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The prosent atudy is concerned with the experimental {nvesti-
gation of artificial grasn, known an Antrotur!. Two fypen of Astroturf
were investipated. Antroturf consists of a thick matetress which simu-
Iates the soil wurface where proups of grass are {ixed in cquidiatant
lonpitodinal and radial rown.  Fach gproun of prass s nensen sl ipns
which simulate the prass blades that radiate both upward and outward

from the mattress.

The experiments were conducted in one rectangular flume and
two triangular flumes located fn the Hydranlic ILaboratory of Icohigh
University. Investigated in the rectangular flume were two types
of Astroturf and a wooden surface. The latter was used only to com-

pare the results. Investigated in the triangular flumes was only

Astroturf No. 1.

The discharge, Q, the hydraulic radius, Rh’ the wetted
perimeter, P, and the slope, So’ were measured. With this information
and the use of Manning's equation, the n-values were calculated. The
computed roughness coefficients were plotted against both the uniform-
flow depths and the Reynolds numbers. The plots showed a dependency
of the n-value on the flow depth and/or the Reynolds number. However,
this dependency disappeared at high discharge. 'The n-values selected

from this study were those which were independent of the flow discharge

and/or flow depth. They were taken as




B,y =0.0326 for Astroturf No. 1,

: B..p = 0.0275 for Astroturf No. 2, and

. n = 0,0150 for the wooden surface,
vood

These n-values are in good agreement with the experimental 1
results for "real' graass found in the hydraulic literature. It {s

concluded, therciore, that Astroturd wil]l be a4 vneful material when

simulating grassed channels in the hydraulic laboratory.




The prenence of grass {n channels (s the source of consider-
able f1lon turhelence, which senalre fo ot lieable Jona (o enerey and
flow retardance.  The flow retardance refers To waler held Lacy by the
surface roughness. This back water effoct may be reaponnible for flood=
fng and thus might become a menace to civilization in the flood plains.
Although such instances could be termed disadvantages, the presence of
grass in channels can be an advantace as well, Harth (hannels are
built to carry water; frequently these earth channels are subject to
soil erosion. PARSONS (1963) reported that grass lining in channels
may protect both the streambed and streambank from being eroded in
many ways. Namely, it will remarkably reduce the average velocity of
the flow and the shear stress at the soil surface to a value below that
required to cause erosion. REE (1949) prepared a comparative diagram

shown in Fig. 1.1. It can be seen from this diagram that the water

FEET - - - o MAME WAC T BB TiES oe
y
T WATER SURFACE
& odbe ’14*;_, -
6 /
nx.054 / |
.5 SERMUDA \ /
T GRASS, 8" -LENGTH / |
DORMANT
t'/, n:.03
3 ¢ /S pare |
) - > CHANNEL
. LY

% Tz 3 a4 5.6 7 8
VELOCITY, -FEET PER SECOND

' Fig. 1.1; Flow Over Grass (after REE (1949))




velocity - and the shear ntreas an well - in drastically reduced with
the prann Hining.  Another advantfapge in that gra-s ity may renult

In inducing doposition of sediments and thus will contribute to bed and
bank rtability. wWhether or not grass channcls present advantages or
diﬁmixuz:ziﬂ}twi ta the flow dynamics or to the civironment, the hydmuliel
of the chaunels has to bhe fuvestivated. Tt {n an Prmportant tashk of

hydraulics to study the flow-roughness coefficient of grassed surfaces.

1.2 Manning's Relation

The fundamental empirical equation used in the flow compu-
tation was devcloped by Manning (1889) for either a canal or a river.

In English units the equation reads

_ 2/3  1/2
- L6862 (1.1)

O

n

where u is the average velocity of the flow, Rh is the hydraulic radius

which approximates the depth of the flow in a case of a wide, one-
dimensional flow channel, S0 is the energy slope of the steady uniform
flow, which can be replaced by the water-surface slope without in-
troducing any serious error, and n is the so-called Manning roughness

coefficient. Equation (l.1) was derived for the turbulent flow, which

requires that the Reynolds number be greater than 2,000. For the com~

putation of flow in cross sections with composite roughness, a method

was developed by HORTON (1933) and EINSTEIN (1942).

*f“',]From,the.available literature the Manning roughness coef- 'jf;jff:j

7ficients for various types of vegetation were coiiected,by'CHOW‘ L

[ K - I, IA'A
. . .
» o o B




rizen thin {nforemtion on the

roughiienn coefficientns for pranna.

Type o! Channels and
Desoripr ton Minimum Hormal Max {enm
— P — - s o s - L 2 e
1/ Lined or boilt-"p Channels ‘ |
- Vegetal Tiniae 0.030 - 0.500
2/ Excavated or Hredee Channels
- Short ¢rans, few weeds 0.022 0.027 0.033
- (Grass, some weeds 0.02% 0.030 0.033
3/ Flood Plains
- Short grass | 0.025 0.030 0.03%
- Hiph urass 0. 0730 0.073) 0,050

Table 1.1: Values of Roughness Coefficlents, n, for Grass
(after CHOW (1959, pp. 110-113))
REE et al. (1949) have conducted experiments for the U. S.
Soil Conservation Service on a series of channels lined with various
types of natural grass. They found that for a given type of grass and
for a given channel, the roughness coefficient will not remain the same
under all conditions. It was found that the n-value depended on the
stage and discharge of the flow. Figure 1.2 illustrates the variation
of the n-value with mean stage or depth for three different rivers. It
can be noticed that in general the roughness coefficient increases
as the discharge and/or the stage decreases. This is due to the fact

‘that at low depths the materials (sand, bedform, grass, etc.) of the

' rivers are relatively more exposed to the flow than at high depths. w jf: <f7-

On the other hand, the roughness coefficient can be higher at high . T

. . I IS e -, . -
| ’ ‘ oo . - . i RS
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1.3 Scope of the Present Study

modeled.

artificial '"'grass'",

Q40
n volue

Variation of n-vValue with Stage and Dis-
charge (after CHOW (1959, p. 105))

discharge and/or high depth. This fact would be observed when water

overflows the huge flood plains of the river.

Numerous times, it becomes necessary to investigate grass-
lined capals or rivers in the hydraulic laboratory.
question arises as to how the roughness coefficient of grass can be
The present investigation studies the possibility of using

Artificial grass is now available on the market

under the name of Astroturf. Two types of Astroturf are studied herein.
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2. EXPERTMENTAL KQUIMEINT

T i B

2.1 Experimental Set-Up for Hectangular Channel
The experimentn were conducted {n a glans-walled open channel
located in the Wvdraulics laboratory of lehiph Univernity. Filgure 2.1

Bhow: the entire ol bng equipment . The experimental net U W Ar-
ranged in loop form. As can be seen from ¥ip, 2.1, a centrifugal pump
was responsible for pumping water from an underground water tank (or
sump) to a constant head tank, which in turn released its water through
the supply line. The water passed through a Venturi meter and then
reached the stilling basin upstream {rom the slass-walled | lume.
Leaving the stilling basin the water passed into the glass-walled

flume in which the desired slopes were adjusted.

2.1.1 Pump and Motor

Water was circulated by a centrifugal pump having a capacity
of 1850 gpm under a head of 70 ft [21.3 m] while operating at 1750 rpm.
Figure 2.2 shows two pumps, of which pump No. 1 was used. This pump
was driven by a 40 hp electric motor. The revolutions per second of

the motor shaft, as well as those of the pump itself, could be changed

by manipulating a rheostat.

2.1.2 Head Tank

A constant head tank from which the water flowed by'gravity,
through 8-inch [203-mm] pipes was equipped with an overflow device to

maintain a constant water elevation in the head tank. This can be seen

in Fig. 2.1.
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2.1.3 Venturi Metor

The flow rate through the channel was measured by a Venturl

moter vhich was installed in the supply line. The Ventur{ moter, shown

in Fip. 2.1, vas 4 v [1.27 =] long and had a throat diameter of 5 in

( l? i "‘zr} ., The uunir Yad e AT s | Tibhorat o ' Yopiew foun cxpar i ve ntu ’ ﬂf" |

the following rat ing equation wan obtained: :
4,
0.522
Q = 1.05 AH (2.1)

vhere Q i{s the discharge rate in cfs and AH is the difference of heads

in feet of water, read from the manometer,

2.1.4 Stilling Basin

The stilling basin, as can be seen in Fig. 2.1, was located

upstream from the glass-walled flume. The stilling baffles were built

into this basin to damp the water surface oscillation.

2.1.5 Flume

The glass-walled flume was a rectangular open channel. The
flume was 24 ft [7.32 m] long and 1.5 ft [0.45 m] wide. It was equipped
with a tail gate. Figure 2.3 shows the flume (looking downstream) with

" the point gage mounted on a carriage. The false bottom, to be seen in
- | Fig. 2.4, was 16 ft [4.87 m] long and made of two pieces of plywood.
Eight adjusting screws were used. Each of these was attached at

4-foot [1.22 m] intervals along both sides of the support structure to

make the slope adjusting possible.




Fig. 2.2: Pumps, Motors, and Rheostats

e e .

Fig. 2.3: Glass-Wall Flume
(Looking Downstream)

-10-




Glass-Walled Flume A~A
Point Gauge Ccrricga /\
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Fig.2.4: Downstream End of the

Test Section ( Not to Scalg )
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Filgure 2.5 shows the point page used (n the {nvestigation. It
w5 P » TalT e { % * !! L | - o o d e 9 .
WA ffg‘.f,i;w“ Wwitlh vernie 1le which enabled measurement L in ai
f N i 4 i !
curacy o 0.001 (¢t [ ) .| x 1 t ] ne point gage wa made to have
three degrees of freedom: that is, it could move, with respect to the

Fig. 2.5: Point Gage Mounted on a Carriage

~12-




2.2 gépﬁyigggtalﬁntnmgfﬂr ?Tigngmlﬁfﬁhaﬁﬁgl

In order o obtatn hipghe: ffsihargen another expeorimental
set-up wan uned. Fipure 2.6 shown the pchematic diagram of the testing
arrangament. Two pumps (B) ralsed water from the sump (A) into the
pressure tank (D). From there the water flowed into the head tank
(N) and then throvgh the channel (1), Subrequently, the water re-

turncd to the main sump (A).

2.2.1 Pumps and Motors

Figure 2.6 shows two pumps,'each of which was driven by a
9B type HF Induction Motor equipped with a rheostat. Motor No. 1 had
a rating of 40 hp with a maximal speed of 1740 rpm. Motor No. 2 had
a rating of 35 hp with a maximal speed of 1720 rpm. Each pump was a

single-stage, double-suction, centrifugal pump.

2.2.2 Pressure Tank and Supply Line

The circular pressure tank (D) was 5 1/2 ft [1.68 m] in
diameter and 34 ft [10.4 m] high. Water leaving the pressure tank
was controlled by the supply valve (E). The rate of discharge allowed

to be delivered to the manifold discharge pipe (M) was measured by

means of a 4-inch [101-mm] orifice meter (H).

2.2.3 Manometers

‘The 4~inch [101-mm] orifice (H) in a 12-inch [305-mm] supply
pipe was placed upstream from the supply valve (E). It was either an

air-water manometer (F) for lower discharges (Q < 0.5 cfs) or a liquid-

~ water manometer (G) for higher discharges (Q > 0.5 cfs). The specifiijfjfffﬂ¥:
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gravity of the manoe

and the volumetric expreanion wan gliven by

Q = 0.42-an""? (2.2)

wvhere Q is the flow rate of water in cfs and AH is the pressurc head

difference in feet of water (x 0.3048 m].

2.2.4 Channel

The testing channel, which {5 shown with Fig. 2.7, was
28 ft [8.54 m] lony and 16 ft [ 4.89 m] wide. Figure 2.8 shows both
the plan view and the elevation view of the model construction.
Two steel frames supported the swale slope (0) and the back slope

(P) which form a triangular channel. Both swale slope and back

slope were made of 3/4-inch [19-mm] plywood upon which Astroturf Neo. 1

was stapled. These slopes were joined together by means of hinges
which were welded to the invert of the channel to prevent the two
steel frames from being separated and to provide freedom for the

frames to rotate about the invert whenever the swale and back slopes

were desired.

A main beam W8 x 40I supported the entire length of the
invert. The mid-point deflection of this beam was eliminated by
providing support at mid-span. The longitudinal slope could reach

its maximal value of 8.007. The side slopes could be adjusted by

means of four 3/4-inch [19-mm] threaded tension rods (Q). The longi-' |

tudinal wall (V) could be removed whenever the flow over both side
‘slopes was needed.

ster liquid was 2.9%.  The unit had been calibrated,




Fig. 2.7: Triangular Flume with Astroturf No. 1
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2.2.5 Point cCage

AR e

In all depth measurements a point gape graduated to 0.001 ft
[3.05.107" ] wan used, The gage vas mounted om a carriage that rolled

] by S-inch [127-mma) aluminum rectangular track

along o il
whiflfh el s l}? i1 [‘;. [ ZLZ] ]H:l}t. “ﬂuf Teot ;;gg}igzlggl’ t z‘;}q*’y‘_ A N g#];h {'»:i iy f{;

[0.6 m] above the {nvert and was at right aneles 1o the invert of the

channel. To permit the beam to travel freely above the invert, both

ends of the aluminum member were supported by a monorail system.

2.3 Artificial Roughnesses

There were three roughnesses investigated in this study. 7Two
of them, Astroturf No. 1 and Astroturf No. 2, were the artificial
grasses, products of Monsanto Chemical Company. The third roughness

was simply the wood surface of the false bottom.

Figure 2.9 shows Astroturf No. 1 consisting of a 1/16-inch
[1.6-mm] thick mattress which simulates the soil surface where groups
of grass are fixed in equidistant longitudinal and radial rows of
2/5 inch [10 mm]. Each group of grass possesses eight strips forming

a compact base of 1/4 inch [6.34 mm] in diameter. At the very top,

that is to say, at a distance 15/16 inch [23.8 mm] from the mattress,
the simulating blades radiate outward so that the surface of the

Astroturf resembles that of the natural grass.

Astroturf No. 2, as can be seen in Fig. 2.10, is smaller in-*  ﬂﬁj?ﬁ*
< ":Siié than Astroturf No. 1. Also it consists of groups of strips.

~-Each group,isil/36,inchf[0,7 mm ] in'diameter étlthe base and containsL ~,fgffﬁﬁ;'

N v : Do . . '
1 . s B . -
. " L e N .
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Fig. 2.9: Astroturf No. |1

Fig. 2.10: Astroturf No. 2
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16 strips that rise upward and radiate outward., The mattress on vhich

the proups are mounted cquidistant fn rows §s 1/16 inch [1.6 mm] thick,

The rows, shown fu ¥l 2 11, forms with both transversal ad longl-
. , SRR & . ‘
tud il cdye of The malfrens an ancle of 0h The dntance

each group in any row is 1/8 {inch [fi.l-:’ wm] and the dintance bet

adjacent rows is also 1/8 inch [3.2 mm]. The height,

No. 2 48 2.5/8 inch [7.95 mm).
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Fig.2.11: Strip (16.0'x1.5'[4.89m X0.457m])

Disposition of Astroturf No.2
( Notto Scale)

Table 2.1 is the summary of size of both astroturfs.

symbols can be seen in Fig 2.12.

\\\\\\‘“"‘m ‘\\\\\\\\\'.5 i i,,;i": \\\\\\u

JL Last¢ag4

F’g 2 12 . Schematnc Sketch of Astrotur'f

( Not to Scale )
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Hﬂ, of Astroturf

Each blade is 0.093 in {1 wm] wide.

The




See the following for explanation of symbols column by columm in Table 2.1:

(1)

(2)

o @)
| (&)

(3)
(6)

,f'luA(7)
C®
SN ON

Ast

m

Table 2.1: Summary of Size

(type of astroturf) £

(thickness of the mattress)

(diameter of each group at base)

of Both Astrorurfs

(total number of strips or blades in each group)

(width of blade)

(height of groups ag well as that of astroturf)
(distance between axes of groups in any row)

(distance between adjacent rows)

(distance between adjacent transversal rows )

- D

T D GeRE e TR

|
st ! : B I

' | In  [mm] in [mm] | - - in [ in (7] L T
1 2 3 4 5 |

No. 1/16 [1.6] | 1/4 [6.35] 8 11/135 (2] 15710 ".= R Y 2 }
No. 2 {1/16 [1.6] | 1/36 [0.7]| 16 | 11/270 S : BN




3. EXPERIMENTAL PROCEDURE

3.1 Rectangular ¥lume

i FRIRL ez oo

S$lope Setting: Each slope, § o " shown i{n Tables A-1, A-2,

and A-3 of Appendix A -, wan set (o) by changing the nlope of the false

floor, chowsn in Figs., 2.3 and 204, with the 8 (4 on each nide) slope

adjusting screws and (B) by using a level (transfit).

L

After the~slope was adjusted, 2-inch [50.8-mm) self-sticking
transparent tape and permagum were used to seal the joints where the
longitudinal plyvwood edyes and the plass-walled surfaces met in order
to make the space below the slope watcerproof. Since it was Impossible
to keep the slope as it had been adjusted, it was necessary to verify

the slope frequently.

Grass Stapling: Astroturf No. 1 was investigated first. It

was cut to fit the width of the flume and was brought into the flume
to cover the slope. Figure 3.1 shows Astroturf No. 1, which was made

ready to be stapled to the slope that had been adjusted.

To prevent the astroturf from being washed away down the%
slope at high discharges, the mattresses of both sizes of astroturf
were stapled to the wooden slope at a density of one staple per 30_'.

square inches.

Discharge Measurements: For each opening of the valve

'1ocated upstream from the stilling basin, the water was allowed

, o - . o , o : RN B
e RN \ . . A s N o ; - 4
L P . ! PRI I s CF P o TN
o e . 2 . B v L - . RN oot
A R PRI . . U o S o D
. ) ) D B
. A . i ' '
. “ ' . . \
N L T y ‘
D o . . B '
. i .
'




Fig. 3.1: Astroturf No. 1 Ready to be Stapled

for five minutes to flow through the flume in order to stabilize the
flow rate. Then the air-water manometer was read off to obtain the

manometer deflection, AH, which was used with Eq. (2.1) to compute

the flow rate.

Depth Measurements: For each slope ten different discharges

were studied. Each discharge could be controlled by the opening of the
supply valve located immediately upstream from the stilling basin, as

can be seen in Fig. 2.1.
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foot ﬁlﬂﬁgg the charnel s Tent sectfon, which wan 16 iy [fg,?%*) :.ﬁ.] Doy,

The depth at cach cross nection wan known as the average of the three
depthn measured at the quarter points of the cross section, as shown

in Fig. 3.2. At cach point the difference between the water level

Water — e S B
Leve! ‘ - | I

- 4
|
H
i

0, D, 03

Mattress Top Py v oy ovvirr il 1
(Bottom ) ‘ e~ -
~ 1 )
Mj/étB &11/48 /4B 9‘1/48 s
i i i
Bz1.51t [0.457m]) _ e o—

Fig. 3.2: Depth Measurements

reading and the bottom reading (the point gage was lowered to the
mattress) was taken as the depth, D, . (The subscript, i, refers to
the quarter point number.) Now that the depths, Dl’ D, and D3, were

known, the average depth,'ﬁ; for the cross section would be obtained

as follows:

p=-L 2 3 (3.1)

The same procedure was used for all cross sections along the
test'section; that is, from station O to station 16.

L ]

‘ N is constant , | (B = 1'.5" ft '[0'457 m] ) - -

R X . S ' . . o
. . g EI L I, o . . .
. -24‘ o Sl ) Lt
. . . o [ . .
: . . . S . RN N fl ‘
. . . . . v K .
v ) . ' ° s U v [

S e

dpth meoasurement s were made at crows nections located at overy

Width of the Channel: The width of the ‘rectangular ',fiﬁme )




The vhole procedure wvas repeated for Astroturf No. 2 and for

the vood, vhose data and reasults are shown in Tablen A-? and A-1 of

Appendiz A, renpect Ively,

3.2 Triangular Flume

Grass Stapling: Astroturf No. 1 was brought into the flume

and was stapled to the wooden side wlopes and to the longitudinal wall,

Slope Setting: Four longitudinal slopes were used; sece

B g

Tables A-4 and A-5 of Appendix A. They were adjusted in the same way

as descrited before for the rectangular flume. However, a crank instead
of adjusting screws was used to 1ift the longitudinal slope up and down.
One side slope was constant at § = 1/6; the other side slope was ecither

at S' = 1/4 or at the vertical position. (See Figs. 3.3 and 3.4.)

Discharge Measurements: As can be seen from Tables A-4 and

A-5 in Appendix A, ten different discharges were also investigated for
each slope setting. The reader is referred to the discharge measure-
ments for the rectangular flume because the procedure was the same.

‘The discharge itself was computed according to Eq. (2.2).

Depth'Measurementsf Depth measurements were made within a .

5 ft [1.52 m] - long reach locatéd in the middle part of the 28 ft
[8.54 m] ~ long test section. This reach was reasonably uniform,
being as far as possible removed from the flow'transition.zones.
Figures 3.3 and 3.4 show that the depth, D, can be measured dlrectly

| by the point gage or it can be computed in terms of the angles, o

’ . . . M .
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Zero Mark

Beam Graduated in 10 n

Fig. 3.3: Depth and Width Measurements for

Tri:;r‘!j:;u?fzr‘ Flurme With Longitudinal Wall

{ Not to Scale)

Point Gage | f{g‘o Mark
- Carriage o o Beam Graduatcg in 1710 1t
- % ata % !
|
Bulb
g |
a g S = S — r—vg--tmm- - B’ *"'"‘*C,
*,.;Er.,— } /’
S . oS
7 , g
o6 = 3.5 > o =14°

Fig.3.4! Depth and Width Measurements for

Triangular Flume Without Longitudinal Wall

{ Not to Scale)

@ or @', and the widths, B or B'. The angles, @ and &', the widths,

B and B', and the slope, S,» were measured at every foot within the

chosen reach.

‘To utilize poth, namely, the direct depth measurements and

. -the (indirect) depth calculations, the following procedure for the

computation of the average dépthswas adopted:
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(3.2)

vhere D is the measured depth and B and B’ are the wmeasured widths.

Width Yeanurements: The widths, B or B', varying with dis-
charge, wore weanured directly by using the plumb bob.  The plumb bob
was lowered from the transversal beam graduated in tenths of a foot,
gshown in Figs. 3.3 and 3.4, down to the points, E or E’,'whﬁrc the
free witer surface and the side slopes wmet,  The marks at ¥ oor at B!
were read of f oand the distances, Fg or FTS; were known at once. This
method was repeated for all cross sections.

Tables A-4 and A-5 in Appendix A summarize the data and
computation for the triangular flume without and with the longitudinal
wall, respectively.
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4. EVALUATION OF THE KX

© e P B B e

RIMENTAL DATA

sputation of Uniform pepth for Roth Hectangular and Triangular

AT s - e

Channeln

The uniform depth for a given discharge was computed as fol-

lows

*®

(1) The average depth of each cross section, Dl’ was computed

for a rectangular flume as (sce Eq. (3.1))

D, + D, + D

- 1 2 3
D, = 3 (4.1)

for a rectangular flume as (see Eq. (3.2))

1 & nt 1
_ D+ Btana + B tan a (%.2)

Dy 3

(2) Once the cross-sectional depths, Di’ given by Eq. (4.1)
or Eq. (4.2), were available, the channel's mean uniform depth, D > for
a carefully chosen uniform reach (see Fig. 4.1) - this one was as far as

possible removed f{rom the entrance and exit zomes - was calculated as

pa [N 224
lw)

(4.3)

4.2 Computation of Various Hydraulic Parameters

4.2.1 Rectangular: Channel

T

Cross Section Area, A: The cross section area was computed

_. aCCordingly:




|
Uniform Chonnsl :
Reach |
l
I
|
|

Fig. 4.1: Sketch of the Uniform Filow Definition

A = D - B (4.4)

where Du 1s the uniform depth and B is the constant width of the

glass-walled flume.

Average Velocity of the Flow, i: The expression of the ve-

locity of the flow reads

=2
=3 (4.5)

L ]

vhere Q is the flow rate computed according to Eq. (2.1) and A 1is the

cross section area given by Eq. (4.4).

Hydraullc Radius with Respect to the Entire Cross Sectlor_xj RH

The hydraullc radius was computed by
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| A | | |
e + 20, ~ (4.6)

wvhere A is the area given by Bq. (4.4) and B and D, are the width of
the channel and the uniform depth,

Reynolds ﬁumgggdﬁﬁﬂz The Reynolds number of the flow was

SRS S SR S R

calculated according to the general formila which rcads

4 R u
N, = — (4.7)

in which v 1is the kinematic viscosity of the flowing water.

Hydraulic Radius Pertaining to the wWall, Rw: Figure 4.2 shows

the cross section with different roughnesses; the roughness of the two
sides is different from the roughness of the bed of the flume. 1In the
case of a cross section with different roughnesses, the individual

roughnesses are added to form the equivalent roughness of the entire

Cross section.

The computation of the composite roughness is reviewed by
CHOW (1959, p. 136). It is assumed that the entire cross section is
divided into units; that is, into a finite number of the cross sections
corresponding to the materials which form the wetted perimeter, as can

be seen in Fig. 4.2. An additional assumption is that the average ve-

locity given by Eq. (4.5) is the same at every unit of the cross sec-: '
| - | - | , oo T e
~tion. Based on the above assumptions, the flow computation for each .

unit can be made. Furthermore, the hydraulic radius of each unit can [ ij j ;} 

. ' : ' . . . N .
: . . o : : P . . . L . s .
. PR . B L L o R .
' . T ) o . A N
i , e FEEN N
« . - A . . . : '
I : . . .
' . . E
[ s S .
[ . . . '
A : .




{ NIRRT R Oy
)d . emnds uyfw,‘;’_i]\;ﬁﬁ" i «1;:‘3“‘" - N d ] ol B ' J] I }» ‘
k- 2 " "7 L Tﬂ"’TQ“ 1"1" ! b 'f n
| — TERRRL - W
| M

Fig.4.2: Elements of the Cross Section

be expressed in terms of the roughness coefficient, n, the average ve-

prec.

locity, u, and the slope of the uniform flow, S | as shown by the Manning
%

formula., If n. 1s the known value of the roughness coefficient of the

wall unit, the hydraulic radius, Rw’ pertaining to the wall is

o, @
R‘ B meerem—— (408)
Yo 1.486 800'5

Area Pertaining to the Wall, A : As can be seen in Fig. 4.2,

the areas, AW and Aw , are added together provided that the side walls
L R |

are made of the same materials; that is,

A =A +A " (4.9)

"For the glass-wall an n-value of n f=‘Q.01 was taken from.CHOW'."  1
(1959, p. 110). vl - L




Since Fig. 4.2 {a ayrewtrical about {ta center line, the arcas, A, and
1,

Ay , are equal, With this information, the following equation reads

R

It can be seen in Fig. 4.2 that the wvetted perimeter, P, vith respect

to each wall is the flow depth, Du' So Eq. (4.10) becomes

A, =2 (D R) (4.11)

Area Pertaining to the Bottom, AB: With reference to

Fig. 4.2, the arca, A, with respect to the channel bottom is the

3

difference between the whole area, A, given by Eq. (4.4), and the

area given by Eq. (4.11). The expression of the bottom area is then

written as

A, =D, B-2(D R) (4.12)

Hydraulic Radius Pertaining to the Bottom, RB: With the

knowledgc of Eg. (4.12), the following expressicn is obtained, pro=-

vided that the wetted perimeter pertaining to the bottom is Ew

R . ,
% _ X  (4.13)

4.2.2 Triangular Channels

Widths of the Channels, B'and B': The uniform widths, B and

_B', (see Tables A-4 and A-5, Appendix A) were computed as follows for;_jﬁﬁ;ffg

. the known uniform depth, D¢
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NPT B T | L
B+B’ - [ el e ] b, (4.14)

Croan-Sectional Area, A: The crosn-sectional area was cal-

culated according to

S ETRTe e (4-1)

Average Velocity, u: With the knowledge of Eq. (4.15) the

o

average velocity, u, was computed according to Eq. (4.5).

Wetted Perimeter, P: The following equation was used to com-

pute the wetted perimeter:

1
LS (4.16)

+ ; ,
sin ¢ sin o'’ u

P =

Hydraulic Radius, R: With the results of Eqs. (4.15) and

(4.16) the hydraulic radius, R, was computed as

>

(4.17)

Rh =

Reynolds Number, N : The same formula given by Eq. (4.7) was

D
iN

used to compute the Reynolds number, Nk.

4.3 Computation of the Bottom Roughness Coefficient

4.3.1 Rectangular Channel  ;15*15';

Both the roughness coefficieﬁfé, n, 1 andgA z;of.Astroturfﬁ”,_;;fy

'Kflgj Nb; 1 and Astroturf No. 2, respectively, and of wood, n Od,'were

W

r-bbtained'by.a modifiediManning relation:’ S s




s re 0.67 0.5
1.468 Cen
= ﬁa # sﬂ (4» 18)
u
where u and RP are computed according to Eqa. (4.5) and (4.13), re- . ’

spectively. Equation (4.18) {s based on the same assumption as

Bq. (4.8).

4.3.2 Triangular Channels

Since the wetted perimeter of the triangular channels {s
composed of one single roughness (Astroturf No. 1), the roughness

coefficient, n .1 was calculated according to

A
0.67 0.5
1,486 |
nA.l .{1- .Rh ’ So (4‘19)

vhere u and Rh are computed by Eqs. (4.5) and (4.17), respectively.

4.4 Sample Calculation

An example best illustrates the foregoing steps.

4.4.1 Rectangular Channel

For the following sample calculations, the reader is referred

to the first line of Table A-1, Appendix A, column by columm.

(1) The kind of roughness was specified as "Astroturf No. 1",

The summary of sizes of Astroturf No. 1 is given in Table 2.1.-

(2) The longitudinal slope, S , was set according to the = -

© " procedure given in Section 3.1. It was s, =0.0176.
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(1) e atr-vator manometer deflection, AH, wvas road off

a8 AH = ). 470 f¢,

(4) EBquation (2.1) was used and
Q= 1.05 - (3.47)°°%% = 1.98 £t3/sec

(5) The depth, D , for the uniform channel reach (see

Fig. 4.1) was calculated by using the accuracy calculation. The

error of the difference in n-roughness values computed from two

mean cross-scctional depths given by Eq. (4.1) must be within the

ﬁ.
adopted range . If the accuracy of the difference computed from two

different depths, D, is within the allowable error, the uniform

depth, Du’ is the average of all cross-sectional depths bounded by

these two depths, Di' According to the above procedure, the resulting

uniform depth was found to be 0.416 ft.

(6) The area, A, of the cross section was calculated ac-

cording to Eq. (4.4):

A=0.416 - 1.5 = 0.624 ft>

(7) Equation (4.5) was used to compute the mean veiocity,

;; of the flow; that is,

% . o -
If a is called the accuracy of the difference in n values, the
following inequalities were adopted for different ranges of dis-

charges:

- High discharges:  10% < a € 15%
'~ Medium discharges: 5% <a<10%2. .. . oot ot
Lower discharges: 0% <a< 5% 0T
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Y - :-Lnggw o ¥
R WA 3.173 ft/sec

(8) The hydraulic radius, Rh’ of the cross section was ob-
tained by Eq. (4.6): Q )

0.624
nh 1.5 + 2:(0.416)

= 0.268 ft

(9) The Reynolds number, N of the flow was calculated
according to Eq. (4.7), provided that the kinematic viscosity of the

0 =5 .2 *
flow at 70°F is equal to 1.059 x 10 ~ ft /sec ; that is,
_4-(0.268)-(3.173)

R 1.059-(107°)

5

N = 320,700 = 3.2 x 10
(10) With the roughness coefficient of the walls (nw = 0.01),

the hydraulic radius pertaining to the walls, Rw’ was according to

Eq. (4.8)

R

= 0.064 ft
W

11.5

_|o0.01  3.173

0.5
1.486 (0.0176)

J

(11) By using Eq. (4.11) the area pertaining to the walls,

Aw’ was obtained

A =2-(0.416 : 0.064) = 0.054 £t

(12) The area of the cross sectionm, AB’ pertaining to the

bottom of the flume was computed according to Eq. (4.12); that is,

The kinematic v1scosity of water, v, dependlng on the temperature is  v3¥ﬁ,ff¢
glven by OLSON (1970, pP.21) - - o




Ay = 0.416 - 1.5 - 2 (0.416 - 0.064) = 0.570 fe?

(13) The hydraulic radius pertaining to the bottom of the

flume, Ry, was calculated according to kq. (4.13): )

- ~ T SA _ 4
Ry 0.616'[1 - 2*942§m] ~ 0.380 ft

1.5

(14) Finally, the value of the roughness coefficient, N .qe

of Astroturf{ No. 1 was, according to Eq. (4.18), for NB P nA 1

- 0.67 0.5
n,., " 37 155°(0-38) - (0.0176) = 0.033

&4.4.2 Triangular Channel

For the following sample calculations, the reader is referred

to the first line of Table A-5 in Appendix A columm by columm.
(1) Astroturf No. 1 was investigated.

(2) The longitudinal slope, So, of the triangular channel

was set according to the procedure described in Section 3.2. It was

0.027.

(3) The liquid-water manometer deflection, AH, was read off

as AH = 4.760 ft.

(4) The discharge, Q, was computed according to Eq. (2.2); o L

that is,
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(5) The computation of the uniform dopth, b, for the tri-
angular channel van the same an that of the rectansular channel, Based
on that procedure, the resulting uniform depth was

qu = 0.583 £t

(6) The width of the uniform flow, B, was computed according
to Eq. (4.14). For the cross section with longitudinal wall, l.e.,

0 .
' = 90 and tan o’ “ee, Eq. (4.14) reduces to

D ; or-9,5°

or

- 1 .
0.1673

B 0.583 = 3.370

(7) The cross-sectional area, A, was calculated by means

of Eq. (4.15) which can be reduced to

1 p?2
S

tan o 2

for the case of a triangular flume with longitudinal wall; i.e.,

0
@' = 90 and tan @’ =c0. So the value of A was

1 (0.583)°

_ 2
0.1673 2

A = 0,982 ft

(8) Equation (4.5) was used to compute the average vélocity,

"u, of the flow; that is,

e .\ L o BTN o Coee e LT e poon
“ v N o, s ‘. e s S L L )




(9) Equation (4.16) reduces in the present case to:

e ﬁ " e i3

o
since o' = 90 and slno’ =~ 1. This nisplified formula wvas used to com-

pute the wetted porimcter, P; that is,

]

Peloqpn v 10583 = 4,116 fe

(10) To compute the hydraulic radius, Rh’ Bq. (4.17) was used:

0.982 N o
Rh . 116 0.239 ft

(11) The Reynolds number, N_, according to Eq. (4.7), was

R

4 - 0.239 .« 3,00
N . 2,707 . 105

N =
R 1.059 - 107"

(12) Finally, the roughness coefficient, n, .1 of Astroturf
No. 1 was, according to Eq. (4.19),

0.67 0.5

= 1:986 0.239) - (0.027) = 0.031

BA.1 © 3,003
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3. REPRESENTATION OF DATA .

N e e - e e -
i = = e

The computed roughness coefficients, n, were plotted against

mbars, ﬂR‘

the respective uniform flow dopths, D and the Reynolds nu

in Figs. 5.1 and 5.2, renpectively. Both plota show the name pemeral

) E o T w e e .
i I8V v e E E SRR T I TR L i fh

Y,0 . %

- . + LA ) d

2 F ¥y T 4‘1.3"..3,’;‘3“:-‘ Pv
.

\ . g * . . .
trend of the three curves, whish {n

Lane's results (1951) reported by CHOW (1959) and given {n Fig., 1.2.

The curves for the wooden surface are reasonably vertical.

Figures 5.1 and 5.2 show that the n-value for both Astroturfs incrcases

as the flow depth amvd/or the Hevnolds number decreases.  This can be ex-
plained by the fact that the exposure of Astroturf is more and more pro-

nounced as the depth and/or Reynolds number decreases. This can also

be seen in Fig. 5.3, where the depth to Astroturf's height ratio 1is

plotted against the n-value. However, the curves of Figs. 5.1 and 5.2

show a reasonable independency of the n-value at the high range of

depths and Reynolds numbers. In other words, the n-value no longer

depends upon the depth of the flow and the Reynolds number, but becomes

a constant value.
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. 6. CONCLUDING REMARKS

The roughnenns of two typen of artificial pgrass, Astroturf No. 1
and Astroturf No. 7, have been fuventipated in three different hydraulic

flumes. The following conclusions can be drawn from the present study,

The n-value was found to be dependent on the flow depth and
on the Revnolds nunmber at low range of depths, It was shown to be in-

dependent of the flow parameters at high range of depths.

It seems reasonable to select the roughness coefficient for

the range of the higher discharges as constant, being

My T 0.0326 for Astroturf No. 1,

ﬂA 5 = 0.0275 for Astroturf No. 2, and
n = 00,0150 for the wooden surface.
wood

Table 6.1 shows a comparison of Manning's roughness coeffi-
clents for 'real' grass and for ''model' grass, i.e., for Astroturf. In
this table the ranges of n~valueé,for high and short '"real' grass were

)

taken from Table 1.1; while for ‘model" grass, the results of the pre-

sent experiment are used.

SN
Manning's Roughness Coefficient, n .

"Model" Grass

" 1" .
Reall Crass [ Astroturf]

High Grass Astroturf No. 1
0.030 -~ 0.050 my g 0.0325

Short GraSs~ o Astroturf No. 2
0.025 = 0.035 e nA-Z = 0.0275

.. Table 6.1: Comparative n-values
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end the use of Astroturf in the simulation of grass

in hydraulic modeling.
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7.

To {lluntrate the uscfulnesn of having a "wodel" grass avail-

able, wo shall perfors a numerical example,

Simulating a grassed watercourse, it becomes necessary to con-
sult a frictional criverion, as discussed by GRAF (1971, p. 389) aund

YEE (1972, pp. 13-14).

Equation (1.1), which is the Mamning empirical relationship,
may be used as a frictional criterion. This frictional criterion re-
%
quires a relationship between prototype and model such as
‘![ r -y
2/3 o 1/2 L 2/3 . 1/2
h K - h e

= * | (7.1)

u - n u - n

R

for an undistorted model, (So) =((S°) . If the hydraulic radius is re-
) m

P
placed by a suitable dimension, L, Eq. (7.1) reduces to

1
L2/37 rL2/3

Gy,
———

(7.2)

U'an ..u.n..lm

Equation (7.2) can be rearranged for the discharge relation-

ship; that is,

PP
I

% ] - R T Rt
. The letters p and m will stand for prototype and model, respectively. - . -

A : N . ' co- : : : N ! L : N N
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A grass-lined irripation canal i{s to be inventipated in the

hydraulic laboratory. An undintorted model with a scale ratio of
L 10 S
T in to be built. The laboratory pump nystem provides a maximum

m
discharge ({.e., model discharge) of Qm = 3 cfns. For what maximum

R

discharye, O , of the frripgation canal, having n = 0.030, is this
b

F‘)

laboratory investigation applicable?

ANSWER

Use of Eq. (7.3):

(¢) Laboratory Investigation with Wood

n . = 0.0150
wood

2.67 .-
[0 1 0.0150
Q, [1] 0.030 & = 163 Q (7.3)

max
P

= 165.3 = 495 cfs

(B) laboratory Investigation with Astorturf No. 1
= 0.0325

Ta.1

2.67 | -
_ [10 . 0.0325
Q [1] 0.030 = & =°10Q, (7.3)

Qp = 510.3 = 1530 cfs

(Y) Laboratory Investigation with Astroturf No. 2
= 0.0275 ‘

Tp.2

[_1_9_]2'67 ' 0.0275

1

» .
.
‘ ! =1

m .

T ey

 1Qp - =430.3 = 1290 cfs |
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Model Prorot L

- — ey

. opax 3 tax
0 oI Thed n () ot - fn
i) o & P
n = .00 1570

Table 7.1: Summary of Example Results
From the above example, we shall conclude that:

(a) Our hydraulic laboratory cannot model any prototype canal
which carries a maximum discharge greater than 1530 cfs, 1290 cfs, and
495 cfs for laboratory investigation with Astroturf No. 1, with

Astroturf No. 2, and with the wooden surface, respectively.

(b) In order to model any prototype canal carrying very high
discharge, a material of high roughness coefficient, such as Astroturf,

is recommended to be used in modeling.
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