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Manometers are connected 1o wells installed in 1he soil Water cischarging from the horizenial tile drains is
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Figure 1a. Details ofysand tank model,
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Infiltration recharge is measured by using small orifices
and differential manometers. Photo PX-D-70129

A uniform water recharge to the entire soil surface is
obtained by distributing the ftow through uniformly
spaced holes in the recharge tubes. Photo PX-D-70131

Figure 1b. Details of sand tank model.




PURPOSE

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

CONCLUSIONS

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

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

3. Hooghoudt's! * equations to correct for convergence
by use of an euuwalent depth can be combined into
the steady-state clrainage Equatlon and solvej with a
relativelv simple con‘puter program, 7

4. The maxirnum water tab%e height between drains
and the drain = aoacmg can be determined for
steady-state drainage’. condltlons Computer programs
were developed usmg the Fortran Ianguage for a
time-charing computer system.

AFPLICATIONS

The computer programs,
Donnan drain spacing equation with Hooghoudt's
correction for convergence, can be used 1o solve
steady-state drainage problems on |evel and sloping
land. The input wariables that determine the drain
spacing are: hydraulic conductivity of soil, P; deep
percolation recharge rate, R; maximum height of water
table that can be allowed between drains, H; distance
from drains to the impermeable barrier, D; and radius
of the gravel envelope, R1.

INTRODUCTION

On stoping land that requires drainage, agriculturat pipe
drains are usually installed transverse to the slope along
¥*Numbers designate references at end of text..

dnvelcped to solve the.

the land contours. Intuitively, it appears that the slope
of the land affects the rate at which the deep
percolation part of the irrigation water is drained away.
Thecretical developments and Hele Shavw model studies
have been made and approximate solu.lor's given by
various authors.

In the present study, a series of tef:_f;s were"jl_'nade ina
variable slope sand tank hydraulic model to
demonstrate level and sloping land drainage problems,
The studies were made to check theoretical drainage
formulas for level land and to determine if the
formulas could be applied to drainage on sioping-land

Data obta:ned from the model were used to check
basic formulas developed for drains instalied on level
land. A computer program was develcped to determine -
the drain spacing for pipe drains. The level land
drainage formulas ware applied to the data obtained
from the model tests on sloping land. A computation.
to demonstrate the use of the computer program for. -
determining drain spacings was made using tvplcal data:

from a ground-water aquifer. "

‘f

: bAND TANK MODEL

The basic ﬂume Figures 1.and 2, used for the study

was 60 ft (18.29 m} long, 2'ft (0.67 m) wide and 2-1/2
ft (0.76 m} ‘deep with transparent plastic panels
forming the right side looking downslope, For ease in
tilting the flume, two 16WF 36 continuous steel beams
supported it. The steel beams were supported at two
points. The downslope support:-was a pivot and the
upsiope beam support was the. lifiing point. The
supports were located to minimize deflections. The

spacing of supports was designed to give equal

deflections- at the ends and the center of the flumig.=~"

Deflection was limited to one-fourth inch, Design load
on the beams was 900 |b/ft {1,339.3 kg/m) (450 ib/ft:
(669.7 kg/m) on each beam) considering the weight of
the flume, sand, water, beamns, and persons standing on
the walkway on the side of the flume.
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Figure 2. Sketch of tiiting flume. (Not to scala.)




Lifting one end of the flume to achieve the slope
desired was done by two 8-ton (7.26-metric ton)
-motorized chain hoists, Templates were used to achieve
the siope 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 siope that was obtainable with the flome
was about 12 percent (about 6% 507}

Pipe Drains

To simulate pipe drainage, eieven 5/8-inch {1.58-cmj
od by 1/2-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 ft {1.83 m}

apart, except for the last two at the upslope end which
were 5 ft 4 inches {1.63 m) apart, making the last drain
also 4 inches (10.16 cm} from the upsiope end of the
flume.

Floor Drains

Eleven floor drains were placed along the centerline of '

the flume. The first drain was 1 ft {30.48 cm) from the
downslope end. The drains wei: spaced 6 ft {1.83 m}

apart with the exception of the Iast two on the upslope .

end, ‘which were 4 ft {1.22 m} apart, making the last
drain also 1 ft (30.48 cm} from the upsiope end of the
flume. The floor drains were made from 1/2-inch
{1.27-cm) galvanized pi,Jé' passing through the fioor of
the flume. A valve was in each drainline which led to a
common 1-1/2-inch (3.81-cm) pipe manifold beside the
fiurne floor and extending its full length. Each floor
drain was covered by 100-mesh screen and a 1-inch
{2.54cmj} 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 5/B-inch
{(1.54-cm) od by 1/2-inch*{1.27-cm) id plastic tubes
7-1/2 inches {19.05 cm).leng. The bottom ends of the
tubes were pluggc‘d .and the bottom 2 inches {5.08 \.m)
of the tubes were: s"med in the same manner as the
horizontal drains..

L small cylinder of 100-mesh screen
?pfezometer to exclude sand. The

piezometeis were"bi_s:eid 1o define the water table above,
the drains. The bottom of each piezometer well wgy. .
one-half inch below the centerline of the horizontal

drains.

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 manifold 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 1-1/2-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 bead
Each recharge module consisted of two plastic tubes,

1/2-inch (1.27-cm) od by 3/8-inch {1.14-cm) id by & ft
{1.83 m) lang; the tubes were placed side by side 1 ft

(0.3048 m) apart. These tubes were kept horizontal -

when the flume was tilted. The tubes were drilied with
12 holes, 0.020 inch ({5.08 mm} in diameter, 1 ft
{D.3048 m} apart on the upper side of the tubes..Each
hole had an inverted cup over it. The water squirted up
into the cup and then drippeéd onto the sand. By having
the holes on top of the tubes, air could escape and the

hotes did not clog with foreign matter. The inverted
cups eliminated spray as the water-left the 1/2-inch’

{1.27-cm} tubes. The recharge system as described was
for steady inflow tests. For intermittent inflow or
transient recharge tests, a valve controlling rek:harge
flow was turned on and off starting and stopplng
inflow almost lnstantaneously

Filling the Flume swith Aqun‘er Sand

With the exceptions descrlbed _below, the flume was
filled with a uniform rounded’ sand with a mean
particle size of approximately 0.2 mm. A size analysis
of the sand is shown in Figure 3. An envelcha.of No.
16 coarse sand, 0.2 ft (0.061 m) in diameter, was

placed around each of _the horizonia! drainsexcept th‘é-u:_
first and last drains which are the 1/2-ft (15.24-cm}

thick vertical layers of coarse sand at each end of the

flume, The vertical' layer of No. 16 coarse sand was-

placed at the downslope end to simulate drainage into

a ditch. The coarse sand at the upslope end was: placed
primarily to facilitate vertical distribution of jnflow:

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 stope, The flume was filled to'a
depth of 2 ft 4 inches {0.71 m) with the uniform
0.2-mm sand. The sand was placed under water to
eliminate bubbles forming in the sand aquifer. A 1-inch
(2.54-cm) layer of MNo. B gravel was placed on top of
the aquifer sand to spread the recharge water and
prevent erosion of the fine aquifer sand.

N
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DRAINAGE FROM LEVEL LAND

Mathematical Development

The mathematical development is based on steady

conditions; i.e.,

constant recharge with constant

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

e TS dy

1. The fundamental law pertaining to flow through
saturated porous media is generally cailed Darcy s
Law expressed |n the foilowmq form -

Qde

A

where P is the coefficient of hydraulic conductivity,
dy/dx is the gradient, A is the cross-section area
through which the water moves at a discharge of Q
per unit time, Figure 4.
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Figure 4. Definition sketch—Steady-state drainage with
parallel pipe drains.

2. The Dupuit-Forchheimer assumptions are used
which essentially state that fiow is one dimensional.
In more detail, the Dupuit-Forchheimer

assumptions are (a} that all the streamlines are
straight and parallel to the impermeable boundary,
{b} that the velocity is constant throughout the
(c} that the wvelocity is

depth of flow, . and




proportional to the slope (expressed as the tangent
of the angle) of the water surface,

From Darcy's Law and the definition sketch (Fighre 4)

we get : _
- —dy
Q—P( --dx)A {n
For a unit width, A=y. Then

(~dy}
=P

=Y Tax)
where q is the flow per unit width..

From continuity with. a2 constant
perrolation R, per unit surface area

rate of deep

q=R(%-X) - 3’

where R js equal to deep percolation rate per unit area,
and S is egual to the spacing between adjacent drains.

Equating Equations {1} and (3) gives el

(6)

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

{7)

Thus, Equation (6} is

R |S x2
Ale, X

At x = 8/2 and vy = b, Equation (8} becomes

Solving for the drain spacing S_2 gives

o g2 APl?2-d2)
: —

which' is the equation derived by Donnan?.

S. B. Hooghoudt® developed an equation in 1940 to
determine the water table when it was in equilibrium
with constant rainfall or irrigation ({steady-state
condition). His equation is for drainage into parallel
ditches, Figure 5. His development wused the

" Dupuit-Forchheimer assumptions and was very similar

to that described above. Hooghoudt’s equation is -

2 _n2 -
52=4P{H h< + 2dH Zdh}. (13)
R ‘
If we assume the ditch is empty (Figure 5}, then h is
equal to 0 and d + H = b in Equation (13). If the
substitution is made, Equation 13 becomes ' '

5_ 4PpZ—d?)

S R

_which is identical with Equation {12).

 The distance from the water table to 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
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Figure 5, DEfImtan sketch—Steadv -state dramage vith parallel

open ditches.

vicinity of the drain, He assumed that the flow is radial
in character. He then zquated the flow obtained with
the radial flow assumptions with the flow obtained
with the horizontal ‘slow equations. To be able to
equate the flows, Houghoudt developed a method of

substituted for- the depth, d, between the drams and
the impermeable barrrer

His equation for equia-'.ralent depth, d’, can be written as

@=2@+c) (15)
178 _
where
_ had 2
. V24d Z _1{dye
B-‘.}; [In o + In ¢1 5 (S) g
‘o n=1 " {16)
1 Z " czns—ﬁd)2+1sd2]
2 Lt (2nS)2 + 16d2
and
_(8~+/2d)2
c- . 8dS 7

in the above equations

d = depth of impermeable barrier below the
drain ¢
d" = Hooghdudt'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 equatlons
In" = natural logrithm

determining an egquivalent depth thst. could be’

With some rearrangement, W. T. Moody® put Equation
{15) in the dimensionless form

d_'__ i
d d_[ﬁ .nﬂ_'a(s)] (18}
r 1s
where a d ='2-\/2_+§ |nf._ 2 d
S n 3 S
‘ - 2 2 .
_im {1 — 0.5y) (1+7y+2025y) 118)
TNl L {1+44y)2 -‘
and t
. ’ 2
d .
= — 20
y_ (nL) __ {20)

Moody suggested the " following two relationships,
Equations {21} and (23), would be sufficiently
accurate for most uses o .

1

d|8 d
T+— ===
S[n’ nr

4.
d

- foro<%a; 0.312
a] (21)

where a is a-function of d/S and its value varies from a
= 3.561 for d/S=0.0 to e = 2.234 ford/5=0.312. A
close approx:mation to a is given by the second degree

-relationship -
a=355 " 15a/S+2 (d/52 (22)
.and
; 1 L
d_ : for 0.312 < —g— . :
S 8IS 115 (23)
.”JI_ T e

.

Figure B2shows a typical example, the relationship of
P/R (hydraulic conductivity over recharge 13te} and
drain spacing (S) for-the range 0 < d/S < 0.312 and
d/S > 0.312. The curves join together very well

‘showing that Equations {21} and (23) are continuous _

atd/5 = 0312,
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Figure 6. Curve relating drain spacing with P/R in both ranges, 0 <{d/S < 0:312 and d/5 2> 0.312,

The use of Equations {21} and (23} to correct for
convergence of flow near the drains have given
excellent- results when used with Donnan's or
Hooghoudt’s formulas for design of agricultural pipe
drains, for steady-state conditions, and with Dumm’s®
method for transient flow conditions.

N

DRAINS-ON BARRIER= .
STEALY RECHARGE °

For the case of a shallow aquifer where the drains can
be ptaced on the barrier, the conditions are shown by
the definition sketch, Figure 7. The depth, d, drain to
barrier, is 2ero and consequently there is no
requirement to correct this depth for convergence of
flow to a drain. ’

Then from Darey’'s Law and using the
BDupuit-Forchheimer assumptions

RECHARGE =R ~\ ‘/.— WATER TABLE

i

et b b

- 3// y;-— Q
e e S vy /,'f\/’"?"
- )

e

— e §

Figure 7. Definition sketch—Steady-state drainage with

drains on a barrier. :

~ay
—dx

Q=p

For.a unit width A =y

(24)

“where the terms are the same as described before.”




With a constant recharge R per unit surface ares, the
equation of contiriuity is

Equating {25) and {26) gives

Integrating the differential equation gives

For the bourdary conditions x

0 when y = 0 the
constant of integration C = 0.

Equation (29} becomes

Solving for §2 results in

h2 4 th

Equation {32} can’ be used to compute the drain
spacing when drains are placed on the barrier for
- steady recharge conditions.

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-in} and a 12-f{:{3.56-m} drain spacing.
The measured water table heights were compared with
predicted values using the Donnan equation and
Moody’s equations for computing an equivaient depth.
The equivalent depth, d’, was used in the Donnan
equation to replace d. The Donnan equation rearranged
is

§2 - 3PEN2~ (d)2) . (33),
R
where .
S = drainspacing -
P = hydraulic conductivity of the aquifer
b’ = d'+ H =equivalent depth, &', below the
drains plus water table height, H,
above drains .
R = recharge rate for the steady conditions

Substituting for b’ in the above equation results in

52 - AP(2d'H + H2)

- (34)

or _
_ o2
_PH2 +2PdH—~-R=0 (35)

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

H=—2Pd + \/(2Pd')2+PS2R  (36) .

or by rearranging terms ‘
= _d 72 .$_..B_
H dt \“/{d} +7p | (37}

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 for d’, Equation (37} gives

d

2554  d d
+239¢ 1n % 3852 4+
s "7 5

2 43
1.6L _ 208
52

1 3

d

— 3
1+2569 n9_ 3559+ 163 _20%
S r S g2 53

. §2R
+-&$"

for 0< g <0312
For the case 0.312 < d/S
8
n

T 115

5
5
r

S
8, S s2R

1-1'_‘";-- 1.15 +—4? (39) .

A computer program combining Equétions {38) and

{39) to solve for H for the fuil range of d/S was

prepared, Appendix 1. Values of H for the sand tank
tests were computed.

Using Equations (38) and (39) the computed water
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 excelient 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 to compute the
water table height at the ¢ between pipe drains.

DRAINAGE FROM SLOPING LAND

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

should also be applicable for determining drain spacing
on sloping land. A major purpose of the variable slope
sand tank model studies was to determine if drainage
formulas developed for level fand could be applied to
sloping fand. Therefore, the equations were compared
with tests made in the 60-ft {18.29-m} long flume using
6- and 12-ft {1.83- and 3.66-m} drain spacings at four
slopes (2-1/2, 5, 7-1/2, and 10 percent). Plots were
made to find if there was any trend with increasing

-slope. The height of the water table was taken as

perpendicular to a line connecting the adjacent tile
centerlines, Figure 9. The measured values of the water
table height varied a small amount for the different
slopes but the variation, does not seem to have a.
definite trend, These variations can be attributed to

. nonuriformities in. the density of sand aquifer, the
- aquifer material and gravel pack material around each
" drain, construction of drains, and infiltration recharge

measurements. The data points are for midilope drains

and do not include the end drains of the model. -

NONDIMENSIONAL PLOT

Substituting Moody's approximate formulas for
Hooghoudt's equivaient depth in Formula {34) and
rearranging the terms -to obtain nondimensional
parameters we get the following '

d
for 0.312 < =~
for 0.3 .2 3

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




Table 1

RESULTS OF DRAINAGE TEST5-60-FOOT-LONG FLUME
ZERO SLOPE-

Hydraufic conductivity K = 5.66 x 104 ft/sec (48.802 fu/day), -
Depthd =20 ft

6-foot Drain Spacing
Hooghoudt's corrected depth d° = 0.8002 ft

Height of water table above

Deep percolation i ¢ of internal tile drains

ML/sec
per panel

25
5.0
1.5
10.0

Ft/sec
x 10~

0.7357
1.4715
2.2072

2.9429

Hooghoudt's corrected depth d" =1,

0.7357

0.8829
1.1772

14715

Ft/day

* 0.6356

1.2714

1.8070 .

25427

12-foot Drain Spacing

0.63564
0.76283
1.0171
1.2714

Measdred

ft

0.0772

1402
.1982
.2610

1659 ft

0.1767
.2067
. 2787
3413

Computed
ft

. 0.0700

.1348
.1954
2525
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Figure 3. Height of water table above drains versus
recharge rate—Comparison of measured values with values
computed with Donnan's formula using Hooghoudt's
carrection for convergence for level land. :

COMPUTED VELULY
DONLEANS B oAU A T WEASUAES NALULS
C% SLOPE ——

N\

~- GOMFETED YALDLS
DUNNAY'S FOKMULS

W1 OF wATER TARLE ABOVE DRAWS-F1T

v oon i

PRFEES :

» 0%

a TEm !

o oot i
i
1

15 30

RLCHARGL BLEP PERCOLATION RATE = FT /SEG 2 10°%

Figure 9. Height of water table above drains versus
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 dug to
inherent error in the model tests.

COMPUTATIONS TO DETERMINE
DRAIN SPACING

Geperal

.Whenever a correction for convergence to determme

drain spacing is used wnh the Donnan formula,
involves a tfial-and-error pr’ocess or the solution of a
compiicated quadratic gg/p;atlon. It also involves the

-
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Figure 10. Nondimensional plot of hydraulic model
data—6-ft drain spacing.
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Figure 11. Nondimensional plot of hydraulic model
data—12-ft drain spacing.




determination of whether the ratio, d/S, depth of
drains to barrier, divided by the drain spacing falls
within 0 < d/8 < 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 G) have suagested the
use of graphs to assist in the computations. The graphs
are helpful; however, in most cases, they must be
prepared before computations c¢an 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 zan 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 be compurted
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 ' o o

Radius of drain plus gravel pack, r—feet

Depth between centerline of drains ‘and the
impermeable barrier, d—feet :

Estimated drain spacing, $1—feet

The estimated drain spacing, $1, is computed in the

program using Donnan’s formula without convergence,

and this estimated S1 is used with the
Newton-Raphson method to solve for drain spacing, S,
considering Hooghoudt’s correction for convergence.
The Newton-Raphson recursive method of determining
the sclution within the accuracy desired can be done
guickly with a digital computer,

Example

An example, Appendix 2, is given to determine the
drain spacing using the computer program. This is done
to 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

“for 0312 <

8PHd L4 HZp
8Rd  d _ 34 Rd R

s r S

§2=

{42}
R+

foro< g—{- 0.312

and =

7PHS

__aPHs 4 H2p
Rin - 1.15R
r

R

s2=

d
S

X

Because the. drain spacing dependent variable is
nonlinear, iterative methods are necessary for solution.
In this method there are four basic parts required 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 ar initial test to determine

which eguation to 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 specified
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’(x), is used .to provide information 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

A BPHd 4 H2p 2
F(S) = F 20T 52 (4
®) 8Rd d. 3.4Rd R.. 57 44
R F —— |n - . W

) r S

If we let the ratio P, the hydraulic conductivity of the
aquifer, divided by R, the recharge rate, be replaced by
the value T or




then the function becomes

8TdHS

S+-B—g In (1—-34d
L

F(S) = + 4H2T - g2

and the derivative

8TdH

I:S+E In -——34(E|
ol r

F(s) =

8TdHS
- -2
)
E“'BE mﬂ—aqd]

and using the Newton-Raphson method for finding the
solution

I
Sit1 =S~ o =
1

i ;
[si +3 nd_ 3.4d]
m r

5 -

87dS

[Si + B—d in g - 3.4d]
m r .

8TdHS;

2
[S +8—dlnd——34d]

for 0 < d/S <£0.312,

This relationship is designated Formula A in the
computer program.

For the range 0.312 < d/S, the function in terms of

drain spacing is

F(S) = —mTSH 4THZ2-g2

in -~ -1.15
r

again E = T
sng=t
The derivative”of the function is

7 TH mTH
i ’ — 25
P
n ?--1_15 Fn%-msj (43)

Settin'g the equations up for using the Newton-Raphson
method for finding a solution, we have

F(S) =

Fs)

e o

Si+1=S; -
TIS:H
L +4THZ - &7
In—~ —~1.18
r . .

s aTH

S S; A
- —115  |In——115] —25;

d
i for0.312< ~
¢ for 0.3 3

This relationship is designated Formula B in the

computer program.

For each case it is necessary to estimate a value of S
before using the Newton-Raphson method. Even if an
estimate of S is not very close to the final solution,
only a few successive approximation steps will be
required. The first estimate for S is determined by
50lving the Donnan-Hooghoudt formula for §

" «2_4P(p2 —d2
Sf —.—"—ﬁ—""'"—

Setting®/R=T

1/2

= 2(T(v? - d2n (52)

In the above development, the terms are defined as:

drain spacing, ft

hydraulic conductivity of aquifer, ft/day
recharge {deep percolation) rate, ft/day
P/R, dimensionless -

distance, impermeable barrier to ¢ of plpe
drains, ft

distance, impermeable barrier to water table
at ¢ between tile drains, ft

nmnu uu




radius of pipe drain plus thickness of
gravel pack, ft

height of water tahle above @ of drains, ft
estimated value of drain spacing, ft

{i+1)th computed value of drain spacing, ft

EFFECT OF DRAIN RADIUS ON
MAXIMUM WATER TABLE

proportional to the amount of drain pipe with its
instaliation costs, Therefore, anything that can be done
‘0 reduce the amount of 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, computations were made with
the computer program developed to compute water
tabie height. Observing flow lines toward the end
drains in the sand tank model with the gravel envelope
extending from the elevation of the drains to the
bottom ot the tank {radius of drain + envelope = depth
to barrier) showed that the water table between drains
at the ends of the tank was considerably lower than
that between the middle drains where the gravel
envelope was only around the drains to a thickness or
radius of one-tenth of a foot. Another report will show
the water table profile between all drains for ai} tests.
The average difference between the height of water
table between the drains numbered 1-2 and 10-11, and
the drains numbered 2-3 and 9-10 are shown in the
following table, The difference is graphically illustrated
in Figure 12.

In the fine sand aquifer, the water flowed almost
horizentally until it reached the gravel envelope at 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's’ 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
reduction 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 Gf the ratios P/R and the data points 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

If increasing the radius of the drain plus grave|

envelope. causes a reduction in maximum water tabie

height between drains, it follows that increasing the

drain plus gravel envelope radius would afllow an

increased drain spacing and thereby the total cost of a

drainage installation could possibly be rediced. A

feasible method might be developed to accomplish this

end. {t seems feasible to install highly permeable

material in 2 narrow trench below the drain—possibly

using inorganic highly porous material made  from

plastic would be practical. Additional studies should be

made to determine just what effect using an enveiope..
in a trench below the pipe drain would have compared

to the full radius used in the computations in this -
report.

AVERAGE DIFFERENCE IN MAXIMUM WATER TABLE BETWEEN
DRAINS NO. 1-2 AND 10-11 AND DHAINS NO. 2-3 AND 9-10

Recharge Maximum water table
rate between Drains No. 1-2
mifsec and 10-11 {avg), ft

Maximum water table
between Drains No, 2-3
and 9-10 (avg), ft ' ft

Difference between
maximum water tables

2.5 2.059
50 2.102
7.5 2.146
" 10.0 2.120

2.079 0.020
. 2.138 036
©.2.193 .047
2.252 .D62
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Figure 12, Effect of deep :gravel envelope on maximum
height of water table above drains.
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Figure 13. Effect of radius of drain plus 3-inch gravel
envelope on maximum water table—6-ft drain spacing,
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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 eguation with Hooghoudt's correction.

A typical field condition with the following values was
used: water table above drains at the centerline H =
4.0 ft (1.22 m); hydraulic conductivity of aquifer P =
1.5 ft {0.457 m) per day; deep percolation rate R =
0.00417 ft {0.00127 m) per day using the ratio P/R =
359.97; depths—drains to barrier, D = 31.5 ft {9.60
m). For a radius of drain plus gravel pack equal to 0.7
ft {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 condmons in which the deep
percolation rate is

percolation rate during the peak wngatlon season {17
days between irrigations). This example uses the same
data as L. D. Dumm used in Table 4 of his paper.
(Refarence 6.) Dumm compuied 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 = 0.0049 ft (0.00142 m} per day for
average deep percolation rate, which wouid represent

‘an average time between irrigations of 14.5 days, a

drain spacing of 489 ft {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 m) to0 1.4 ft (0.426 m)
resulted in an increase ‘in drain spacing from 489 ft
{149.05 m) to 511 ft (155.75 m), or 4-1/2 percent
Table 2. Increasing the radius of drain plus envelope to
8 ft {2.44 m) resulted in a drain spacing of 572 ft
{174.35 m), or an increase of 17 percent over the
spacing of 489 ft {149.06 m) with a 0.7-ft (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, hydraulic conductivity divided by the
deep percolation, They are mcluded in F:gure 15 and
Table 3.

praeitnd |
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1N ORNIN SOACHeG DOMHANS Fostan A itk

HORGOUGT S {GRRECTION FOR CEMVERGEINCE-
{ weanFF . payslL

I
y

DRAIY SPACING {F1)

70 BED)
n:nus DF DRAIN « :nvn.uPE (r1'|

Figure 15. Effect of drain radius plus graiél envelops on
drain spacing—Typical field condijtions.
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NOTATION

The following symbols are used in the report,

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

A = cross section area “_2)
a B, C parameters described in text )
b height of water table above impermeable barrier {L} - . i
b’ Hooghoudt’s equivalent height of water table above |mpermeable, barner {L)
d depth, centerline of drains to impermeable barrier (L)
= D in computer programs -
d’ Hooghoudt's equivalent depth (L}
dy/dx = hydraulic gradient (dimensionless)
height of water table above centerline of drains {L)
depth of water in an open ditch drain (L)
natural logrithm
coefficient of hydratlic conductivity (L/T)
discharge {1.3/T)
discharge per unit area (L/T}
radius of drain plus thickness of gravel envelope v
= R1in computer programs
= recharge or deep percolation rate {L/T)
spacing between centerlines of drains {L}
estimated drain spacing (L]
dimensionless ratio {P/R)
rectangular coordinates (L)




TABLE 2

COMPUTER PRINTGUT - P/R = 306.12

CemMFUTATIONE FOR DRAIN SFACING - STEADY RECFARGE
DeNNAN'S FBRMULA WITH HPVGHEUDT'S CORR F@R CONVERGENCE
FE@R 0 < D/S <= .312 BR +312 <'D/S,

WATER TABLE ABEVE DRAINS AT CENTER LINEs, H - FT 4.00
RADIUS BF DRAIN + GRAVEL PACK, R1 - FT 0.70
DEFTH - DRAINS Te@ BARKIER, D - FT . 31.5

PERMEABILITY AVG RECHARGE "DRAIN SPACING
FT/DAY FPC(KI/RC1) Fi/DAY . FT

1.500 306.12 0.0C490 4€9.04

CEMPUTATIONS FOR DRAIN SPACING - STEADY RECHARGE .
DBNNAN'S FORMULA WITH H@OGHOUDT'S CPRR F@R CONVERGENCE
FOR 0 < D/S <= .312 @R .312 < D/S» o=
WATER TABLE AB@VE DRAINS AT CENTER LINE, H - FT 4.00
RADIUS @F DRAIN + GRAVEL PACK, R1 - FT 1.40
DEPTH - DRAINS T@ BARRIER> D - FT-  31.5

PERMEABILITY AVG RECHARGE DRAIN SPACING
FT/DAY PCK)/RCI) FT/DAY FT D/S

1,500 306.12 0.00490 510. 68 0-0637

COMFUTATIONS FOR DRAIN SPACING - STEADY RECHARGE
DENNAN'S FORMULA WITH H@OGHOUDT'S CRRR FOR CONVERGENCE
FBK 0 -< D/5 <= 312 QR «312 < D/S»

WATER TABLE' ABOVE DRAINS AT CENTER LINE, H - FT 4.00
RADIUS @F DRAIN + GRAVEL PACK, Rl - FT 2.80
DEFTH - DRAINS TG BARRIER, D ~ FT 1.5

PERMEABILITY . AVG RECHARCE DRAIN SPACING
FT/DAY PC(KI/R(1) FT/DAY FT D/5

1.500 306+12 0.00490 ' 533.76 - 0.05%0




TABLE 2 CCONT.) ,

COMPUTATIONS FOR DRAIN SPACING - STEADY RECHARGE
DENNAN'S FBRMULA WITH H@@GHOUDT'S C@RR FOR CONVERGENCE
FOR 0 < D/S <= .312 @R .312 < D/S, co
WATER TABLE ABZVE DRAINS AT CENTER LINE, H - FT 4.00
RADIUS @F DRAIN + GRAVEL PACK, K1 - FT 5.60

DEPTH - DRAINS T@ EARRIER, D - FT = 31.5

PERMEARILITY * AVG RECHARGE DRAIN SFACING

" FT/DAY P(KX/RCI) FTsDAY FT D/S
306412 0.00490 K 558.31) 0.0564

L2

CeMPUTATIGNS .FORE DRAIN SPACING - STEALDY RECHARGE
DGENMNAN'S FBREMULA WITH HEERAGHBUDT'S CERR FBR CONVERGENCE
FER Q0 < D/S <= «312 OR 312 < D/S» :
WATER TABLE ABOVE TLRAINS AT, CENTER LINE., H -« FT 4.00
RADIUS ©F DRAIN + GRAVEL PACK, Rl =~ FT 8.00

DEPTH ~ DRAINS T@ BARRIERs D - FT 3145
PERMEABILITY AVG RECHARGE DRAIN SPACING :
FT/DAY PCK)/RCI) FTZDAY - FT D/S

306.12 0.00490  ° 571.52 0,0551




TAELE 3

COMFUTER FRINTBUT - P/R = UAEIABLE

CBMFUTATIONS FOR DRAIN SPACING - STEADY RECHARGE
D2NNAN'S F@RMULA WITH HO@AGHOUDT'S CEBRR FBR CONVERGENCE
F@Rk O < D/S <= 312 BR 312 < D/S.,

WATER TABLE ABBVE DRAINS AT CENTER LINE, H - FT 4.00
RADIUS ©OF DRAIN + GRAVEL FACK, K1 - FT 0.60

DEPTH ~ DRAINS TR BARRIER>, D - FI =~ 3i.5
PERMEARILITY AVG RECHARGE bEAIN SPACING
FT/DAY PC(KY/RC1Y FT/DAY FT . D/S
"1.500 1500.00 0.00100 '1173.88 . . 0.026E
1.500 75000 0.00200 i 804+ 45 T 0.0392
1.500 75.00 0.02000 : 205.20 0.1535 ;
1.500 0.75 2.00000 10.26 3.0704

COMPUTIATIONS FOR DRAIN SPACING - STEADY RECHARGE .
DONNAN'S FORMULA WITKH H@@GHBUDT'S C@RR FOR CONVERGENCE
FOR O < D/S <= «312 @R +312 < D/S»

WATER TABLE AB@VE DRAINS AT CENTER LINE, H - FT 4.00
RADIUS @F DRAIN + GRAVEL PACK, R1 - FT 1.20

DEPTH - DRAINS T@ BARRIER, D = FT . 31.5

. PERMEABILITY AVG RECHARGE . DRAIN SPACING |

. FT/DAY PC(K)/RCI> FT/DAY C FT - % D/S )

i 1.500 1500.00 0.00100 1197.81 0.0263 .

g 1.500 75000  0.00200 827. 48 0.0381 o
1.500 75.00  0.02000 222.09 0.1418 .

1.500 ' 0.75  2.00000 - 12.09 2.6049

COMPUTATIONS F@R DRAIN 'SPACING ~ STEADY RECHARGE
DONNAN'S FORMULA WITH H@QGHEUDT'S COURR FPR CENVERGENCE
F@R-0 < D/S <= 2312 BR «312 < D/S,

WATER TABLE ABRVE DRAINS AT CENTER LINE, H --FT 4.00
RADIUS @F DRAIN + GRAVEL PACK, R1 - FT 2.40

- N

DEPTH - DRAINS T@ BARRIERs, D - FT 3145
- PERMEABILITY AVG RECHARGE DRAIN SPACING -
,f FT/DAY P(K)/RC(1) FT/DAY FT _ D/S
| 1.500 1500.00 0.00100 3, 1222. 41 0.0258 _
1.500 750.00 0+00200 * i B5i.45 ' 00370 :

. ' 1.500 75.00 0.02000 % 241,58 0.1304
. 1.500 0.75 . 2.00000 - 15.83 - 1.9899
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PERMEAEILITY AVG'REUHARGE . DRAIN SPACING
FT/DAY PCK)/RC1) FI/DAY FT D/S
1+500 150CG.00 0.00100 1247. 68 0.0252 "
1.500 750.00 0.00200 B76. 36 0.0359
1.5C0 75.00 0.02000 263.85 0.1194
1.500

PERMEABILITY AVG RECHARGE DREAIN SPACING
FIs/DAY PCK)/R(1) FT/DAY . i FT : -D/5S
1.+500 1500.00 0.0G100 1266.714 ' . 00249
1.500 750.00 G.00200 E95.33 . 0.p352
1.500 75.00 0.02000 £28L.22 Ds1116
1.500

" TABLE 3 (C®NT.)

ComPUTATIONS FE@R DRAIN SPACING - STEADY FECHARGE
DENNAN'S FORMULA WITH HEBCHOUDT'S C@RR FOR CGNVEFCENCE
FBR D < D/F <= +312 OF <312 < D/Ss
WATER TAELE AB@VE DRAINS AT CENTER LINE, H - FT 4.00
RADIUS 8F DRAIN + GRAVEL PACK, R1 - FT 4.80 '

DEFTH - DRAINS T& BARRIER: D - FT 31+5%

0.75 2.00000 23451 1.3397

CeMPUTATIONS FOR DRAIN SPACING - STEADY RECEARGE
DONNAN®'S FERMULA WITH H@GGEQUDT'S CERR FOR CBNVERGENCE
FBR 0 < D/S <= 312 @R «312 < [/5,

WATER TABLE AB@VE DRAINS AT CENTER LINE, H = FT 4.00
RADIUS @F DRAIN + GRAVEL PACK, Rl = FT €.00
DEPTH - DRAINS T0 BARKIER, D - FT 31.5

C-75 2.50000 33.80 0.9319

(/
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‘Appendix 1
DOCUMENTATION OF COMPUTER PROGRAM PRO 1532-DRHWT

1. BRECS Program Description PRO 1532-DRHWT.
2. BRECS Users Manual PRO 1532-DRHWT.

3. FORTRAN Listing EJC16 for PRO 1532-DRHWT with two example computations.
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LA

PRECS PROGRAM DESCRI-TION=-FRD 1532;DQHWT PAGE 1
P NAFNRE T AL UNE T AL ST AN AT IEL R YL AN AN D8/24/71

PPOGRAM TITLE

- — - -

WATER TARLY HIrIGHT AbOyT PIPE OvAYNS«STFATY RFCHARGE

#PURPUSE

TO COMPUTE MAXIMUM HEIGHT OF WATER TAPLF ABIVE
AGRICULTIIRAL PIFE ORAING AT THE CLNTEPLTNE 3L TWEEN
LINES OF DurIng. ‘

THE PROGRAN COMPUTES MaXI¥yp WATER TABLF
HEIGHT "sTar NONNANS FOPMPLSE COSRECTED FOn
COVERGFNTF F FLOW TO DRAINS By HOOGHDUNTS
METH(M.

THRUT~0UT2UT

- - —— g ———

THE IMPYT wTLL CONSIST OF:

VALUES OF A2UTFFR HYDRAULTC CONIUCTIVITY.

DFEP PFRCOLBTION RATE, TRAIN SCPACING, LFSTAICE-CENTCR
OF DRAINS TD SAPRIFR. RETUS 2F URAIN FLUS

THICKMESS OF apiyFL PACK

THE QUTPNUT WILL CONSIST QF: '
HyLRAULTIC CPNNUCTIVITY OF ANUIFIR, BAVERAGY 2ECHARGF
RATIO P/R. "AXIMyUM WATEF TARLF s RATTIO D/S.

lelTATIﬂ\

—— -

PROGRAM CAn FF (SFEL FOu LABARATIRY OF FIFLD
TYPE COMPUTATIONS. THERE ARt NO GENERAL LIMTTATIGNS,
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CHAPTER

CHARTER

CHAPTER

CHAPTER

TABLE

PROGRAM TITLE. + = «

OQUTPUT o« o« ¢ o o« « @

GENERAL DESCRIPTIQN.

IHPUT DATAce o« =« o

(A}
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EFECS USEPS KMANUAL=-PRO 1532=-53HWT PAGE 1

L PR L LN P P Y S P ET R AN Y E R Y2 08724771

)

PR”bPAM TITLE

T iy St A P

WATEF TAHLL HFIGHT AROVE PIPP DRAINS=STEADY KECHAPGE

OuTPLT

- g

THE VALUES SHOWN ON THE OUT®UT LISTING &RE THE 1NPUT DATA,. THFE COMPUTED VALUES
OF THE MAX[MyM HEIGHT OF WATER TABLT EBETWEEM LINLS OF UFAINS, COMPUTED VALUES

OF THE RATINS F/n (HYDRAULIC COMDUCTIVITY GLF AQUIFER/DEEP PERCOLATION RECHARGE
RATE} AND Uss (DISTANCE GF LRAINS AHGVE THE IMPERMEABLE B3ARRIFR/UFRAIN SPACING)

GLNERAL DFSCRIPTIOK

THE TIME SHAKING FORTRaMN COMFUTER PRUGKAM (OMPUTES Thf MAXIMUM HEIGHT OF WATER. -
TABLE BETWEFN ADJACENT °IPE LRAINS. THF THFORETICAL FURMULA FOR COMPUTING
DRAIN SPACIMG 1S REARRAMGED 5m THAT IMSTELAD OF SCLVING FJUR DRAIN SPACINGe THE
MAXIWUM hFIGHT OF wATER TABLE 18 THE RESULTANT VALUE WITH DGRAIN SPACING BEING
AN IKDEPFNLUFNT VARIABLE. THE PrROGRAM LETERMINES THE VALUF COF THE RATIO U/S,
(DISTAMCF IF TRAINS TO RARRIER/URAIN SFACING) ANL THE PROGKAM THEN SELECTS
WHICH FORMULA TO (SE TO COMPUTE MAXTMUM REIGHT OF WATER TABLE BETWEEN DRAINS.
A DIRECT SOLUTINK OF A AUABRATIC FORMNILE TS THEN MADE FOR MAXTMUM wATER IABLE
HE IGHT.

THE PROGRAY 1S ByAILABLE OH FUNFHAED FAPFR TAPE ANT BT 1S ALSQ cunggNTLv STGRED
IN THE TIME SHACING SYSTEM IN USE AT THF E ANT ® CINTEK. i~

L
£

TRPUT DATA

A

INPUT DATA ELRF ADDED TG THE TTME SHAKING FORTPAM PROGRAM WITH THE TELETYPE . .-

CONSOLE (N LINE. VALUES OF HYGRAULTC- COADUGTIMITY.-QF-THI- SQUTFERTMATERTAL AND
THE DEEP PEFCOLATION RECHARGE RATELARE AuDET TN THE DATA STATFMENTS. DIMENSION
STATEMENTS TETERMINE THE WUMBER OF TATA vALYUES TrAT CAN of USFD. DLIMENSIOMN AND
DATA STATEMENTS CAN BE CHANGED TOQ PrCVINE FOK AS MANY VvALUES QF HYDRAULIC
CONDUCTIVITY OF THE AQUIFER MATERTAL AND CF THE RECHARGE DUF TO DEEP
PERCOLATION RATES AS ARF NELSIRERD

VALUES OF LFAIN sPACle. RATIUS OF PRAIM PLUS THICKNESS JF GRAVEL PACK AND
DISTANCE QF L'RATNS TO JARRIFEK ARPE IMpUT ON LINE [N ANSWFR TD THE QUESTION
uINFluTu
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CeMPUTATIPNS FPR MAXIMUM WATER TAELE BETWEEN DRAINS - STEADY
RECHARGE - DONNAN'S FORMULA WITH HERPEGHKRUDT'S C@RRECTISN
FOR CONVERGENCE
IF 0 < D/5 <= 312 USE FORMULA A. IF 4312 < D/S USE FORMULA B
DIMENSIZN P(S) .
DIMENSIBN RC(S)
DATA P/
4Be902545:0455.0540.0,60.0/
DATA R/
 6356514271451+90705245427,0.0/
INFUT VALLUES
S = DRAIN SPACING - FT _
K1 = RADIUS G@F DRAIN + GRAVEL PACK = FT
D = DEPTH ~ DRAINS T@ BARRIER ~ FT
READ 1,S,R1,D
FRRMAT (3F5.2)
FRINT 3,S,R1.D
FORMAT C1E1217Xs
SOKCEMPUTATIGNS FOF MAX WATER TABLE -~ STEADY RECHARGE./ _
15X, S4HDONNAN'S FORMULA WITH HROGKFOUDT'S COKR F@OR CONVERGENCE.~s
15X»33HFGR 0 < D/S <= +312 BR «312 < D/Sa/ '
15X,21HDRAIN SPACINGs S = FT F8els/
15X,38HRADIUS @OF DRAIN + GRAVEL PACKs R1 ~ FT FS«2,/
15X,33HDEFTH - DRAINS T@ BARRIERs D = FT F8als//
5X» SOHPERMEARILITY AVG RECHARGE MAX WATER TAPLE,/
&X,54HF1/DAY PC(KI)/RCI) _FT/DAY FT pss 277)
START FORMULA A (F@R 0<D/S<=.312)
DG 10 K = 1,5 :
IF C(FC(K).ECe 0.) €@ TB 2
DB 20 I = 1,4
IF (RCI)«.EQ. 0.) G@ TR 10
PCKIZRCID
pss .
F ¢ V .GT. 0.312) GD TO &
1 + (2.546%D/S5)*ALBGC(D/R1)
=3s55%{D/S) + 1.6%(D*%2./5%%2e) = (C(2e%D%k*3e)/C(S%k%3.))
D/CA+B) :
SERTCCH*2. + (S**x2+%RCI))/ CAe%P(K)))
~-C + E
PRINT S,PCK)»T»RCIdsH,V
FORMAT C(4XsF7e¢3,2%5F8e 2;2X:FE.4:9X;F10 4,8x,F8.4>
Ge To 20
Ge T2 10 -
START FBRMULA B (FDPR .312<D/S)
Al 2. 546 CALBGCS/RTY - 1.15)
B1 (S/A1)
ci SORTIB1*%2. + (S**¥2.%RCI))/C4.%PCK)))
H = =Bl + CI
PRINT S»PCKY>ToRC(IdsHsV
8 FERMAT (AXsFT7e352XsF8el52KsFBedu9XsF10e4,8X,F8a04)

T
\Y
I
A
B
c
E

wnuunn
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EJC16 C@NTINUED

700 CeNTINUE
710 FRINT, = =
720 CONTINUE
730 sTepP

Ta0 END




READY
RUN

EJC16 11:02 CSS WED.06/16/71

INPUT:00240
? 006000001000200

COMPUTATIONS FOR MAX WATER TABLE - STEADY RECHARGE
DONNAN'S FBRMULA WITH HEOGHEUDT'S CORR FOR CBNVERGENCE
FBR O < D/§ <= «312 BR +312 < D/S
DRAIN SPACING, S - FT 60
RADIUS ©F DRAIN + GRAVEL PACK, R1 - FT 0.10
DEPTH - DRAINS TO BARRIER> D - FT 2.0

PERMEABILITY AVG RECKARGE MAX WATER TAELE
FT/DAY P(K)/RC1I) FT/DAY FT D/s

484902 76494~ 06356 _ 0.0700 0.3333 °
4849502 38. 4E, 1.2714 0.1348 0.3333
484902 . 25.64 1.9070 0.1954 : 0.3333
46,902 19.23 2,5427 - 0.2525 © 03333

454000 70480 D.6356 - 0.0758 . 0.3333
45.000 35.39 1.2714 " 0.1456 0.3333
45.000 234 60 19070 0.2106 0.3333
45.000 17.70 245427 . D.2716 0.3333 -

55.000 Bés 53 0.6356 ' 0.0625: 03333
55.000 43+ 26 1.271 4 01208 0.3333
55.000 2B.84 1.9070 01757 03333
95000 21.63 25427 0.2276 0.3333

40.000 62.93 0.6356 0.0848 0.3333
40.000 31.46 1.2714 0.1623 0.3333
40.000 20.98 1.2070 ' 0.2339 . . 03333
40.000 4 }5-73 2.5427 0.3008 0.3333

60+000 :  94.40 0.6356 0.0575 0.3333
€0.000 . 47419 1.2714 L 0.1114 0.3333
60.000 . 31.46 149070 ' N.1622 0.3333
66000 7 23460 245427 0.2106 " D+3333

STeP

COMPUTER UNITS

READY




RUN |

EJC1é

INFUT

o STOP

CerPUTER UNITS

READY

11:06 C55 WED.OE/1E/71

00240

? 012000001000200

CeMFUTATIBNS FOR MAX WATER TABLE - STEADY RECEARGL
D@NNAN'S FARMULA WITH HBSGHBUDT'S CBRR F2R CONVERGENCE
FBR 0 < D/S <= .312 BR 312 < D/S
DRAIN SPACINGs, S ~ FT7T 12.0
RADIUS @F DRAIN + GRAVEL PACKs Rl = FT 0s10

DEPTH. ~ DRAINS T@ BARRIER, D = FT 240

PERMEABILTTY AVG RECHARGE MAX WATER TABLE .
FT/DAY PCKI/RCIY FT/DAY. | FT | D/S
T “o : i

48902
48.9082
484902
48902

45.000
45.000
45.000
45.000

55.000
55.000
55.000
55,000

40.000

40.00C
40.000
40.000

60.000
60.000
60.000
a0.000

76494 0.6356 0.1858 01667
3B« 46 1.2714 0.3490 01667
25464 1.9070 | 0. 4962 01667
19.23  2.5427 . 0.6315 0+16€7

70480 0i6356 . 0.2007 01667
35.39 142714 0.3756 0+1667
23460 1.9070 0.5325 041667
17.70 - 2.5427 | 046761 0+1667

86.53 0.6356 - . - 0.1665 © 0e1667
43.26 1.2714 - .. 043144 0.1667
28.84 1.9070 ' 0. 4488 . De1667
21.63 "P.5427 e 05728 Del1667

62.93 0.6356 0.2238 0.1667
3146  1.2714 - 0-4162 : D.1667 /-
20498 1.9070 0.5877 01667 5=
15.73 - .2.5427 _ 0.7438 0.16€67"

944 40 046356 0.1534 © 01667
47.19  1.2714 0.2908 041667
31,46 1.9070 0.4162 0+ 1667
23.60 725427 045325 0.1667

4.0

A
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 Appendix 2
DOCUMENTATION OF COMPUTER PROGRAM PRO ‘l532-ljRSP
1. BRECS Program Description PRO 1532-DRSP.

2. BRECS Users Manual PRO 1532-DR5P. .,

_-.f—!“—""'-m-'

S

3. FORTRAN Listing EJC18 for PRO 1532-DRSP with an example computation,




CHAPTER

CHRAPTER

CHAPTER

CHAPTER

CHAPTER

PROGRAM TITLE.

PURPOS3Es + =«

METHOL + «

INPUT=-QUTPUT

LIMITATIONS.




BRECS PROGRAM DESCRIPTIQY-FRO 153t~pRSP PAGE 1

I L L L L L L PRI T L L e 087254711

PROLPAM TITLE

DRAIN SPACING-STEADY RECHARGE
PURPUSE

TO COMPUTE TRAIN SPACING BtrerN LINES Or
AGKRTCULTURAL TYPE PIPE DRAINS

THE FROGRAM COMPUTES TRAIN SPACTINRE #sINhG DUHNANS
FORMULA CORRECTED FOR CNANYERGENCL 0OF FLOw TO DRAINS
BY HOOGHNULTS METHOD A ‘ '

INP 'T-UUTPUT

THE INPUT wILL CONSIST OF: :

VALUES OF AGUIFER-HYDRAULIC counurT GITY

DEEP PERCOLATION® RATE. MAXIMUM HEleHT OF WATER
TABLE ABOVE CENTE+ OF URAINS AT CENTLR.LiN:
BETWEEN IRAINS. RADIUS DF oJRAIN PLUS THRTICKNESS
OF GHAVEL P2CKs DISTANCE-CENTER OF PRAINS TO
BARRIER. : : &

THE GUTPUT szL CUNSIST oFs Ty -
HYDRAULIC CONDUCTIVITY N7 AGUTFER, AyERAGF RECHARGE
RATE. RATIO:P/Rs SRAIN SPACINGy RATIO 8/3

“LYMITATIONS

PROGRAM CANTBE USLD FOR LABORATORY "R FILLLD
TYPE COMPUTATIONS. THERF ARE NO oENFRAL LIMITATIONS,.




BUREAU OF ReCLAMATIOMN EWGIMEERING COMFUTER SYSTEM

SRECS USEPS MANUAL=-PRU 1532=LASP

SANETNO Mg NN ANNN D EER ST MY AE L T

By

_E. J. CARLSON

UNITED STATES DEPARTMENT OF THE INTERIGR

BURLAU OF RECLAMATION

ENGINEERING AND KESEARCH CENTFR

iy

DENVERs COLORAUN L 06,25/71
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BRECS USFRS MANUAL-PRG 15;2-TikSP FhgT ]

S RN ASEN AN AN NN N Ta T i N ZuEats oo 23,71

PRrNGR 4 TlT;F

DRAIN SPACING-STEADY RECHARGE

OUTFUT

THE VALUFS SHOwN CN THE DUTPUT LISTTAG 8RF THE TNPUT NATA aND THE CaMPUTED
VALUES OF ORAIN SPRING BN CUOMPUTFL yALLUES OF THE RATIOS P/R (HYUSAULIC
CONDUCTIVITY / BEEP PCRCGLATION XFCHERGE RaTC) Ai0 D/S (DISTAMCE OF WRAINS
' ABOVE THF BAGRIER 7 DRAL. SPAZING)

GFNERAL JESCKIFTION
THE TTME¢SHARING FORTRAM COMPIITER P”ﬁFRAH COMFUTES THF DRAIN . SPRACING FO%
PLACING aDJACENT FIPE DRAINS. Tilf THEORLTICAL FORWULA FOR STEADY STATE
DRAINAGE IHCLUDES A CORRoCTINM FUR TOMvERGENCE 25 THE wRTEW APPRoaCHEE THE
DRAIN. THE CORRECTIUN FOR CONVERGEMCF DEPLNLS 0N THE VALUE OF THE PATIZ O/S
(DISTANCF OF DRAINS ABOVE THL BARRIFR / DRAIN SPACING). THE COMPUTER P3OSRAM
COMPUTES 4 FIRST ESTIMATE FnR DRATN SPACINL USING AN UNCORRECTED FoPmiLs ro
DETEKMINE WHICH RANGE?THE RATIO u/S FALLS. =<THE PPOGRAM THEN SELECTS
FORMULA TO BE USED WITH WHICH TO CuMeyTE TﬁﬁﬁECCURAT: LRAIH SPACING.
NEWTON = RAPHSON METHOU uF CUMVERSIML OM & SOLUTION BY THE ITERATIVE
WITHIN THE ACCURACY UESTRES 1S USFD IN ThE FuMAL STESZFOA CONMRUTIMG THE URATW

SPACING.

THE PRUGRA# IS FCR STEANy 3TATE JPATNAGF CONOSITTIUNS. THE FROOGRAM CAN of USEL

A5 A SUBPROGRAM FNR OTHER CRAINAGE mRORLLMS,

BN




BRECS USFHS ™ANUAL-PRQO 1532-DRrSPH PAGF 2

NEFEENORNSAEYZIUNSEPRAANFUEIERI D 00/?5/71

INPUT SATA.
INPUT JATA ARE ADUED 710 THE TIMEISHGRING FURTRAN PROGRAM WITH THe TELETYPE
CONSOLE 0N LINE. VALULS oF nYOR&NLIC CONDUCTIVITY OF THE AQUIFER MATERIAL AND
THE DEEP PERCOLATION RECHARGE RATE ARE INPUT IN THE UATA STATFMENTS. UTHMENSION
STATEMENTS ARE USED TO DETERMINE THF NuMBEk QF DATA VALULS TO bE USED.
DIMENSION ANO QOATA STATEMENTS CAN o CHANGLD TO PROVIDE FOR A3 MANY VALUES OF
HYDRAULIC CONDUCTIVITY OF AQUIFER MATERIAL AwD OF THE RECHARGE DuUE TO DEEP
PERCGLATION RATES AS ARF DNLSIREN.
VALUES OF MAXIMUM WATER TAALE ABUVE THE CENTZP OF DRATMS. RADIUS OF DRAIN +
THICKNESS DF GRAVEEL PACK AN DISTAKCE OF TRAINS TO BARRIER ARE iNPUT WITH THE
CONSOLE ON LINE IN.ANSWFR TD THE Oy~STION "IWFUT". THE PRUGRAM 1S AvAILABLE ON
PUNCHED PAPER TAPE FOR ThE TELETY®P¢ COiiscGlLe. [T 1S ALSb CURRENTLY STORFD 1IN

THE TIME SHARING SYSTEM UScd BY THE £ AND k CENTER 1N DENYVERS CQLORADO.




CEMPUTATIGNS FQE DRA1N SPACING -~ STEADY RECHARGE

USING DENNAN'S FORMULA WITH HOGGHBUDT'S C@RR FBR CONVERGENCE
IF O < D/75 <= <312 USE F@RMULA A« IF 312 < D/5 USE F@QRMULA B
DIMENSIEN P(5) '

DIMENSI®N R(5)

DATA P/ _

¢551e0,2¢055.0,10.0/

DATA R/

«001,5,:002,¢02,:2,0.0/

INPUT VALUES

H = WATER TABLE CENTER LINE ABAVE DRAINS -~ FT

R1 = RADIUS ©BF DRAIN + GRAVEL PACK - FT

D = DEPTE - DRAINS T9® BARRIER - FT

READ 1,Hs,R1,D '

FORMAT (3F5.2)

PRINT 3s,HsR1,D

FeRMAT C1H1,17X,

CGBHCOMPUTATIGANS FBR DRAIN SPACING - STEADY RECHARGE./
15X,54HDONNAN'S FBRMULA WITH HREGHEUDT'S CORR F@RE CONVERGENCE./
15X,34HFBGR O < D/S <= «312 @R 312 < D/S,/

15X, A7THWATER TAELE ABOVE DRAINS AT CENTER LINE» H - FT F5.2,/
15X,38HRADIUS @F DRAIN + GRAVEL PACKs R1 - FT FSe2,/ 8
15X, 33HDEPTH - DRAINS TQ BARRIER, D = FT FB8elas/ )

SX, 4BHPERMEABILITY AVG RECHARGE DRAIN SPACING.,/

B8R, S54HFT/DAY P(K)/RCI> FT/DAY FT bsS 77)
START FORMULA A (FGR 0<D/S<=.312) '

DONNAN FQRMULA FBR ESTIMATING DRAIN SPACING - 51

D2 10 K = 115

IF (PCKY+EQe 0.): GO TQ 2

D@ 20 1 = 1.5

IF (RCI) +EQ« O0.) GO TG ©

T = PCKY/RC1IY 3 BE = H +D

S1 = 2+%S0RT((TY*((B**2) = (D%x%2}))

Dg 30 J = 1,20

Be OkTxH¥D%S1

51 + (B+%D/3+41418)%ALBGC(D/R1) =~ 3e«4%D

A/B % 4«*TkH¥%2 = S| %x%x2 :

A/S1 i

E/B - A/B%%2 -2.%51

51 - C/6G

= ABS(5-51)

D/5

IF ¢V GTs 0.312) GO TA 6

IF (SAE LT+ 0.1) GB TO &

51 = 8

CONTINUE

FPRINT S,PCKI»T,RCIY,S5.V

LT T £ ||

A

m

VIF@RMAT CARIF Ta3s2hsFBeCs2KsF8e5,6%5F10.2,8X,F8s4)

G@ TP 20
Ge TP 10




EJC18 CeNTINUED

s7ec START FGRMULA E (FDR »312<Drs5)
580 D@ 4G J4 = 1,20 : :

590 Al
600 Bl
610 Cl
620 El AlsS1

630 Gl E1/B1 - E1/B1%%2 - Z2.%51

640 S = 81 - Cl/sG1

650 SAE = ABS(S5-51)

652 V1 = D/S

660 " IF (SAB «LT. 0.1 G0 TO 7

662 51 =5

670 CONTINUE

€80 PRINT 8,P(K)»TsRC(1Js5,V1 ' :

690 FORMAT (4XsF T+ 352X FBe2,2XsFBe5,6K,F1042,8X2FBs 4)
£91 CONTINUE

692 PRINT, " v

693 CONTINUE

710 STOP

720 END

3+1416%T*H*S1
ALBGC(S1/R1) = 1.15
Al/Bl 4 4.*kTHH¥*2 - Sl%%2

nanuni




READY
RUN

EJC1E

e INPUT :00240

11:22 C58

? 004000006003150

KWED.0O6/16/71

COMPUTATIGNS F@R DRAIN SPACING ~ STEARY RECHARGE

DBNNAN'S FORMULA WITH HR@GHBUDT'S C@RR FOR CONVERGENCE
FBR 0 < D/5 <=

+«312 Bk

« 312 < D/5»

WATER TABLE AB@VE DRAINS AT CENTER LINE.
RADIUS OF DRAIN + GRAVEL PACK., Rl
DEFTH - DRAINS T® BARRIERs D - FT

PERMEABILITY

FT/DAY P(K)/R(1)

0.500
0.+ 500
0. 500
0.500

1.000
1.000
g 1.000

2.000
2.000
2.000
2.000

5.000
5.000
5.000
5.000

10.000
10.000
10.000
10.00C0

STOP

COMFUTER UNITS

e READY

500.00
250.00
25.00

2. 50

1000.00
500.00
50.00
5.00

" 2000.00

1000.00

100,00

10.00

5000.00
2500, 00
250,00

25.00

10000.00
5000.00
500.00
50.00

4.9

AVG RECHARGE

0.00100
0.00200
C.02000
0.20000

D.00100
0.C0200
0.02000
0.20000

0.00100
0.00200
0.02000
0.20000

0.00100
0.00200
0.02000
0.20000

0.00100
0.00200
G.02000
0.20000

FT/DAY-

43

"'FTO.
31.5

DRAIN SPACING

FT

641. 42
430+ 34
9651
20.80

942.26
&4] . 42
157.32
32.15

136%9. 41

942.26
246. 49
S0. 81

2218.80
1541.80
430. 34

96. 51

3177.C0
2P18.80
641. 42
157.32

H - FT 4.00
60

p/s

0.04%91
0.0732
0.3264
15142

0.0334
0.0491
0.2002 -
0.9799

0.0230
0.0334.
0.1278
0.6200

0.0142
0.0204
0.0732

0.3264

0.0099
0.0142
0.0491
0.2002

GPO g39-732
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CONVERSION FACTORS—BRITISH TQO METRIC UNITS OF MEASUREMENT

The following canvers'on factors adopted by the Bureau of Reclamation are'those published by the American
Society for Testing and Materials (ASTM Metric Practice Guide, E 380-568) /except that additional factors {*)
commonly used in the Bureau have been added. Further discussion of definitichs of quantities and units is given in
the ASTM Metric Practice Guide, i

The metric units and eonversion factors adopted by the ASTM are based gh the “International Systermn of Units™
{designated S| for Systeme International d'Unites), fixed by the International Committee for Weights and
Measures; this system is also known as the Giorgi or MKSA {meter-kilogram {mass)-secand-ampere] system. This
system has been adopted by the International Droganization for Standardization in 1SQ Recommendation R-31.

The metric technical unit of force is the kilogram-force: this is the force which, when applied to a body having a
mass of 1 kg, gives it an acceleration of 9.B0BG5 m/sec/sec, the standard acceleration of free fall toward the earth’s
center for sea level at 45 deq latitude. The mettic unit of force in S units is the newton {N), which is defined as
that force which, when applied to a body having 2 mass of 1 kg, gives it an acceleration of 1 m/sec/sec. These units
must be distinguished from the (inconstant) local weight of a body having 2 mass of 1kg, that is, the weight of a
bady Is that force with which a bady is attracted to the earth and is equal to the mass of a body multiplied by the
acceleration due to gravity. However, because it is general practice to use “pound” rather than the technicaily
correct term “pound-force,” the term “kilogram™ {or derived mass unit} has been used in this guide instead of
“kilogram-force™ in expressing the gonversion factors for farces. The newton unit of farce will find increasing use,
and is essential in S§ units.

Where approximate or nominal English units are used to express a value or range of values, the converted metric
units in parentheses are also approximate or nominal, Where precise Erglish units are used, the converted metrie
units are expressed as equally signifigant values, .

Tabie)

QUANTITIES AND UNITS OF SPACE

Multiply By To obtain

LENGTH

25.4 {exactly}

© 25.4 (exactly}
:2.54 {exactly)®
30.48 lexactly}

Millimeters
. Centimeters
. Centimeters

0.3048 (exactly)” v .. Matars
0.0003048 {exactly)™ Kilometers
0.9144 {exactlyt .

1,609,344 (exactly)”
1.609344 {exactly)

‘AREA

Square inches - ~.,.§.451 B (exactly) Square centimetars
Square feet *920.03 3 Sguare cemtimeters
Square feet 0.092903 Square meters
Square yards ) 0.836127 Square meters
' Hectares

Square meters

Square kilometers

Squate kilometers

Cubic centimeters
Cublec meters
Cubic meters

CAPACITY

Fluld ounces {U.5.) 295737 Cubic centimeters
Fluid cunces (U.5.) Midtiliters
Liquid pints {U.S.) 0473179

Liquid pints {U.S.} 0.473166 Liters
Quarts (U.S.) . X ' Cubic centimeters
Quarts {U.5.) . Liters
Gallons{US) .. ......... : ,785. Cubic centimeters
Gallons (US) .. .. ... .ou.s 3 ) - Cubic decimeters -
Gallons (U.8.) g Liters
Gallons {U.8.) : Cubic meters
Gallons (UK.} X Cubic decimeters
Gallons [U.K) : Liters
Cubic feet : ., Liters
Cubic yards 2 Liters
Acre-feet . Cubie meters
Acre-feet Liters




Tabie I

QUANTITIES ANO UNITS OF MECHANICS

Muitipty 2y

To abtain

MASS

Grains {1/7,000 Ib}

Troy sunces (490 graing} , ., ...
Gunces {ayrp)

Poynds {avdp)

Shart tons (2,000 Ib}

Shart 1ons {2,000 Ib)

Long tons (2,240 ik}

54.75891 [exac{lv}
31.1035
283495 . .......
0.45359237 (exactly)
907.185
0.9Q7185 ...
OIS ...,

. Milligrams

Kilograms
Kilograms
Metric tons
Kilograms

FORCE/AREA

Pounds per square inch
Pounds per square inch
Pounds per square foot
Pounds per square faot

Kilograms per square centimeler
. Newtons per square centimeter
Kilograms per sjuare meter

v e v . . Newtons per square meter

Dunices per cubic inch

Pounds per cubic foot
Pounds per cubic foot . .. ... ..
Tons {kong} per cubic yard

0.0760785
1.32894

.+ .. Grams per cubic centimeter
Kilograms par cubic meter

Grams per cubic centimeter

.+« . Grams ger cubic centimeter

MASS/CAPACITY

Qunces per gallon (U.S.) 74883 ...
Ounees per gallon {U.K.}
Pounds per galton {U 5

Paunds per galion {U.K.)

Grams per liter
Grams per liter
Groms per liter
Grams per liter

Tabte -Continyed

Multiply

By

WORK AND ENERGY”

British thermal unit {Ba) . .,
British thermal units {Btu)

Biu per pound

Foqt-pounds

“D,252

1,055.08
2,326 fexactly} . . .
°1.35582

. Kilogram calories
Joules

Joules per gram

.- Joules

POWER

Bt ;= four . .
Foot-fioinds per second

745,700
0,283071
1.35562 |

L

R T Y

. Watts”

HEAT TRANSFER

B in./hr 12 degree F [k,
thesmal conductivity)
Btu in/hr f12 degree F {k,

thermal corduetivityl ... ... .

Btu H/hr 112 degree F
Bru/hr 12 degree F (C,
thermal conductance) ,
Ow/hr 112 degree F (C,
thermal conductance)
Degrea F hr 2/Btu (R,
thermal resistancel . . . .

Bry/tb degree F {c, heat capacity]

Btuflb degree F
Ft/hr {thermal diffusivity)

Fi/he {thermal diffusivity) . . . .

Miltiwats/crn degree C

Kq cal/hr m degree C
Kg cal mihr m< degree C

Milliwatis/em? degree ¢
.. Kgecal/r m? degree C
Degree C cm@/milliwatt

v, . JgdegreeC
Calfqram degree C

BENDING MDMENT QR TORQUE

003181
1.12885 x 106
0138285 . ., .
1.35582 x 10¢

inch-pounds
Foot-pounds .
FooT-paunds
Foot-paunds per inch . .
Qunee-inches

Meter-kilagrams
Centimeter-dynes
Meter-kilograms
Centimeter-dynes

Centimeter-kil pgrams per centimerer
Gram-centimeters

VELOQCITY

Grains/hr #12 {water vapor)
transmission)

Perms (permeanice}

Perm-inches [permeability)

_ Grams/24 hr mZ
Metric perms
\ . . . Metric perm-gentimelers

Fee1 per second
Feet per second
Feet per year
Miles per hour
Miles per hour

30.48 (exactly}
. 0,3048 (exactly)*
966873 x 10~6
1.605244 {exactly)
0.45704 {BxaEinys

Centimeters per second
Meters per second
Centi~aters per second
Kil. neters per hour
fMeters ger second

ACCELERATION"

Feet per secand?

Cubic feet per secand
{second-feel) ., ..

Cubtic feet per minute . . .

Gallons (U S.] per minute

. . . Cubic meters per second
Liters per second
Liters per second

FORCE"

"0.453592
*4m482 L., ....
44482 x 10°

Kilograms
. Newtons
Dynes

Tatle I11

OTHER QUANTITIES AND UNITS

Multiply

To obtain

Cuhic feet per square foot per day (seepage)
Pound-seconds per square foot {viscosity) . .. ...

Square feet per second |viscosity)
Fahrenheit degrees (change] ™ .
Volts per mif

5/8 exactly . . . .

£.03937

Lumens per sguare foot (footzandles) . . .. . ... 10.764 . .

Ohmecircular mils per foot
Killicurias per cuhic foot
Milliamps per square oot
Gattons per square yard
Founds per inch

“4.527218
*0.17958

Liters per square meter per day,
Kilogram second per square meter -

Square meters per second

Celsius or Kelvin degrees {change}®

., Kiiovolts per millimeter

Lumen$ per square meter

Ohm-square mitlimeters per meter

Millicuries per cubic meter
Milliamps per square meter
, Liters per sguare meter

Kilograms per centimeter

GPO 835188
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ABSTRACT

A sand tank model study of drainage by pipe drains on level and sloping land was made in a
60-ft long, 2-ft wide, and 2-1/2-ft deep flume. The flume could be tilted to @ 12 percent slope.
Theoretical equations developed for steady-state drainage conditions on level land were verified,
The study showed that drain spacing formulas developed for level tand can be used far spacing
midslope drains on sloping land which has a shallow impermeable barrier. Computer programs
using verified formulas 1o determine drain spacing and maximum water table height between
drains were developed and checked with data obtained from the flume study. The time-sharing
computer programs have been entered into the Bureau of Reclamation Engineering Computer
Systern {BRECS). :
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ABSTRACT

A sand tank model study of drainape, by p.pe drains on level and sloping land was made in a
60-ft long, 2-ft wide, and 2-1/2-ft deep-flume. The flume could be tilted to a 12 percent slope.
Theoretical equations developed for steady-state drainage conditions on level land were verified.
The study showed that drain spacing formutas developed for tevel land can be used for spacir.g
midstope drains on sloping land which has a shallow impermeabie barrier. Computer programs
using verified formulas to determine drain spacing and maximum water table height between
drains were developed and checked with data obtained from the flume study. The time-sharing
computer programs have been entered into the Bureau of Reclamation Engineering Computer
Systern (BRECS). ’
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ABSTRACT

A sand tank model study of drainage by pipe drains on level and sloping land was made in a
60-ft long, 2-ft wide, and 2-1/2-ft deep flume. The flume could be tiited tc a 12 percent slope.
Theoretical equations developed for steady-state drainage conditions on level land were verified.
The study showed that drain spacing formulas developed for level Jand can be used for spacing
midslope drains on sioping land which has 3 shallow impermeable barrier. Computer programs
‘using verified_formulas to determine drain spacing. :and maximum water table height betwezn
drains were developed and checked W|th data obtamed from the flume study. The time-sharing
computer programs have been enter mto the Bunuu of Reclamation Engineering Computer
System (BRECS].
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ABSTRACT

A sand tank model-study of drainage by pipe drains on level and sloping land was made in a
60-ft long, 2-ft wide, and 2-1/2-ft deep flume. The fiume could be tilted to a 12 percent slope.
Thearetical equations developed for steady-state drainage conditions on level fand were verified:
The study showed that drain spacing formulas developed for leve! land can be used for spacing
midstope drains on sloping land which has a shallow impermeable barrier. Computer programs
using verified formulas to determine drain spacing and maximum water table height between
drains were developed and checked with data obtained from the flume study, The time-sharing
computer ‘programs have been entered into the Bureau of Reclamation Engineering Computer
System (BRECS).
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