . . . . . . . . . . .  
Gallons per19uarc yard . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  Pound. per inch 

. . . . . . . . . . .  '301.8  ite en per uluammciar p r  day. .-, 
... . . . . . . .  -4,8824 ~ i l o q a m n m n d  prtguare mnrr 

. . . . . . . . . . .  .0.092903 square meterr per =and 
. . . .  5l9 e x a d y  Celriulor Kelvin dqree* Ishan5el. 

. . . . . . . . . . . .  0.03937 ~ i l o u o l t l ~ e r  mil l im~far 
. . . . . . . . . . . . .  10.764 ~umensper squrremrt~r  

. . . . . .  O.Wl662 0hm5qusm mi l l im~te r rp rml re r  
. . . . . . . . . . .  -35,3147 ~illicuri~rperrubicmetee 
. . . . . . . . . . .  "10,7639 Millirmprp~rquariemeaer 
. . . . . . . . . . . .  -4.527219 ~iterrpervlvaremefer 
. . . . . . . . . . .  '0.17858 K i l o ~ r a m l ~ ~ r ~ e n t i m e t r r  
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ABSTRACT - 

A sand tank model rtudy of drainage by p i p  drains on level and rloping land war made in  a 
6041 long, 2-ft wide, and 2.112-ft deep flume. The flume could be tilted t o a  12 percent rlope. 
Theoretical equations developed for neadyaate drainage conditionr on lwei land were verified. 
The study rhowed that drain rpacing formulor developed for level land can be used for rpacing 
midslope drainr on sloping land which has a shallow impermeable barrie! Computer programs 
uring verified formulas to determine drain spacing and maximum water ra5le height between 
drainr were developed and checked with data obtained from the flume rtudy. The time&aring 
computer programs have been entered into the Bureau of Reclamation Engineering Computer 
System (BRECSI. 

ABSTRACT 

A rand tank model study of drainapeby drainr on level and rloping land war made in a 
60-ft long. 2.ft wide. and 2-112-ft de'esflume. The flume cou!d be tilted t o  a 12 percent rlope. . 
Theoretical equations developed for steady-state drainage conditions on lwei land were verified.: : 
The rtudy showed that drain spacing formulas developed for level land can be wed for rpacir.; 
midrlope drainr on sloping land which has a shallow imperme~hle barrier. Computer programs 
using verified formulas to determine drain rpacing and' maximum water Table height between 
drains *re developed and =necked with data obtained from the flume rtudy. The time.sharing 
computer programs have been entered into the Bureau of Reclamation Engineering Computer 
Syrtem IBRECSI. 

A rand tank model study of drainage by p i p  drains on level and sloping land war made in a .. 

60.h long. 2-ft wide, and 2-112-ft deep flume. The flume could be tilted t o  a 12 percent rlope. 
Theoretical equations developed for rteady-rtatedrainage conditions on level land were verified. 
The rtudy shbwcd that drain rpacing formulas developed for lwel lend can be used for rpacing 
midslope drains on rloping land which has a rhallow impermcab!e barrier. Computer programr 

,using verified.,formulas to determine drain spacingjand maximum water table height betwe?" 
drains were3ereloped and checked with data obtai"?d from the flume study. The time-sharing 
computer programr have been enter;r;into the Buqfm of Reclamation Engineering Computer 
Syrtem (BRECSI. I '  

,'!,?: . , . . 
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A rand tank model.rtudy of drainage by pipe drain; on level and rloping land war made in a 
6O.h long. 2-ft wide, and 2-112-ft deep flume. The flumecould be tilted t o a  12 percent rlope. 
Theoretical equa:ions developed for steady-state drainage conditions on lwel land werq verified- 
The rtudv showed that drain roacino formulas develaoed for lwei land can be used for roaeino ~ ~ ~.~~ ~~~-~ .~ > ~ ~~.~~ ~ ~~ ~. - 
midrlope orairor on rloptng land whim has a rha ow lmpermeabe barrner. Computer programr 
usng re, lied formular to determlnc dram rpncing and maximum water table heght between 
d-3inr were developed anu checwo w t h  oata uotamed from tne f.ume s t~uy .  The tmerhmng I 
computer programs have been entered into the Bureau of Reclamation Engineering Computer rn 
Syrtem IBRECS). 
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