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ABSTRACT 

LABORATORY TESTS OF 
GRAVEL ENVELOPE FLOW RESISTANCE 

E. R. Zeigler1 and R. J. Winger2 
, M. ASCE 

Hydraulic laboratory tests were made to measure flow resistance through a gravel envelope and 
into the perforations of corrugated plastic drain tubing, and make comparisons of these data with 
similar data obtained from a previous electrical analogy study. Turbulent flow occurred in the 
hydraulic tests, but with larger than normal discharges per unit length of drain tubing. Also, less flow 
resistance occurred for some hydraulic tests because large gravel particles bridged the tubing cor
rugations. However, with smaller size envelope material, where envelope flow resistance is more 
significant, hydraulic test results compared favorably to those obtained from the electrical analogy 
study. Thus, hydraulic test results supported the continued use of design criteria developed from the 
electrical analogy study. 

INTRODUCTION 

When installing subsurface agricultural drains, the Service (formerly the Bureau of Reclamation) 
requires placement of a gravel envelope around the drain. The gravel envelope prevents excessive 
movement of base soil into the drain, provides adequate permeability for the converging waterflow 
into the drain, and serves as a suitable bedding for the drainpipe or tubing. 

The Service has developed practical and field-tested design criteria for gravel envelopes (I)*, 
(2), and (3). For these design criteria, the size and gradation of the gravel envelope material is 
dependent upon particle size of the soil base material (2). Head loss (flow resistance) for waterflow 
through the envelope and into the drain perforations was determined from results of an electrical 
analogy study (3). Although the criteria being used have proven successful in the field, a critical 
examination of the electrical analogy study developed questions whether or not certain physical 
qualities of a gravel envelope were correctly simulated in the electrical analogy arrangement. To 
verify the electrical analogy study, laboratory models of gravel envelopes were used and the flow 
resistance measured (4). 

WATERFLOW THROUGH THE GRAVEL ENVELOPE 

Simplistic flow conditions of a gravel envelope are shown in figure I. Water from the adjoining 
soil flows into the envelope, through the gravel envelope, and into the tubing drain hole openings 
(perforations), figure 2a. A close examination of the envelope flow field in the models proved helpful 
in understanding how the envelope functions , and also in evaluating the test results. 

As shown in figure 2a, each of the five symmetrically spaced openings in the drain tubing has 
a flow field. Enlarged sectional and longitudinal views (figs. 2b, c) show two types of convergin_g 
flow, ground-water flows from the outer perimeter of the gravel envelope to an inner concentric 
perimeter, where it is sharply constricted converging into the small drain openings. The location of 
the perforations and the outer corrugated surface of the drain tubing (fig. 2c) form boundatjes 
that cause increased convergence. Thus, the shape of the drain tubing surface and locations ef 
perforations affect the geometry of the flow field; 

The velocity variation into the flow field is important and is examined here by using the flow 
continuity principle. For a given discharge, the velocity increases with a decrease in the flow area, 
which (figs. 2b and c) is indicated by the distance between flow lines. The decrease in flow area 
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Figure 1.-lliustration of the gravel envelope and assumed flow conditions for the electrical analogy study. 

(fig. 2c) can be observed from point O at the outside edge of the envelope to point J inside the 
drain tubing. By comparison of the area AB x ds (fig. 2b) at the outside edge of the envelope and the 
area of the 3/16-in- (4.8-mm-) diameter hole , the water velocity is about 400 times greater at the 
drain opening than at the outer edge of the envelope. Turbulent flow would be possible at the high.
velocity region near the drain openings. 

An important conclusion concerning· gravel envelope head losses (flow resistance) can be 
obtained from the velocity variation. For laminar flow through porous media the head loss is directly 
proportional to the velocity 

where: 

V = ki = k f.::.h 
!.::.L 

!.::.h =!.::.Lv 
k 

v = particle velocity along the streamline, ft/s (m/s) 
i = hydraulic gradient, ft/ft (m/m) 

I.::. h = differential head loss, ft (m) 
!.::.L = differential length, ft (m) over which the differential head loss occurs 

(1) 

If the head loss is considered for a water particle traveling along a flow line (fig. 2c) from 
point O to point I, the flow line is divided into numerous differential lengths, each with a correspond
ing differential head loss. A summation of these differential head losses along the flow line will equal 
the gravel envelope head loss. Near the drain opening the flow velocities are the highest, showing a 
substantial head loss occurrence in the region near the drain openings. 

The velocity and head loss variation are significant with respect to the function of the gravel 
envelope, figure 2a. At the outside edge of the envelope flow velocities are the smallest, thus having 
less tendency for dislodging and carrying the finer particles into the drai:1. At the drain openings 
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Figure 2.-Flow field within the gravel envelope. 
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the velocity and head loss are the greatest, and the presence of gravel in this location makes the drain 
more efficient. If threbase soil material (which is more resistant to fluid flow) was present in this 
location, considerably more head loss would occur. · 

THE ELECTRICAL 'ANALOGY STUDY 

Six different envelope configurations were tested in the electrical analogy study (3). The first 
· configuration was selected for hydraulic testing and comparison. Flow conditions were simplified 
as compared to those in the field. The drain was assumed flowing full with the water table at the top 
of the envelope, figure 1. Although in many instances field drains operate with a free water surface, 
the assumed flow conditions were believed more conservative because there was less head available 
for forcing flow through the envelope. For the flow conditions of figure 1 there is one piezometric 
head acting within the drain and a larger piezometric head acting on the .entire outside edge of the 
envelope. The difference between the two piezometric heads is the head loss for the gravel envelope. 

The electrical analogy apparatus (3) was constructed to simulate the flow conditions of figure 1. 
An even distribution of discharge entered the outside edge of the envelope, flowed through the 
envelope, and entered the tubing through the drain openings. Four-inch-diameter corrugated plastic 
drain tubing was used in the apparatus for obtaining correct tubing geometry, and an electrolyte of 
water was used to simulate the envelope. 

Electrical flow properties of the electrical analogy are similar, or analogous, to fluid flow 
properties in a porous medium. The electric current corresponds to the fluid discharge, the voltage 
drop corresponds to the fluid head loss, and the electrolyte conductivity corresponds to permeability 
of the gravel envelope material. The electrical analogy (3) measurements were presented in the form 
of a flow function, to be used in the following equation: 

q=tf>bHk 

where: --

tf> = flow function per unit length of drain, 1 /ft (1 /m) 
q = discharge per unit length of drain, (ft3 /s)/ft [(m3 /s)/m] 
b = radius of the drain to the outside corrugation, ft (m) 
H = average head producing the discharge, ft (m) 
k = coefficient of permeability for the gravel envelope material, ft/s (m/s) 

(2) 

Rancor tubing, with 3/16-in- (4.8-mm-) diameter round perforations, was used for both the 
electrical analogy tests and the hydraulic tests. The company name is included for the benefit of the 
reader, and does not imply endorsement of the product or design of the tubing by the Water and 
Power Resources Service. However, tf> values of the electrical analogy study are dependent upon 
tubing geometry and especially the size of the drain openings (perforations). Thus, different type 
tubing could have somewhat different tf> values. 

Values of¢ are given in graph form (fig. 3) for three different drain tubing diameters. To use 
the graph, the envelope· thickness et is divided by the drain tubing radius b, to obtain an n value for 
entering the abscissa scale. Thus, for nominal 4-in (100-mm) tubing with a 4-in· (100-mm-) thick 
envelope, n = 4/2.3 = 1.7, and ¢ = 2.81/ft (9.22/m). For a given drain, the designers would have 
obtained a design discharge q, know the permeability k of the gravel envelope material, and tubing 
radius b; and equation (2) would be used to compute the envelope head loss H. 

The electrical analogy simulates only laminar flow. However, it is possible that turbulent flow 
could occur in the gravel envelope near the drain tubing perforations, thus resulting in larger head 
losses. Also, the electrical analogy simulated a perfectly homogeneous porous medium for the gravel 
envelope, and it is questionable that the boundary condition of gravel adjacent to the tubing 
corrugations was of such a perfect nature. 

HYDRAULIC TEST APPARATUS 

The intent of the comparison was that the hydraulic test apparatus should have the physical 
envelope qualities which the electrical analogy may not have, but yet have comparable flow 
conditions to the electrical analogy study. These conditions wereicomplete submerg,mce of the tubing 
and envelope with no presence of a free water surface in either. Also, the gravel envelope-base soil 
interface was not duplicated, but water flowed directly into the outside edge of the envelope. A 
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length of perforated corrugated plastic drain tubing extended vertically upward in a test box 
4 x 4 x 1.5 ft. (1.2 x 1.2 x 0.5 m) with the outer edge of the gravel envelope formed by a screen, 
figures 4a and 4b. Nominal diameter of the tubing was 4 in (100 mm). The effective length of the 
envelope was 8.5 in (215 mm), and was bounded by the floor and top seal, figure 4c. Piping led 
from the tubing, through the bottom of the box, and to a valve for controlling flow discharges. 
Piezometer taps were located inside the head box and inside the drain tubing. 

· The test box was filled with water above the top seal. During testing, water flowed into the 
gravel envelope, through the gravel envelope, then through perforations of the drain tubing. The. 
water discharged to a collection box beneath the test box and was pumped back up to the test box. 
Discharges were measured with a graduated cylinder and stop watch. The difference between the 
two piezometric head measurements was the head loss Ii from the outer envelope surface to the 
inside surface of the drain tubing. 

THE HYDRAULIC TESTS 

Gravels A and B were selected for testing (fig. 5) because these gravels adhere to require
ments of reference (2) for a sandy soil base material. Future tests are planned in a large test box 
with a drain and envelope surrounded by a similar sand base material. Data from these hydraulic 
tests should prove beneficial for comparison to the future study. 

The discharge and head loss were measured for numerous envelope flows. Discharges were 
converted to a unit length of drain tubing and to a common water temperature of 60 °F (15.6 °C). 
For gravel A with 1- and 4-in (25- and 100-mm-) thick envelopes, the test data are shown on figure 
6a. The head loss was expected to be greater for the 4-in-thick envelope than for the I-in-thick 
envelope; but, this was only noticeable at the higher discharges. 

The next test series .was done with the finer gravel B. It was expected that an envelope material 
with greater flow resistance would have a discernible difference for envelope test thickness. However, 
the test results were inconsistent, figure 6b. Head loss was greater for the 4-in-thick envelope than 
for the I-in-thick envelope; but the 6-in-thick envelope had less head loss than the 4-in-thick 
envelope. Because of the close proximity of the data, data points were omitted for the 6-in-thick 
envelope and a partial line used instead, figure 6b. The gravel envelope head losses were small and the 
differences among the three envelopes smaller; thus, no additional gravel envelope tests were made. 

TURBULENT FLOW IN THE GRAVEL ENVELOPE 

Within a fine-grained porous media, velocities of ground-water flow are slow and the flow is 
generally laminar. However, in large gravel with sufficient velocity, the flow can be turbulent, or 
partially turbulent. Previously it was shown, velocities near the drain tube openings were about 400 
times greater than velocities at the outer edge of the envelope. Thus, turbulent flow could occur in 
a coarse gravel near the drain openings, and with greater head loss than for the laminar flow simulated 
by the electrical analogy. 

The q versus Ii relationship of figure 6 was used to check for turbulent flow. From equation 2 

q = cp b Ii k, 

and for a given test envelope the parameters cp, b, and k are constant. Thus, for laminar flow q varies 
linearly with respect to H. Figure 6 shows that at low q values the relationship appears linear, but 
with an increasing q, there is a slight deviation, and with a further increase the deviation becomes 
greater. This tendency is consistent for a gradual transition which occurs from laminar to turbulent 
flow in porous media. These tests show the transition occurring between 0.0010 to 0.0015 
(ft3 /s)/ft[0.9 to 1.4 x 10-4(m3 /s)/m] discharge. Design discharges for drains are normally less than 
0.00022 (ft3 /s)/ft [0.2 x 10-4 (m3 /s)/m] ; thus, there is little probability of turbulent flow in field 
installations. 

COMPARISON OF THE HYDRAULIC AND ELECTRICAL ANALOGY cp VALUES 

. Permeability of the gravels was measured for gravel A, k = 0.12 in/s (3.1 mm/s) and for gravel 
B, k :::: 0.07 in/s (1.8 mm/s). For each test envelope the values of q, b, Ii, and k were known and 
equation (2) was used to compute hydraulic cp values. The radius b of the tJbing was 2.3 in 
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(a) Placing the gravel. 

(b) Finished placement of gravel. (c) Top seal on gravel envelope. 

Figure 4.-Gravel envelope. 
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(56 mm) and q and H values are noted on figure 6. Electrical analogy </) values were obtained from 
figure 3. A comparison between the hydraulic and electrical analogy studies does not appear favorable 
(table 1 below). 

Table 1.-Comparative values of</> per length of drain 

Gravel A 

Gravel B 

Envelope thickness 
inches mm 

1.0 
4.0 
1.0 
4.0 

25 
100 

25 
100 

HEAD LOSS NEAR THE DRAIN OPENINGS 

Hydraulic </> 
1/ft 1/m 

75 
75 
38 
30 

247 
247 
125 
98 

Electric</) 
1/ft 1/m 

3.0 
2.8 
3.0 
2.8 

9.8 
9.2 
9.8 
9.2 

Previously it was indicated that a significant gravel envelope head loss occur:; near the drain 
openings. Results of the electrical analogy study substwtiate this indication as shown by the 
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following example. Consider 25- and 100-mm-trick envelopes, each envelope made of the same 
gravel, each envelope passing the same discharge , and then obtain¢ values from figure 3. 

I 
s = slim, 25 mm,¢= 9.78 
t = thick, 100 mm, </> = 9 .22 

Each envelope would have the same b and k values, and the envelope discharges can be equated 
to show comparison of envelope head loss: 

q=<t>Hbk 
[¢Rb k]s = [<t>Hb k]t 

9.78 H s = 9.22Ht 

HS 9.22 
-=-=-=0.94 
Ht 9.78 

The head loss for the 25-mm envelope is 94 percent of that for the 100-mm envelope, showing 
a substantial head loss occurring within a 25-mm distance of the drain openings. Hydraulically, it is 
the large flow velocities near the drain openings that produce this high head loss. 

Both electrical analogy and hydraulic considerations show the importance of the envelope 
medium near the drain openings. The gravel positioning around the drain tubing was suspected of 
providing a different envelope medium for the hydraulic tests, figure 7. To visually check boundary 

~--Angle of ,__, ___ ........, 
repose 

(a) 

(b) 

!_ 

Figure 7.-Gravel voids in tubing corrugations. 

(a) Vertical position allows incomplete filling in 
top of the corrugation. 
(b) Large gravel particles bridge corrugations, 
sometimes excluding fines. 

conditions of the gravel envelope adjacent to the drain tubing, a small cross-sectional model (fig. 8) 
was constructed. A piece of drain tubing was cut in half and placed against the transparent plastic 
side of a box. In the same manner as the hydraulic tests, a gravel envelope was placed around the 
drain tubing, gravel A on the left side and gravel B on the right. 

An examination showed voids in the corrugations that were not filled with gravel. Some of the 
drain openings had gravel protruding into them and others had different size void spaces extending 
back away from the openings into the gravel envelope. These voids in the tubir:g corrugations and 
near the drain openings would provide less flow resistance for the hydraulic tests, and therefore ., . 
produce large <I> values. 
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(a) The overall model 

(b) Gravel A. (c) Gravel B. 

Figure 8.-Cross-sectional model showing gravel A (left) and gravel B (right) adjoining the corrugations. 
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TESTS WITH FINE SAND 

To investigate validity of the hydraulic apparatus, tests were made with a fine , uniform sand. , 
The fine sand provided a homogeneous envelope medium similar to the electrical analogy study. 
Small pieces of screen were placed over the drain opening holes to prevent sand entering the drain 
tubing. The sand was uniform, had a 0.2-mm mean particle size, and was placed in a 4-in (100-mm-) 
thick envelope. 

Two test series were made where discharges were progressively increased. The system was 
allowed to operate at maximum discharge for some time without changing the flow control valve, 
and then the discharges were progressively decreased. Discharge and head loss measurements were 
made throughout the tests, figure 9. lines with arrows were drawn to connect the data points and 
to show progress of each test series. For the maximum discharge condition, the discharge decreased 
while the head loss increased-as noted by the time of day marked adjacent to the data points. 

The sand apparently compacted around the drain openings. Large H valves of approximately 
2 ft (0.6 m) were tested, and a large portion of this head loss occurred locally near the drain 
openings. Possibly the local high velocity and force shifted the sand particles to block some of the 
screen openings. Also, the shifting particles may have reduced the sand pore .spaces, decreasing sand 
permeability and increasing flow resistance. 

Computations were made for</> values of the sand tests, as noted on figure 9. Sand permeability 
used for the computations was 0.0066 in/s (0.17 mm/s) as measured in a previous study. Also, 
shown on figure 9 is the comparative electrical analogy </> value. The good agreement between the 
hydraulic and electrical analogy </> values validated adequacy of the hydraulic test apparatus, and 
thus supported suspicions that nonhomogeneity of the physical gravel envelope could provide </> 

values much larger than the electrical analogy </> values. 

INTERPRETATION OF NONHOMOGENEITY EFFECTS 

Two conditions of nonhomogeneity were noted for the gravel envelopes: (1) incomplete filling 
of the tubing corrugations, and (2) horizontal stratifications of coarser gravel particles. Each condition 
can have varying influences upon the </> values, especially when trying to relate hydraulic test and 
electrical analogy test </> values to field drain </> values. 

Some incomplete filling of the tubing corrugations was caused by vertical position of the 
drain tubing, figure 7. In the field the drain tubing is horizontal, and better filling of the corrugations 
may be expected. However, it is questionable that corrugations at the bottom portion of the tubing 
will be completely filled. Bridging of gravel particles that occurred in the hydraulic tests (figs. 7 and 8) 
can also occur for field drain envelopes. Bridging would be dependent on size and quantity of the 
large gravel particles present in the envelope material. Thus, envelope material with smaller size 
gravels would reduce bridging and permit better filling of the tubing corrugations. 

Horizontal stratifications of large gravel particles occurred in the cross-sectional model (fig. 8) 
and probably occurred in gravel envelopes of the hydraulic tests. A greater quantity of water 
could be supplied to flow through the coarse gravel (fig. 10) under the hydraulic test conditions 
than for a field drain. The fine base material surrounding a field drain would prevent a high discharge 
from approaching and flowing through the coarse particle stratification. 

Hydraulic test </> values are probably higher than those of a field drain. Horizontal stratifications 
of coarse gravel particles that occurred and which influenced the hydraulic tests would have small 
influence on a field drain envelope. However, incomplete filling of the drain tubing corrugations can 
occur in a field drain. Thus, the hydraulic test results indicate field drain </> values could be higher 
than shown by the electrical analogy tests. 

CONCLUSIONS 

Turbulent flow occurred in the hydraulic tests, but for much higher inflows than normally 
encountered by field drains. Therefore, turbulent flow does not affect the electrical analogy </> values 
for design purposes. The electrical analogy </> values can be used for design purposes even though field 
drains could have higher </> values. Field drain envelopes will undoubtedly vary considerably,. which 
will cause difficulty in predicting the correct </> value. Therefore, the electrical analogy ¢ value js -
recommended because it will give a more conservative (higher) head loss. The head loss through a 
coarse gravel envelope will not be significant, and through a fine gravel, where the head loss is greater 
and more critical to the designer, it will be more similar to the electrical analogy study. 
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