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PraiN Tuse OPENING EFFECTS ON DRAIN INFLOW
By Fawzi S. Mohammad® and R. Wayne Skaggs®

AsstRACT: Laboratory tests were conducted to determine the effects of total
opening area, location of openings and gravel envelope on radial flow to 100
mm (4 in.) diam corrugated plastic drains. Radial flow theory was used to eval-
uate the effective drain tube radius, r,, and the drainage transfer coefficient for
the corrugated tubes. The effective radius increased with total perforation area
as expected, but the location of the drain tube perforation had little effect on
7.. The greatest increase of effective radius for an increase in perforation area
occurred between areas of 38-75 cm?/m where r, incredsed from 5 mm to about
21 mm. Use of a 50 mm thick gravel envelope resulted in an increase in the
effective drain radius for a 100 mm diam pipe from 5-36 mm. Experimental
results for the effective radius were compared to theoretical values obtained
from an earlier solution for circumferential openings. The experimental results
were in close agreement with predicted values for a 1.0 mm opening width.

InTRODUCTION

The purpose of this paper is to present results of a study to determine
the effect of drain tube openings on inflow to drains. The relationship
between effective drain radius and water entry area was evaluated ex-
perimentally for 100-mm (4-in.) diam drains and reported herein.

The research is intended to help quantify how many holes or what
entrance area plastic tubes should have. The question of how the loca-
tion of the holes affects the rate of drainage inflow was also investigated.

The U.S. Soil Conservation Service (14) requires a minimum water en-
try area of 21 ecm?/m (1 in.?/ft) for corrugated tubing. The U.S. Bureau
of Reclamation (2) requires the same minimum opening area. A wide
range of total entry area was reported by FAO (4) for different European
countries as follows: (1) Austria (7.7 cm?/m-10.5 cm?/m), Germany
(F.R.G.) (7 cm?/m-10 cm?/m); (2) France (9.5-12.5 cm?/m); (3) Nether-
lands (11.75-27.15 cm?/m); (4) Sweden (14-21 cm?*/m); and (5) the United
Kingdom (6-9.5 cm*/m). For European tubing the requirement within
the given range depends on drain radius and wall thickness. One U.S.
manufacturer advertises an entrance area of 106 cm*/m and claims sig-
nificant advantages for the increased area, while another insists that 21
cm?/m is more than sufficient.

THEORY

Much work has been done to describe the effect of drain perforations
on drainage rates. Kirkham and Schwab (7) developed an analytical
expression to calculate the effect of number, size, and location of per-
forations in drain tubes on drainage rates under ponded surface con-
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ditions. The theoretical solutions of Kirkham and Schwab were verified
with data from three-dimensional electric analog models used by Schwab
and Kirkham. These analytical and analog solutions can be used to ana-
lyze the effect of drain tube openings on drainage rates for ponded sur-
faces. However, the most common drainage condition is one of water
table drawdown, rather than a ponded surface. During water table
drawdown, flow is approximately radial near subsurface drains. The flow
rate for radial flow from a cylindrical source to a drain tube with com-
pletely permeable walls can be described as

g=omxle=) [T (1)
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in which Q = flow rate (cm®/hr); K = hydraulic conductivity of soil (cm/
hr); I = length of tube (cm); h;, = hydraulic head of cylindrical source
{cm); h; = hydraulic head inside drain (cm); 7, = radius of source (cm);
and r, = radius of drain.

Eq. 1 assumes a completely open tube flowing full with the wall of
the drain offering no resistance to the entry of water. In practice, drain
tubes are not completely open; in fact, they have less than 2% of the
wall open in most cases.

One method of evaluating the rate of flow into drains under radial
flow conditions is to define an effective drain radius, 7., such that the
flow to a completely open tube with radius r, would be the same as the
flow into an actual tube. Then Eq. 1 becomes

Q=hm@;@ .............................................. @)
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By conducting experiments with many different tubes with different
numbers, sizes, and locations of perforations, the influence of perfora-
tions on the effective drain radius could be determined, and the results
used to quantify both radial head loss and the effect of perforations on
drain inflow.

Bravo and Schwab (1977) used an electric analog model to determine
the effect of openings on radial flow to corrugated drain tubes. They
conducted experiments for tubes with different sizes of circumferential
slots and complete circumferential openings. Skaggs (12) used the data
of Bravo and Schwab to calculate the effective radius of the tube with
circumferential slots. This value was then used to define the equivalent
depth to the impermeable layer and to estimate water table drawdown
from solutions to the Boussinesq equation. The equivalent depth con-
cept was originated by Hooghoudt [van Schilfgaarde (15)] to account for
head loss due to convergence of flow lines near subsurface drains. In a
more direct approach, Skaggs and Tang (13) used the effective radius in
numerical solutions to the two-dimensional Richard’s equation for com-
bined saturated-unsaturated flow. Neither approach can be used for a
wide range of drain tube openings, however, because basic data for de-
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termining effective radii or other parameters characterizing radial flow
to real drains are not available.

Analytical and numerical solutions have been obtained for a few spe-
cial cases of radial flow. Kirkham (6) obtained an analytical solution for
flow from a cylindrical source to a drain with complete circumferential
openings or gaps. His solution may be used to define the drain flow
rate lower bound () and upper bound (Q,) which may be expressed
as

_ 2mIK(h, — h)

——————— e, e, 3
Ql rs 252 ( )
In—+—5;
Ty 1
2wlK(h, = h .
and (, = ————(-———Z——tz ........................................ 4)
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in which S; and S, can be approximated as

1 .
and S, = 2 — sin

n=11 ty
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in which K, and K; = modified Bessel functions of the second kind and
first and second order, respectively; 2s = distance between circumfer-
ential openings; ¢ = opening width; and K, [, h;, h;, r, and r, are as
previously defined. No flow rate for a given situation is taken as the
average of the upper and lower bounds (Q; + Q,)/2.

Sneyd and Hosking (14) used numerical methods to solve an integral
equation for the same problem considered by Kirkham. They also de-
veloped an asymptotic expansion to determine the flow rate as the gap
width tends to zero. Nieuwenhuis and Wesseling (10) used numerical
methods to solve the same problem and also considered the case of ra-
dial flow to a drain with continuous longitudinal slits. Longitudinal slots
were also studied experimentally by Wesseling and Homma (16) who
conducted sand tank tests to determine the entrance resistance for radial
flow.

Another method of characterizing the effect of drain tube openings on
radial flow is to define a surface transfer coefficient or an entrance re-
sistance for calculating the head loss at the drain tube wall. Considering
the head loss near the drain (Ah) to be the sum of a component due to
radial flow and a component due to entrance resistance, the following
equation can be written: Ak = b, — by = (h, = h,) + (h, — h) = Ah, + AR,
in which k, = hydraulic head at the cylindrical source; I, = hydraulic
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head inside the drain; k., = hydraulic head just outside the tube wall;
Ah, = head loss due to radial flow (b, — h,); and Ah, = head loss due to
entrance resistance at the drain. The head loss due to radial flow Ah,
can then be expressed as -

anE
Al = hs— h, = e (7)

In order to quantify Ah;, a factor, o, analogous to the surface heat trans-
fer coefficient, may be defined such that the flow rate through the tube
wall may be expressed as

Q= QAL = H) o SO ®)

in which A = surface area of the tube; Ak, = h, — h, = head loss as the
water moves through the tube wall; and « = surface transfer coefficient
with units per hr. Rearranging Eq. 8 gives

Q
R R 9
. O)
Combining Eqgs. 7 and 9 and solving for « gives
K
a=- O U UT (10)
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The coefficient o can be defined for a given drain tube by measuring Q
in an experimental setup where the other variables in Eq. 10 are known
or measured.

EXPERIMENTAL PROCEDURE

Laboratory tests were conducted in a sand tank to determine the effect
of total opening area and location of openings on the rate of inflow to
100-mm diam (4-in.) corrugated plastic drains under cylindrical flow
conditions. An effective drain tube radius and a surface transfer coeffi-
cient were evaluated for corrugated tubes with different opening areas
and opening locations. One test was conducted with the drain tube sur-
rounded with a 50 mm thick gravel envelope. A summary of the ex-
periments conducted is given in Table 1.

A drain tube was centered in a cylindrical sand tank 0.91 m long and
0.76 m in diameter. The tank was made of perforated metal with solid
end plates that were fitted with ports for piezometers and with a 50 mm
diameter pipe outlet for the drain tube (Fig. 1). The corrugated drain -
tube was radially centered in the sand tank, and mortar sand was packed
to a uniform density in the space between the tank wall and the tube.
The end plate was fastened, and the loaded cylinder hoisted into a sub-
mergence tank (1.2 m long X 1.2 m wide X 1.2 m deep) and placed in
a horizontal position. The outlet from the drain tube was connected to
the outlet of the submergence tank, which was in turn attached to a riser
pipe. The outlet end of the riser could be adjusted in elevation to enable
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TABLE 1.--Summary of Tests Conducted for Corrugated Tube 10 cm In Diameter

Perfor- | Perfora-
Num- ation | tion area
Number ber of | area of | per unit | Perfora-
of perfor- . longi- |test sam-| length, in | tion area
ations tudinal | ple, in | sgquare |as a per-
Test | per rows of | square | centime- | centage
num-| meter |. Shape and size perfor- | centi- | ters per | of tube
ber | (length) of perforations ation | meters | meter [wall area
M @ 3) 4) (5) (6) ()
1 10 |Circular (0.48 cm diam) 6 1.6 1.8 0.05
2 30 |{Circular (0.48 cm diam) 6 4.8 5.3 0.17
3 50 [Circular (0.48 cm diam) 6 8.0 8.8 0.28
4 215  [Circular (0.48 cm diam) 6 35.1 18.3 1.20
5 430 [Circular (0.48 cm diam) 6 70.1 77.0 2.40
6 405 |Slots (0.25 cm X 1.8 cm) 8 167.0 182.0 5.80
7? 215 - |Circular (0.48 cm diam) 6 35.2 38.5 1.20
8 30 |Circular (0.48 cm diam) 1 4.8 5.3 0.17
9 50 |[Circular (0.48 cm diam) 2 8.0 8.8 0.28

*Standard tube (same as test number 4) with 5 cm thick gravel envelope.

adjustment of the hydraulic head inside the drain tube. Two sets of six
piezometers were placed at 50 mm intervals along radii of the sand tank.
Six additional piezometers were inserted through the side of the cylinder
(Fig. 1). All the piezometers were connected by Tygon tubing through
the wall of the submergence tank to manometer banks to measure the
distribution of the hydraulic head in the radial direction. The experi-
mental setup is shown schematically in Fig. 1.

The sand was saturated by slowly raising the water level in the sub-
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FIG. 1.—Schematic Diagram of Laboratory Setup
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mergence tank over a 24-hr period. After the water level reached the
float cut off point in the tank, the outlet was lowered to the test position
and flow began. The flow was allowed to continue for at least twenty-
four hr to be certain that steady state conditions were attained. Then
the flow rate was measured and manometers read. The outlet was low-
ered to another position and the test repeated. Each test was conducted
under three different outlet elevations varying from 0.5 cm to 65.5 cm
above the drain center. By testing drain tubes with different numbers of
perforations, the effect of opening area and location on radial flow to
the drain and on the head in the vicinity of the drain could be deter-
mined. Hydraulic conductivity of the sand was calculated for each test
from the steady drain flow rate and radial hydraulic gradients measured
at distances greater than 150 mm from the drain center.

The design criteria for the gravel envelope material was based on the
U.S. Bureau of Reclamation procedure. All of the filter material (gtavel)
passed the 38 mm (1.5 in.) sieve; 90% passed the 19 mm (0.75 in.) sieve;
and not more than 10% (actually 10%) passed the No. 60 sieve, which
had openings of 0.3 mm (0.01 in.). ;

SampLE CALCULATIONS

As an example, consider test 4, from Table 1. Experiments were con-
ducted for three different outlet elevations. The measured hydraulic heads
on the outside of the cylindrical tank, k;, and inside the tube, k,, ref-
erenced to the elevation of the center of the drain tube and the flow rate
for each of the three flow rates for test 4 are given in Table 2.

The sand was packed to a density of 1.61 g/cm® and had a hydraulic
conductivity of K = 0.575 m/hr. The tube length, I, was 0.910 m and 7,
= 0.356 m. Solving for r, in Eq. 2 for the results of test 4a (Table 2) gives
a value of r, = 5.0 mm. Repeating this procedure for experiments b and
c gave 7, values of 4.5 mm, and 2.2 mm, respectively. The high hydraulic
gradient of experiment ¢ caused sand to move into the drain. For this
reason, results for the experiments with the highest hydraulic gradients,
the ¢ experiments, were not used in determining the effective drain tube
radii.

Substituting the same values as g1ven above for experiment a into Eq.
10 with r, = 50 mm gives a = 5.0 hr™"

ResuLts anD Discussion

Values of the effective drain tube radius, 7., and the drainage transfer
coefficient, a, are given in Table 3 for the various cases tested. Because

TABLE 2.—WMeasured Hydraulic Heads and Flow Rates for a 100 mm Corrugated
Tube with Total Entry Area of 38.5 em?/m (Test 4)

Hydradlic head Hydraulic head of the Steady state flow
inside the tube, source (at the sand tank - rate, in liters
Experiment h,, in meters wall), &, in meters per minute
(1) (2) (3) 4
a 0.465 0.655 ) 2.45
b 0.299 0.654 4.42
[¢ 0.005 0.650 6.95
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TABLE 3.—Effective Drain Tube Radlus and Surface Transfer Coefficients as Cal-
culated from Experimental Data

Perfor-

Perfor- |- ation

ation | area

area, | asa

in per-

square |- cent: Number and

centi- | age of Distribution Ahh, | Q,in
Test | meters | tube of Perforations - h), | liters t., in
num- | per wall Holes in per milli- o, in
ber | meter | area per meter | Rows [ meters | minute [ meters | hour™
M| @ 3) (4) (6) | (6 @ ®) ©)
la | 1.8 | 005 | 10 ; 6 | 021 | 058 |11x10°| 0.6
1b 0.05 041 | 1.07 |5.0x 10| 0.6
2a 53 { 017 | 30 6 0.23 1.05 | 8.0 x 1072 1.2
2b 0.17 036 | 175 [13x 102 1.3
3a 8.8 | 0.28 50 6 0.13 1.06 0.40 2.2
3b 0.28 0.30 2.0 0.10 1.8
4a 385 | 1.20 (215 6 0.19 2.45 5.0 4.9
4b 1.20 0.35 4.42 43 4.7
5a 77.0 | 2.40 (430 6 0.16 2.44 20.3 9.8
5b 2.40 0.31 4.91 21.3 10.3
6a 182.0 | 5.80 |405 slots 5 0.55 | 13.5 39.0 33.0

per meter

7a* 38.5 | 1.20 |215 6 0.14 3.28 36.0 11.2
7b 1.20 0.26 6.10 73.6 11.5
8a 53| 017 { 30 1 0.19 1.01 0.011 14
8b 0.17 0.32 1.46 0.036 1.2
9a 88 | 0.28 | 50 2 0.20 1.22 0.2 1.7
9b 0.28 0.31 1.91 0.2 1.7

*Standard tube with 50 mm thick graded gravel envelope.

sand moved into the drains under the highest gradient (e.g., test c in
Table 2), only results for the two lower gradients (the two higher values
of h;) were considered valid and are reported. These tests had constant
hs values of 0.65 m and h; values varying from 0.095 m to 0.55 m, above
the center of the drain tube.

The r, values obtained for the 100 mm diam corrugated tubes are plot-
ted as a function of entry area in Fig. 2. As expected, the effective radius
increases with total perforation area. The greatest response of the effec-
tive radius to increase in perforation area occurred from perforation areas
of 38 to 75 cm?*/m in which 7, increased from 5 mm to about 21 mm.

Total water entry areas of less than 6 cm®/m (0.19% of total wall area)
gave extremely small 7, values (e.g. 1.1 X 107° mm for a perforation area
of 1.8 cm?/m and 1.3 X 1072 cm for an area of 5.3 cm*/m, Table 3). Such
small 7, values seem unrealistic when compared with the individual per-
forations with diameters of 4.8 mm. However, the flow rate is depen-
dent on the log of the effective radius. Inflow resistance at the tube wall
due to a small number of perforations requires an exponential decrease
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FIG. 2.—Effective Radlus of a 10-cm Diameter Corrugated Plastic Drain Tube as
Affected by Total Perforation Area

in 7, to account for head losses due to convergence and the consequent
decrease in flow.

Once the effective radius is defined, it can conveniently be used in
equations presented by Moody (9) to determine the equivalent depth to
the impermeable layer. This value may be used, in turn, in solutions to
the Boussinesq equation to predict water table drawdown and drain out-
flow rates for a given drain spacing and depth (12).

The circumferential location of the drain perforations had little effect
on the effective radius of the drain tube. The average effective radius
for the 10 cm diam tube with a total entrance area of 8.8 cm?/m distrib-
uted in six rows was 0.025 mm (test 3) compared with an average ef-
fective radius of 0.020 mm for the same entrance area when all the holes
were in one row at the bottom of the tube. (test 9). These results disagree
with those obtained by Luthin and Haig (8) who compared results of
tests on 150-mm (6-in.) drain tube with drain holes on top with holes
on the bottom. Luthin and Haig’s tube had one row of 3-mm (1/8-in.)
holes on 6-mm (1/4-in.) centers in a line along the drainpipe, and a strip
of fiberglass taped over the row of holes to keep sand from entering
them. They found that the discharge rate from the drain was greater
when the drain tube holes were on the bottom because of the increased
head drop between the water table level and the entry points in the
pipe. In their case the tube did not run full so flow was not completely
radial. Whereas, in the tests reported here, the tube was full of water
so the position of the holes did not change the head.

The influence of the gravel filter on 7, is large. The effective radius of
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the standard tube with a perforation opening area of 38.5 cm?/m was
increased from 5 mm to 55 mm by a 5 cm gravel thickness. This con-
clusion is in agreement with Young’s (17) results which concluded that
the hydraulic effect of a filter surround greatly increases the effective
radius of a non-ideal drain. It can be seen, however, that the gravel
envelope did not increase the effective radius to that of the envelope
itself, the outside of which was 100 mm from the center of the tube.
This indicates some loss of hydraulic head within the gravel envelope
as the water converges to the tube openings. The effective radius is ex-

- pected to increase with greater envelope thickness and higher hydraulic

conductivity of the envelope.

Experimental results for the effective radius are compared in Fig. 3 to
theoretical values obtained from Kirkham’s (6) solution. Kirkham’s so-
lution (Eqs. 3 and 4) assumes that the openings are circumferential of

2
TOTAL PERFORATION AREA, cm/m
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35 T T T T T T

DRAINAGE TRANSFER COEF. @ (hr™')

-1 L 1 i 1
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FiG. 4—Drainage Transfer Coefficlent, o, versus Perforation Area of Draln Tube
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width ¢ and spaced a distance 2s apart. By assuming an opening width,
the distance 2s between openings can be adjusted to give any desired
opening area per unit length. This was done for a 100 mm diam tube
for opening widths of 1, 1.5, 2 and 3 mm and the results are plotted in
Fig. 3. The assumed radius of the cylindrical source was the same as in
the experiments, 35.6 cm. The results show that, for a constant opening
area, the effective radius r, decreases as the width of the opening in-
creases. The experimental results obtained in this study are in close
agreement with the predicted relationship for a 1.0 mm circumferential
opening width. Although there is no apparent explanation for this
agreement, the predicted curves can be used to interpolate between
measured points and to estimate r, values for larger perforation areas.

Effective drain tube radii were calculated from the electrical analog
results of Bravo and Schwab (1) and are also plotted in Fig. 3. Their cases
3, 5 and 6 were in close agreement with predictions using Kirkham’s
equations for a circumferential opening of 3 mm. This is logical for Bravo
and Schwab’s case 6 which represented 3 mm wide circumferential
openings and for case 3 which was for 5 rows of 3 mm wide, 36 mm
long circumferential slots. Their cases 4 and 5 had 5 rows of 1.6 mm
wide, 27 mm long slots. The reduced r, values for cases 3, 4 and 5, as
compared to Kirkham’s predictions, due to the fact that the openings
were not completely circumferential.

The drainage transfer coefficients, a, were calculated for all cases us-
ing Eq. 10 and are plotted in Fig. 4. Calculation of convergence head
losses with the a coefficient avoids use of the seemingly unrealistically
small values for effective radius corresponding to small perforation area.

TOTAL PERFORATION AREA, cm%¥m
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FIG. 3.—Effective Drain Tube Radius as a Function of Perforation Area as Cal-
culated by Kirkham’s (6) Equation (Solid Curves) and as Measured Experimentally .
in this Study and by Bravo and Schwab (1) (4, , ,A)
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The o values increased with entry area from less than 1 hr™ for a total
entry area of 1.8 cm?/m to 33 hr™! for an entry area of 182 cm?/m.

Summary AND CONCLUSIONS

Laboratory tests were conducted to determine the effect of total area
of openings and location of openings on the rate of inflow to 100-mm
diam (4 in.) corrugated plastic drains. An effective drain tube radius and
a surface transfer coefficient were evaluated for corrugated tubes with
different opening areas and opening locations. One test was conducted
with the drain tube surrounded with a 50 mm thick gravel envelope.
Radial flow theory was used to evaluate the effective drain tube radius
and the drainage transfer coefficient for the corrugated tubes.

The 7, values obtained for the 100-mm diameter corrugated tubes are
plotted as a function of entry area in Fig. 2. As expected, the effective
radius increases with total perforation area. The greatest response of the
effective radius to increase in perforation area occurred between areas
of 38 to 75 cm?/m in which r, increased from 5 mm to about 21 mm.

The location of the drain perforations had little impact on the effective
radius of the drain tube. The influence of a gravel envelope on t, is large;
the effective radius of the standard tube with 38.5 cm*/m opening area
was increased from 5 mm to 36 mm with the use of a 50 mm thick gravel
envelope.

Experimental results for effective radius were compared to theoretical
values obtained from Kirkham’s (6) solution. The experimental results
were in close agreement with the predicted relationship for a 1.0 mm
circumferential opening width.

The drainage transfer coefficients, o, were calculated for all cases us-
ing Eq. 10 and are plotted in Fig. 4. The a values increase with the entry
area from less than 1 hr™! for a total entry area of 1.8 cm*/m to 33 hr™!
for an entry area of 182 cm?/m.
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