—
SLUICE ENTRANCES FLARED ON FOUR SIDES
PRESSURE-DROP COEFFICIENTS

1. Purpose. The objectives in sluice entrance design are positive
pressures at all flows to preclude cavitation; smoothly varying pressures
to minimize entrance losses, and small size for stop-log closure. Hy-
draulic Design Charts 211-1 to 211- 1/2 give pressure-drop data for sever-
al shapes of entrances to rectangular sluices.

2. Theory. The pressure drop (Hd) from the reservoir surface to
any point on the pressure gradient for an entrance curve can be ex-
pressed as a function of the velocity head in the conduit proper:

H. = o(ve/2g)
a v/
where
Hd = pressure drop, ft
C = dimensionless pressure-drop coefficient
. \') average velocity in conduit proper, fps.
-

3. Experimental Data. The pressure data on Chart 211-1 to 211-1/2
were obtained from tests conducted at the Waterways Experiment Station
under CW 802, Conduit Intake Model Tests.* The laboratory test section
represented a prototype sluice 5.67 ft wide by 10 £t high (h/w = 1.765)

with the elliptical and combination elliptical entrance curves shown on
the charts. The value of D in the curve equations is equal to the
conduit height for the top and bottom curves and the conduit width for
the side curves. The Pine Flat prototype data** shown on Chart 211-1/2

* Entrances to Conduits of Rectangular Cross Section; Investigation of
Entrance Flared in Four Directions. U. 3. Army Engineer Waterways
Experiment Station, CE, T 2-4283, Report No. 1, Vicksburg, Miss.,

March 1956.

%% Vibration, Pressure and Air-Demand Tests in Flood-control Sluice,
Pine Flat Dam, Kings River, California. U. S. Army Engineer
Waterways Experiment Station, CE, Miscellaneous Paper No. 2-75,
Vicksburg, Miss., February 1954, and subsequent unpublished test
data.

211-1 to 211-1/2
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4, The CW 802 data are from laboratory tests in which the dis-
charge was closely controlled. The Pine Flat prototype data are base
on a alscnarge curve qevelope from snream measureme The
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5. Sluice Entrance Pressures. The dimensionless pressure-drop
coefficients given on Charts 211-1 to 211-1/2 can be used to compute
the pressure gradient elevations for the given entrance shapes. The
pressure gradient Ior any combination of pool elevation and discharge

rence of negatlve pressures.



o
H
N
/

IENT - ¢
.
/

1)
»

/
Z
;
!

..

1.0

PRESSURE-DROP COEFFI(

0.2 0.4 0.6 0.8

3
0
\ Qlx
"
ON|>< ;
+ <
~
wjo
1

o|r >
N
N
P
P

La&— ORIGIN

BASIC EQUATION

Ho
C=
V2
29
WHERE :

C =PRESSURE-DROP COEFFICIENT
Hp= PRESSURE DROP FROM POOL IN FT
nT

V = AVERAGE VELOCITY IN CONDL
v AVERAGE VELOLITY IN CONDU

PROPER IN FT PER SEC

NOTE:

RESULTS BASED

TEST DATA (h/w=1.765).

O = DIMENSION OF CONDUIT IN DIRECTION
CONCERNEDIN FT
L= DISTANCE ALONG CONDUIT IN FT

h = HEIGHT OF CONDUIT PROPER

w = WIDTH OF CONDUIT PROPER

SLUICE ENTRANCES

PRESSURE-DROP COEFFICIENTS
ELLIPTICAL SHAPE

HYDRAULIC DESIGN CHART 2H -1

WES 6 - 57
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C =PRESSURE-DROP COEFFICIENT
Hp= PRESSURE DROP FROM POOL,FT

V = AVERAGE VELOCITY IN CONDUIT
PROPER, FT PER SEC

NOTE:
RESULTS B.
A

TEST NDAT,
TEST UA

A
(hy
A

n/

D= DIMENSION OF CONDUIT iN T
CONCERNED,FT

L= DISTANCE ALONG CONDUIT, FT
h = HEIGHT OF CONDUIT PROPER,FT
w = WIDTH OF CONDUIT PROPER, FT

SLUICE ENTRANCES

PRESSURE-DROP COEFFICIENTS
COMBINATION ELLIPTICAL SHAPE

HYDRAULIC DESIGN CHART 2!1-1/}
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HYDRAULIC DESIGN CRITERIA

SHEETS 212-1 TO 212-1/2
GATE SLOTS

PRESSURE COEFFICIENTS

1. Background. Flow past gate slots results in a decrease in pres-
sure on the conduit walls immediately downstream from the slot. Cavita-
tion erosion can occur downstream from the slot when high-velocity flow is
accompanied by insufficient pressure in the general region. One of the
variables involved is the ratio of the slot width to depth. Another im-
portant variable is the conduit geometry downstream from the slot. Unde-
sirable pressure conditions on the conduit walls can be improved to some
degree by offsetting the downstream edge of the slot and returning graduvally
to the original conduit wall alignment.

2. Basic Data. Hydraulic Design Chart 212-1 presents pressure coef-
ficients for rounded corner gate slots with a width-depth ratio equal to
2.1. Similar data for a ratio of 1.8 are presented in Chart 212-L/l for
slots with the rounded downstream corners combined with a 1:12 taper to the
original conduit alignment. The coefficients shown were computed using
the equation

Hd = CHv
where
Hd = pressure difference from reference pressure, ft
= pressure coefficient
Hv = conduit velocity head at reference pressure station, ft

The reference pressure station noted above is shown in the definition
sketch in each chart. The coefficients shown in the charts result from
U. S. Army Engineer Waterways Experiment Station (WES) laboratory tests
made on 1l-to-6-scale models of gate slot designs for Bull Shoals Dam.1

3. Chart 212-1/2 presents coefficients for computing the minimum
pressure in and downstream from sqguare-edged slots with ratios of width
to depth ranging from 0.5 to 2.5. The chart is based on tests by the
U. S. Bureau of Reclamation (USBR)Z with supporting data by Spengo.3 The
USBR tests also included study of the effects of rounding the upstream
corner of the gate slot, decreasing the downstream wall convergence rate
to 1:24 and 1:36, and using convergences shaped to circular arcs. Round-
ing of the upstream corner of the slot appears to have little effect
on the pressures in or near the slot unless the rounding is appreciable.

212-1 to 212-1/2
Revised 1-68



In this case expansion of the flow into the slot can result in greater

downstream flow contraction accompanied by greater pressure reduction or
the downstream walls. Changing the downstream convergence rate to 1l:2L
and 1:36 effects a downstream movement of the minimum pressure location

with no appreciable pressure changes. The USBR tests also showed that

convergences shaped to circuiar arcs are hydraulically superior to those
£~ ad har +n1ﬂr\‘r\ + o
L U.L .lllCU. vy LaALllET nes

4. The coefficients shown in Charts 212-1 through 212-1/2 are
based on mean piezometric measurements and do not reflect local pressure
fluctuations caused by turbulence in the flow. It is suggested that the
minimum computed pressure be limited to at least atmospheric pressure
to reduce the possibility of cavitation in the prototype. Prototype data

from electric pressure transducers are needed for firm criteria.

5. Design Criteria. Charts 212-1 through 212-1/2 should be used
as guides for estimating minimum pressure conditions in the vicinity of
gate slots for full tunnel flow. The rounding of the upstream edge of

the gate slot shown in the charts can be eliminated with no apparent
adverse hydraullc or structural effects. The 1:12 downstream taper shown
in Chart 212-1/1 has been generally adopted for design and found satis-

'R}

factory. In practice, the radius of the downstream corner of the gate
slot has been appreciably decreased over that shown in the charts to
reduce gste span and slot depth, thereby effecting savings in costs.
Experience indicates that for part-gate operation cavitation erosion
mainly occurs 6 to 8 in. downstream from the beginning of the 1:12 taper

rather than at the end of the taper, as inferred from Chart 212- 1/1. If
the gates are to be operated appreciably at part-gate openings under high

heads, consideration should be
first

given to using stainless steel for the
1ne design criteria aoove is recommenc
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B |—'~
@ @D O

n

ct wm
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mospheric pressur

6.
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HYDRAULIC DESIGN CRITERIA

SHEET 221-1
CONCRETE CONDUITS
I.L‘l LA LOS SES
1. Chart 221-1. The chart presents intake losses determined from

model and prototype investigations of single, double, and triple intakes.
It is only applicable to conduits flowing full.

. . For design purposes intake losses include trashrack,
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head in the conduit proper is
[}
h =K (V/2)
where
h = intake loss, ft
e
K = loss coefficient

e
V = average veloclity in conduit proper, ft/seo

m
1l
Y
(@]
o
0]
=
D
]
®
ot
H
o]
=
=3
1"0
o+
O
Q
[
[aV)
<
s
o+
<

3. Accurate experimental determination of intake losses is depen-
dent upon the conduit being of sufficient length to permit a uniform fric-
tion gradient to be established based on fully developed turbulence. The
intake loss is the total available head minus the velocity head and the
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4, Basic Data. Chart 221-1, which summarizes the bes ils
was developed from results of model and prototype investiga tlons of con-
duits of sufficient length for turbulence to become fully developed. The
data selected from model and prototype investigations for use in determining

intake losses for the three types of intakes are described below.
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data~ were obtained during a laboratory study of the effect

of artificial stimulation of the turbulent boundary layer in
a rectangular conduit conducted under Corps of Engineers
Engineering Studies Item 802, Conduit Intake Model Tests.
The laboratory intake section contained no gate slots. Data
concerning the effects of gate slots on intake losses were
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tests made during the Bull Shoals
the data indicate that these effects

2
Dam3 model stu Wi
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ined in specil
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b. Double intake. DPrototype pressure data were obtained at
Denison® and Fort Randall Dams.” The Denison® and Fort
— 2 227 e 3 TS R T ~ ~ e ~ 01 L. N . -
Randall! models were built to a scale of 1 to 25. The
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Those in the Denison model appeared excessively low. How-
ever, the relation between model and prototype intake losses

is consistent.

g
¢c. Triple intake. The Tionesta model~ data are the only known
data resuitlng from a study of a trlpie intake to a conduit
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AVERAGE

aswma Lo

NDUIT PROPER INTAKE
LENGTH REYNOLDS VELOCITY COEFFICIENT
SHAPE PROJECT (1) DIAM (2) NUMBER (2) HEAD (1) Ke
SINGLE INTAKE (CONCRETE DAM CONDVUITS)
| A PINE FLAT 54 29-36x107 65-81 0.16
< L) (PROTOTYPE) (PROTOTYPE)
A=90, B=3.0
c C=90,E=50
— e _ §
F =50, G=17
Kf PROFILE
F ES 802 83 6.7 x10° 97 007 (3
' TG (1: 20 MODEL) (MODEL)
‘E— - - A=7.5B=25
C=10.0, E=5.7
i PLAN F=4.3,6=i.4
DOUBLE INTAKE (EARTH DAM TUNNEL)
[ —t N DENISON 40 1.2 x10° 66 o.19
/ K A | || _’ (PROTOTYPE) (PROTOTYPE)
/ \ | | "DI A=250,B=390
C=100,D=200
\L, ﬂb ¢ T4 ’
SN E= 9.0, T=530
l C D DENISON a7 8.2-9.6 X10® 61-82 0.12
“ (1:25 MODEL) (MODEL)
PROFILE (SEE ABOVE)
FT RANDALL (5) 39 0.7-1.5 X 108 16-72 025
e ] (PROTOTYPE) (PROTOTYPE)
—_— D A=240,B=16.0
- — C=23.0,D=220
E=11.0, T=490
FT _RANDALL 39 0.9-1.0 X 10° 46-86 0.16
(1:25 MODEL) (MODEL)
(SEE ABOVE)
TRIPLE INTAKE (EARTH DAM TUNNEL)
o ” Il TIONESTA 98 1.5-4.1x%10° 7-50 0.33
s ” || (1: 36 MODEL) (MODEL)
> T A=300,B8=220
B \“ ||r<~T—-_ C=16.0,D=19.0
oc QA]' —[ o E= 7.5, T=66.0
PROFILE
INTAKE HEAD LOSS
X R vz
A ‘—x{ he = Ke 29
I3 i——L—_::li_____i [5) V=VELOCITY IN CONDUIT
e
I
PLAN
(1) DIMENSIONS IN PROTOTYPE FEET.
(2) EQUIVALENT DIAMETER FOR NONCIRCULAR
SECTIONS BASED ON HYDRAULIC RADIUS.
(3) DOES NOT INCLUDE GATE-SLOT LOSSES. CONCRETE CONDUITS
(4) LENGTH OF TRANSITION
(5) ROOF CURVE MAJOR AXIS HORIZONTAL iINTAKE LOSSES
HYDRAULIC DESIGN CHART 221-1
WES 6-57
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HYDRAULIC DESIGN CRITERTA

SHEET 224-1
RESISTANCE COEFFICIENTS

CONCRETE CONDUITS

1. General. The Kutter and Manning coefficients have been used ex-
tensively in the past by design engineers in the United States. Manning's
n has found more favor in flood-control and irrigation design work because
of its relative simplicity in the evaluation of resistance (friction)
losses. A Manning's n value of 0.013 has been commonly used by engineers
in the design of concrete conduits since publication of an article by
Hortonl in 1916 which was subsequently published in King's Handbook of
Hydraulics. The Manning coefficient served a useful purpose for the de-
sign of conduits with Reynolds numbers that were small compared to those of
large flood-control conduits. Tests at very high Reynolds numbers on the
Oahe Dam flood-control conduit® where all Jjoints and irregularities were

ground smooth indicated a Manning's n of about 0.0098, illustrating that
the older design values of the Manning's n can result in overdesign. How-

ever, because of possible deterioration of interior surfaces with time a
Manning's n value of 0.0l4 is still used for capacity design by some
engineers.

2. Effect of Reynolds Number. The variation of the resistance coef-
ficient relative to the Reynolds number is expressed with the Darcy factor
"f." This relation is normally plotted in the form of a general resistance
diagram referred to as the Moody diagram.3 Chart 224-1 is a Moody diagram
on which have been plotted experimental data obtained on concrete conduits.
The terms involved are defined on the chart. Nikuradse's study on pipes
coated with uniform sand grains demonstrated that the resistance factor
decreases with an increase in Reynolds number. Prandtl and Von Karman
based the smooth pipe formula (Chart 224-1) upon theoretical considerations
adjusted to the Nikuradse data. The heavy dashed line on the chart repre-
sents the limit of the transition from the smooth pipe formula to rough
pipes with full turbulence. The resistance factor then becomes independent
of Reynolds number and is only a function of the relative roughness. . The
lines in the transition region represent the Colebrook-White function
based on experiments with mixed roughness contrasted to uniform sand
grains. The Colebrook-White function has been extrapolated considerably
beyond the limits of the basic experimental data Re = 6 X 102 . Observed
values of f for the prototype flood-control conduits at Oahe and Denison
Dams are considerably less than those computed for comparable Reynolds num-
bers using the Colebrook-White equation and field roughness measurements of
the interior surface of the conduits. However, the relation between phys-
ical measurements of surface roughness and the hydraulic effective rough-
ness has yet to be firmly established.

o2h-1
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The following tabulatlon glves 1nformatlon pertlnent to
The type of construction and the result-

ing effective roughness can be used as guides in specific design problems.

However, the kg4

conduits of greatly different diameters.

~

values listed are not necessarily applicable to other

Ref ize Kg
Symbol Project No. Shape* £t £t Construction
Precast Pipe
e Asbestos
cement 5 C 1.2 0.00016 Steel mandril
o Asbestos
cement 5 C 1.7 0.00008 Steel mandril
v Neyrpic 6 C 2.82 0.00030 19.7-ft steel form
© Denver #10 7 C h.s 0.00018 12-ft steel form
3 Unmatilla
River 8 c 3.83 0.00031 8-ft steel form —
T Prosser 8 C 2.5k 0.00152 0Oiled steel form
C Umatilla Dam § c 2.5 0.00024 U4-ft sheet steel on
wood forms
i Deer Flat 8 C 3.0 0.00043 6-ft steel fomm
X Victoria 8 C 3.5 0.00056 L-ft oiled steel
forms
A Denver #3 9 C 2.5 0.00011 12-ft steel form
A Denver #13 9 C 5.0 0.00016 12-ft steel form
4 Spavinaw 2 C 5.0 0.00013 1l2-ft steel form
Steel Form Conduits
0 Denison 10 C 20 0.00012
A Ontario 8 0 18 0.00001 Hand rubbed
v Chelan 11 C 1k 0.00061
[ ] Adam Beck 12 C L5 0.00018 Invert screeded and
troweled
2 Fort Peck 13 c o7 0.0001k
(Continued)
¥ C = circular, O = oblate, R = round, and H = horseshoe.
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Ref Size ks
Symbol Project No. Shape £t £t Construction

T

ood Form Conduits

e Oahe 14 c 18.3 0.00004 Joints ground

+ Enid 15 C 11 0.00160

o Pine Flat 52 16 R 5 9 0.00103) Lonei tudinal o

0 Pine Flat 56 16 R 5 9 0‘00397; Longltudinal planking
Miscellaneous

e Quabbin 17 H 11 X 13 0.00015 Unknown

5. Design Criteria.

a. Capacity. Conservative values should be used in designing
for conduit capacity. The kg values listed below are based

on the data presented in paragraph 4 and are recommended for
capacity design computations.
Size kg
Type ft ft
Asbestos cement pipe Under 2.0 0.0003
Concrete pipe, precast Under 5.0 0.0010
Concrete conduits (circular) 0.0020
Concrete conduits (rectangular) 0.0030
b. Velocity. The smooth pipe curve in Chart 224-1 should be used
for computing conduit flow velocity pertinent to the design
of energy dissipators. It should alsoc be used for all esti-
mates for critically low pressures in transitions and bends,
as well as for the effects of boundary offsets projecting

into or away from the flow.

c. Model Studies. Experimental results indicate that the re-
sistance coefficients of models made of plastic closely ap-
roximate the smooth plpe curve at model flow ﬂeynoLas num-

adjustment.

10
d. Condult Shape Effects. A WES study -~ shows that the
cts on res1stance in non01rcular condults can
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noncircular conduits unle

S~ TAacc 4+~ ra =~ PR, NP T 1. ~
15 1€s5 uhiall Ve.D Or greater tnan .
are involved, model testing to evalu
be required

o
[ ]

ss the aspect ratio (width/height)
: Where unusual Snapes

(2]
—
.:
c<

Equivalent Diameter. The equivalent diameter concept

assumes that the resistance loss and flow velocity in a
nonc1rcular condult are equal to those in a circular con—

tion, and energy head equal to tnose of the noncircular
conduit. The eqaivaleﬁt diameter to four times
the hydraulic radius of the noncir Wduit. The
cross-section area of the noncircu 1duit is used with
the above-defined velocity to compute e flow discharge.

6. Acknowledgment is made to the following for permission to use the

data shown in Chart 22L-1.

a. FEngineering News~Record, Spavinaw A
No. 10 data, References 2 and 7.
b.

Nos. 3 and 13 data, Reference 9.

uveduct and Denver Conduit

Journal, American Water Works Association, Denver Conduits

¢. American Society of Civil Engineers, Quabbin and Chelan data,

References 11 and 17.

d. La Houllle Blanche, Neyrpic test
Reference 6

e. The Engineering Journal, Sir Adam Beck tunnel data,

Reference 12.

f. The University of New South Wales, Asbestos cement data,

Reference 5.
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HYDRAULIC DESIGN CRITERTA

SHEET 224-1/1
RESISTANCE COEFFICIENTS

STEEL CONDUITS

1. The magnitude of resistance (friction) loss in steel conduits is
an important factor in the economics of design of pipelines, tunnels, and
power penstocks. The concept of maximum and minimum design criteria is of
importance in the design of flood-control outlet works and of surge tanks
for power plants. It is desirable to use conservative resistance values
in the design of flood-control conduits and water supply lines for hydrau-
lic capacity and in the design of surge tanks for load acceptance. Con-
versely, minimum resistance values should be used for the design of still-
ing basins and of surge tanks for load rejection. The general comments in
paragraphs 2 and 3 of HDC Sheet 224-1 apply to steel conduits.

2. Resistance Factors. Chart 22&—1/1 is a plot of experimental data
from tests made on steel conduits. The data are shown in the form of a
Moody diagram where the resistance factor f 1is plotted as a function of
the Reynolds number. The plotted points were selected principally from
data compiled by the USBR.L The San Gabriel® test data were obtained from
measurements on enamel-lined steel conduits and afford information for the
higher Reynolds numbers. The Neyrpic tests,3 the Milan tests,11L and the
Hoover Dam model tests? were hydraulic laboratory investigations involving
fairly large Reynolds numbers. Corps of Engineers field tests at Fort
Randall Dam in 1956° and 19597 afforded valuable information of the effects
of surfgce treatment of 22-ft-diameter steel tunnels. The 1956 Fort
Randall® and the 1957 Garrison® tests on vinyl-painted steel resulted in
an average T value of 0.0075 for Re = 1.45 x 107 and an f value of
0.0071 for Rg of 2.5 X 107 , respectively. The 1959 tests of brushed,
tar-coated surface treatment resulted in an average f value of 0.0085 for
Re = 1.01 X 108 . The pipe flow theory indicates that experimental data
should not plot below the smooth pipe curve in Chart 22&—1/1.

3. Effective Roughness. The following tabulation summarizes the
data plotted in Chart 224-1/1 and can be used as a guide in selecting kg
values for specific design problems. However, the kg wvalues listed do
not necessarily apply to conduits having greatly different diameters.

Ref Diameter kg
Symbol Project No. 't ft Remarks
o Neyrpic 3 2.60 0.000010  Spun bitumastic coating
[ | Neyrpic 3 2.61 0.000135  Uncoated
o Milan i 0.33 0.000039  Zinc coated
° Milan i 0.49 0.000026  Zine coated
(Continued)
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Ref  Diameter kg

Symbol Project No. ft 't Remarks
[ ) Milan l 0.82 0.000071  Zinc coated
X San Gabriel 2 10.25 0.000004  Enameled
A San Gabriel 2 4,25 0.000152  Enameled
+ Hoover 5 0.83 0.000133  Galvanized pipe
v Fort Randall 9 22.00 0.000936  Tar coated
(o] Fort Randall 7 22,00 0.000382  Tar coated
A Fort Randall 6 22.00 0.000008  Vinyl painted
v Garrison 8 2. 00 0.000005  Vinyl painted

4. Design Criteria. The kg values listed in the tabulation below
are recommended for use in sizing cast iron and steel pipes and conduits

to assure discharge capacity. The values for large steel conduits with
treated interiors should also be useful in the design of surge tanks under
load acceptance. The recommended values result from analysis of 500 kg
computations based on the data presented in Chart 22&—1/1 and in table H

of reference 1. The data are limited to continuous interior iron and steel
pipe. The recommended values are approximately twice the average experi-
mental values for the conditions indicated. The large increase in kg
values for large size tar- and asphalt-treated conduits results from

heavy, brushed-on coatings.

Diameter kg
£t Treatment 't
Under 1.0 Tar dipped 0.0001
1 to 5 Tar coated 0.0003
Over 5 Tar brushed 0.0020
Under 6 Asphalt 0.0010
Over 6 Asphalt brushed 0.0100
All Vinyl or enamel paint 0.0001

A1l Galvanized, zinc coated
or uncoated 0.0006

5. Velocity. The smooth pipe curve in Chart 22M-l/i is recommended
for all design problems concerned with momentum and dynamic forces (water
hammer, surge tanks for load rejection, critical low pressures at bends,
branches, offsets, etc.).

6. Aging Effects. Interior treatment of pipes and conduits is of
importance to their service life. Chemical, organic, and inorganic de-
posits in steel pipes and condults can greatly affect the rgsistance losses
and conduit capacity over a period of time. Data by Moore indicate that
over a 30-year period incrustation of iron bacteria up to 1 in. thick
formed in uncoated 8-in. water pipe. Similar conditions prevailed in
10-in. pipe where the bond between the pipe and the interior coal tar
enamel was poor. Computed kg values for these pipes were 0.03 and
0.02 ft, respectively. Data compiled by Franke indicate that organic
and inorganic incrustations and deposits in steel conduits up to 6 ft in

eeli-1/1
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N

diameter increased resistance losses by as much as 100 to 300 percent with

kg

values increasing 100 percent. The data indicate that the interiors of

some of the COl’ld.U.ltS were Oflglﬂa.LJ_y treated with a coat of bitumen. The
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ffects. (See paragraphs 5d and e, HDC Sheet 22L-1.)

. 5. Bureau of Reclamation, Friction Factors for Large Conduits
lowing Full, by J. N. Bradley and L. R. Tnompson Engineering Mono-
- . \

Barbe, R., "La mesure dans un laboratoire des pertes de charge de
condultes industrielles.” La Houille Blanche (May-June 1947),
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U. S. Army Engineer District, Omaha, CE, Friction Loss Tests in Pen-
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stock No. 8, Fort Randall Power Plant. General Design Memorandum
No. G-9, September 1956.

U. S. Army Engineer Waterways Experiment Station, CE, Flow Character-
istics in Flood~Control Tunnel 10, Fort Randall Dam, Missouri River,
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U. S. Army Engineer District, Garrison, CE, Friction Loss Tests in
Penstock No. 1, 1957.

U. S. Army Engineer District, Omaha, CE, Friction Loss Tests in
Penstock No. 7, Fort Randall Power Plant. General Design Memorandum
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Moore, M. O., "Incrustation in water pipelines.”" ASCE, Pipeline Di-
vision, Journal, vol 94, PL 1, paper 6161 (October 1968), pp 37-47.
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(11) Franke, P. G., "Some roughness values of water pipelines.” L'Energia
Elettrica, vol 46, No. 2 (February 1969), pp 78-80.
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HYDRAULIC DESIGN CRITERIA

SHEETS 224-1/2 TO 22L4-1/4

RESTISTANCE COEFFICIENTS

1. Known hydraulic head loss 1nvest1gat10ns for corrugated metal
pipe in the United States date back to 1914 Extensive U. 3. Department
of Agriculture tests at Iowa® were published in 1926. The results of
more recent tests at St. Anthony Falls Hydraulic Laboratory,D Bonneville
Hydraulic Laboratory,* the U. §. Army Engineer Waterways Experiment

At (tma 5 .3 -LL-ﬂﬁ6,7.8 L T 2 d 2 Mpda OO 7 /O A
otatl10rn (wowo ).~ alld ouvllers~> 15 nave peern summarized 1n onarcs CC‘-I'-_L/ c LU
’DO)I=7 /’I Mhaacae Aata ava fAr F11l1lonine PFloawr 2amnd Tarce lencth_Ad4dametar

[ .1_/ T e LLIiT OO0 wa va L& PN B AU [ S O 5 S BN .bl.J_lJ(.f L AW CLL I AL 6\.4 -l—\,ll.b wil ALL Gl U 4
ratios. Resistance data obtained in the Bonneville tests with paved in-
verts are also shown.

2. Types of Corrugated Metal Pipe. Metal pipe with annular corru-
gations 0.5 in. deep spaced at intervals of 2. 67 in. has been accepted as

standard in the United States for many years (Chart 22l - l/d). A new type
of corrugated metal pipe having annular corrugations 1 in. deep spaced

o B 2 arart S a Anmmavatiallxr axzraslabkhlia Tawvoan A3 amatan FPIATA_aacacamhlaA
3 Jile @LJ@J. v Lo Culllicc o \/_LGL.L_LJ AVALLAUVLT o Jaal 5(: wlalllc v s L LT LU0 oCTliIvLTuWU
ctriietiiral nlate nine havine anniilar corrications 2 in deen snaced 6 in
structural plate pipe having annular corrugations 2 in. deep spaced O in.
apart has come into general use. Also, helical corrugated metal pipe in
sizes of 6 to 96 in. is presently belng manufactured. 9 The pitch and

depth of the corrugations vary from 1.5 in. and 0.25 in., respectively,
for the small size pipe to 3.0 in. and 1.0 in., respectively, for the
large size pipe. Available limited test data indicate that the helical
corrugated plpe is structurally superior to equivalent standard corru-

PR E.

gated pipe. 10

3. The available experimental data for standard corruga‘l‘ed metal
pipe are generally for full-scale tests using commercially fabricated pipe
Available experimental data for structural plate and the new type of cor-
rugated pipe are basically limited to large-scale model tests. The 1:L4-

or quarter-scale model tests of standard 5-ft-diameter corrugated pipe at

WES indicate somewhat higher resistance coefficients than the Bonneville
5-ft-diameter prototype tests (Chart 224-1/2). This is attributed to a
mannr A3 FFParanra in +ha raoalat+Stra parviicotinmn aioa 9n +ha madal anAd +ha »ra
A1l UWLll LTLTLILC L1l viic LTciauviLvceT UL L LLBG UILULL OoL4LT L1 LIIT JUUUT. L Qllll LLIT PJ. -
totype. The full-scale Alberta structural plate pipe test data, K/D =
0.0339 (Chart 224-1/3) indicate about 10 percent higher f coefficients

than comparable WES model test results adgusted 8 percent for field bolt
effects.b

4, Charts 224- 1/2 and 224-1/3 show values of the Darcy-Weisbach re-
2 . ) n\ - a oA
sistance coefficien (I’} versus Keynoldas number (Ke) computed irom the
~Ahaarirald +aact+ Aata Mha amiat+dAang 110l PAar +ha nlAata ana
UMROTL VOW ULTDULU UauUce. 11T TUUAQALLULIS UupTU 1UL LIIT PpliULL alcT
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¢ D/ 2g
and
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R =%

The symbols are defined in Chart 224-1/2.

5. Values of the Manning's n versus pipe diameter resulting from the
test data and recommended for design are shown in Chart 22&-1/4. The
basic Manning equation is

_1.u865Y/252/3
o= v

The terms are defined in the chart. The relation between f and n is
given in Sheets 22L4-3 to 224-7. Recommended design curves of Manning's n
for various pipe diameters are given in Chart 224-1/4. Also shown are
limited experimental data3 for standard corrugated pipe arches. The n
values plotted in this chart are computed from the average maximum values
of f observed on corrugated pipe. The 3-ft-diameter f vs Ry curve
shape in Chart 22&-1/? was used to extrapolate to maximum f values for
the smaller pipe sizes. A similar procedure was used to extrapolate to
the maximum values for the data curves in Chart 22&-1/3. The curves for
structural plate pipe shown in the charts are principally based on results
of WES tests on model pipe having a corrugation depth-to-pitch ratio of

1 to 3. The Bossy5 procedure was used to adjust the WES model data for
the additional resistance attributable to bolts required in field assembly
of prototype pipe.

6. Helical Corrugations. Resistance coefficients have been reported
by Chamberlain,! Garde,d and Ricell on small size helical and standard cor-
rugated pipe of comparable size. The following tabulation summarizes
their findings.

Pipe Ref
Size, in. Type K/D £ n No.
8 Helical 0.03 0.037 0.013 11

12 Helical 0.0+ o0.042 0.015 11

12 Helical 0.0k 0.048 0.016 8

12 Standard 0.08 0.126 0.026 8

12 Standard 0.08 0.117 0.026 7

12 Helical 0.04 o0.0k0 0.015 7

All tests were made with Reynolds numbers from 102 to 106. The resistance
coefficient was found to be essentially constant for each pipe tested.

224-1/2 to 224-1/4
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7 The tabulation above indicates that the resistance coefficient

{ . L LI vaviulLauvilull aAavuyvc il eauvTo viica v LLIT LTOLOUALILT LuUTlL L LU ALICTllu
ffor small-diameter helical corrucated pive is about 2R vpercent of that for
for small-dlameter nelical corrugated plpe 1s about 33 percent OI Tnat IOY

comparable standard corrugated pipe and about 58 percent in terms of
Manning's n. These percentages will be different for other size pipe de-
pending upon the corrugation pitch, depth, and inclination with the pipe
axis. Presently available data are limited to small size pipe having cor-
rugations inclined about 65 deg to the pipe axis. For large diameter

helical corrugated pipe the n values given in Chart 2 24—¢/4 for standard
unpaved corrugated pipe are recommended for design.

il i LAdis oo L LWL VES YL L1l

i
are recommended for prellmlnarv design purposes. The data presented 1n
Charts 22L4- L/2 and 224- 1/3 permit more accurate evaluation of resistance
losses when the design Reynolds number is significantly different from that
resulting in the peak values of the resistance coefficients. Resistance

~

ceffic¢ients based on the model data curves in Chart 224- i/j should be in-

mrrma med s Qe mn A made o o A L L2 VT o cml T o3 ANt ]
creased Dy O percent rnern usea 10r lIleld-asSsemoled plpe. Laut 1oLl should
he 11eed in evtrannlatinog the datas +0 other +vnea of ecorriicat-inna
o UsCl 1Ll EXuLrapliavillg Ui Gava 0 ouvader Lypes Ol COIrI atvlons.

9. References.

(1) Cone, V. M., Trimble, R. E., and Jones, P, 5., Frictional Resistance
in Artificial Waterways. Bulletin No. 194, Colorado Agricultural

Experiment Station, Fort Collins, 191k.

(D) Varneall n T Negler T A armd WAndarand QM T ~rr A Wadan

\<) ilarners, . L., nNagaier, r. aA., aina wooawara, o. M., £LOW OI WATEY
Throuch Culverts 11letdin 1 Studies in Fnoineerine. Universitvy
Larougn Culverts., Duiietin L, studles 1n mingineering, universivy
of Iowa, Iowa City, 1926.

(3) Straub, L. G., and Morris, H. M., Hydraulic Tests on Corrugated Metal
Culvert Pipes. Technical Paper No. 5, Series B, St. Anthony Falls
Hydraulic Laboratory, University of Minnesota, Minneapolis, 1950.

{10\ RAviatrtTTla Wirdnasidl A Tahmnadt ~vtr DAamdl a3 TS adns At AT Tont At S ~am
\ ) bulllicvillie nyuraulrlic La00radc L'y, rorviania visuvricuv, Lo, LriCuLloll
Losses in OAarriicatad Matal Pine: MIT K298 Rannrt NN )L(\='I PAar+1anAd
AV A S uﬁwu\—\.ﬂ. LT WA oL J.’b’\— ’ AV 4 ) =N S\ o J.\\.r_blul. v 1Y e T\ J—, 4 4 U.J_(&J.L\_“,
Oreg., July 1955.
< 7 v P

(5) U. S. Army Engineer Waterways Experiment Station, CE, Resistance Coef-
ficients for Structural Plate Corrugated Pipe; Hydraulic Model Inves-
tigation, by J. L. Grace, Jr. Technical Report No. 2-715, Vicksburg,

Miss., February 1966.

(/) Nad 11 o) MTrAnagrilie ranichneaa AP anvriigated ndnea ! AQOT

\ \-// L‘CJ.-L-L’ Ve PR s .lJ.J uiaulloe LU LLLIT OO Ul oL L GUC\-L _}_JJ_)_JCD . Dovla
Hvdraulics Division. .Tnnrna'l vol 88. HY (Mav 1062). vp 22- Eﬁ
hyaraulics Divlision, Journal ol 0o, HY 3 (May 1902), pp 23-44;

vol 88, HY 6 (November 196 77 Discussions; vol 89, HY 1 (January
1962), Discussions; vol 89, HY 4 (January 1963) Closure.

(7) Chamberlain, A. R., Effects of Boundary Form on Fine Sand Transport
in Twelve-Inch Pipes. Report CER No. 55, ARC 6, Department of Civil
Engineering, Colorado State University, Fort Collins, 1955.

22L-1/2 to 224-1/L
Revised 1-68



ort CFR No. 56
Viovovd e

( 8) Garde T Sediment Transvort Throuch Pipes Renor

\\J/ \JMJ-\J.\a’ Ll e e ’ Miloladdine iy Rttt g ol Lid \SAALSLL e ~iadid LA -~ N A Al
RJIG 19, Department of Civil Engineering, Colorado State University,
Fort Collins, 1956.

(9) American Iron and Steel Institute, Handbook of Steel Drainage and
Highway Construction Products. New York, 1907.

IEaVal Aomrmmm Dnes 2 e e ownd Matal Dimadeas At o Tan TTamn A~ Al A Tare S vmn e oA

\LVY) ArMCoO vraldligge allu Meuvdl rroaucuvs, 4Ic., fdiluvoon UL Ulalllagtc alll
Onncetrnetion Prodiietc Middletown Ohioo 1058
UL UL W bdVvlL L L ULULC UOD @ A A UUWLL’ VLJ.J..\J, -I-//Ul

(11) U. S. Department of Agriculture, Friction Factors for Helical Corru-

Service,

gated Pipe, by C. E. Rice. ARS 41-119, Agricultural Research
Washington, D. C., February 1966.

22L-1/2 to 224-1/h
Revised 1-68



e T T ]
LEGEND
d REF
SYMBOL DATA NO.
0.14 o MINNESOTA 3
® BONNEVILLE 4
" a WES MODEL 5§
= v ALBERTA 6
I-FT D/AM- S L o COLORADO 7,8
Hal }U/—-U
o.12 — H
ov < VV'J‘"’_V—
“ v iV
" ! D& ET N/AAL ) v
., 1.25-FT DIAM =
i ,/ v+ |D
v 0.10 8
i v s
b - -
8 “r/ 15-FT .D.{AM 010‘—(‘,,_‘_.,. NsALL
6 LL})';‘-’- | & o/'ﬁ e=~r 7 virAam
b / 0 oo
Z o
o [FT e o g‘m
2] [+ o
2 2,25 %] P ey
[4 ] 2 Al S =
3-FT D/AM\).}) - S5-FT DIAM
L~ ® -®- | > - i i
. e P .
/ = vlrAmM
A 68— 5-£7 pram (1:4 MO a—%C '-+a-ﬂ
el — 9 @ —J 1 1—‘—
N | 7R T wsteere.
S5-FT DIAM 25% PAVED-—
oo | | o
0.04 T 1 L L 1 T —<
7-FT DIAM 25% PAVED /__e/_n-_;.,;,.t_‘_.] |
IR %
5-FT DIAM 50% PAVED
0.02 I B |
I3 .3 = = N = o - a7
10¥ 2 3 4 5 6 8 107 2 3 4 5 © 8 i
REYNOLDS NUMBER, Rq
BASIC EQUATIONS 1o
L PP *
Ne vD
. =0 1
f./ yve 7 TeTTy A N Jecosmy 1 >
~JK=0.5 N
. | A=2.67IN. |
WHERE: t A5 3K i
=DARCY RESISTANCE COEFFICIENT
L o mmimamima: i oo CNADDIICATINAN NECTAIL ©
nf—'"“"-llUN LU&) Fl Nl NJTMINIOT /ML IN/IN i 1M O
L = PIPE LENGTH, FT
D = PIPE DIAMETER, FT
V= AVERAGE VELOCITY, FPS
9= ACCELERATION, GRAVITATIONAL , FT/SEC 2
\e = MINCAMATIA \ll&f‘!\el'rv :TZ/ecﬁ

PREPARED BY U. 5. ARMY ENGINEER WATERWAYS EXPERIMENT STATION, VICKSBURG, MISSISSIPRI

NINCMATIC ViolUsin T, 1&/5eC

RESISTANCE COEFFICIENTS
rODDIICATEN MO TAL DIDC
LUNnNnLULUALT LY IVIE TAAL T 00 L=

=812
A ~lend TN
HYDRAULIC DESIGN CHART 224-1/2
REV. I-68 WES 3-56




0.18
o.14
[
e o
°
o
o.12 Q
ol o Yo b
o
“ 0 0 oS°
i . o~c,/rso— o
(=3 o] L0
z / o
w w/D=N N224 o o)
z njfe = U.UooH — _~ T
O 0.10 4 DA, (o]
by [T12>7" 0 9
w O lo L
S (o] oio L8
9
u }l b
(%}
Z o.0s ,g° 810
= K/D=0.0/56
v . / @®© N MAATN, STV S
n [ 4 /'b ] A |mn “Nx
u o o Fy" m "
u AL BT
/&4 AM’ AE
/ aset | Ta
0.06 R }"A
Lo K/D=0.00783
/ o ° o~ L
° m I:l:_,—-ujﬂ | - i
BT T o h
. 0 __LA—
0.04 ——tF —
0.02
s r.3
10° 2 3 4 5 6 8 10° 2 3 4 5 6 8 10
REYNOLDS NUMBER, R,
] bo
A=3.0K EQUIVALENT PIPE DIAMETER, FT
A ) I 1- X 3-IN, 2- X 6-IN,
ll ‘1' | K/D CORRUGATION CORRUGATION
~ T - 0.00783 1o 20
W /-\ 0.0158 5 o
N 0.0334 25 5
NOTE: CURVES ARE BASED ON MODEL DATA
CORRUGATION DETAILS AND APPLY TO NEW TYPE SHOP-
FABRICATED CORRUGATED METAL PIPE
LEGEND INCREASE MODEL ¥ BY 8 PERCENT FOR
——— FIELD-ASSEMBLED STRUCTURAL PLATE
REF  MODEL PIPE
SYMBOL DATA NO. SCALE K/D TR
o WES MODEL 5 122 0.0334
a WES MODEL s 18 00156
o WES MODEL 5 118 0.00783
. ALBERTA MODEL 6 1:16.6 00333
® ALBERTA PROT. 6 il 0.0339
RESISTANCE COEFFICIENTS
CORRIIGATED METAI DIPE
N N T NVINNIZAN D e W/ IV Vv ] LB
A=3.0K
HYDRAULIC DESIGN CHART 224-1/3
REV. |- 68 WES 3-56

PREPARED BY U. S. ARMY ENGINEER WATERWAYS EXPERIMENT STATION, VICKSRIIRG. MISSISSIPPI




0.036
X
0.034—
A\
I"a= W e _ AT SAADDIIS ATINAIC
r4 A OT IV. CURIINUOAMTIVIVO
\ 1T |(FIELD ASSEMBLED)
0.032
T \\
P—
0.030
—
a
0.028 ——
c 4 ) 8 K] 12 14 16 18 20 22
._" NOMINAL PIPE DIAMETER D, FT
z STRUCTURAL PLATE
Y o0.030
N a 5 | !
8 N [7- X 3-IN. CORRUGAT/IONS
© \<‘[_(5Hop FABRICATED)
0
8 o.028 .
w
z \\
T ° \
2 ™~ ARCHES i
[e]
T .o2enX \\\{ | T ———
v 0-0280
o [T T~ A ————
z ) T — STANDARD CORRUGAT/ONS |
z — T V(UNPAVED PIPES)
|
S 0.024 ry
[
0.022 [sTANDA ,.o CORRUGATIONS
: 1 1(25% PAVED)
L
0.020
[STANDARD CORRUGATIONS
/i_(so% PAVED)
0.018 L
0.018
[} 2 3 4 5 6 7 8 9 10
NOMINAL PIPE DIAMETER D, FT
1- X 3-IN. AND STANDARD CORRUGATIONS
LEGEND REF NO
BASIC EQUATION O MINNESOTA 3
® BONNEVILLE 4
. 1486 sl72p2/3 A WES MODELS 5
T v ) X ALBERTA [}
S 0O COLORADO 7,8
WHERE: 3
N=MANNING'S ROUGHNESS COEFFICIENT
S=SLOPE OF ENERGY GRADIENT
R=HYDRAULIC RADIUS,FT FQIQCTANCFE COFFFICIENTCQ
TV /T od VN VN b e el 1 Nl V1 2
V=AVERAGE VELOCITY,FPS
CORRUGATED METAL PIPES
AAAANIAINRIAIC oY
IVIANNIINOD O |1
L DIDEC 1t MAAL
ruce rirc riLuwyvy
HYDRAULIC DESIGN CHART 224 -1i/4

PREPARED BY U. 5. ARMY ENGINEER WATERWAYS EXPERIMENT STATION, VICKSBURG, MISSISSIPPL




HYDRAULIC DESIGN CRITERIA

SHEETS 22L-1/5 AND 224-1/6

1. Purpose. Unlined rock tunnels have been built for flood flow
diversion and for hydropower tunnels where the rock is of sound qualit
and not greatly jointed and fractured.- Hydraulic Design Charts 224-1/5

,\,\ 1 A q . 1
and 224-1/6 summarize available flow resistance data for unlined rock tun-
nels and should be useful in estim’tiﬁg head losses resulting from bound-
ary roughness.

2. General. The decision whether to line a water-carrying tunnel
or to leave it unlined involves a number of factors that affect the
economic aspects of a project. It will generally be found to be more
economical to leave the tunnel unlined unless high flow velocities are
involved, con31derable rock remedial treatment is required, or lining in
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sign veloc1ty, prov131on of rock traps, and tunnel invert paving should
be based on economic considerations.
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ing constructlon shoul e investigated. Structural stabllltv of the

tunnel will usually requlre a rounded roof. A flat or nearly flat invert
has been found to be advantageous for economical tunnel blasting and muck
removal operations. The tunnel shape preferred by many contractors is the

Pt

straight-legged horseshoe or some modified horseshoe shape. 5 The added

hydraulic advantage of circular or nearly circular cross section has not
generally justified the resulting increased tunneling complexity and cost.
In the present ﬂttdy only one of L2 t1ﬂnels investigated was found to be
circular in shape Almost all the others were horseshoe or modified

horseshoe shaped.
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Qverbreak Overbreak as defined h

S \YAS 3 +WyY vV (o] H b

the minimum allowable and the actual average tu

erei
i<

[
2

e minimum unnel dlmenslon I
in Chart 22L- 1/6 graphically defines this terminology. The amount of over-
break determines to a great extent the tunnel roughness and thus resistance
to the flow. There are many factors that influence the amount of over-
break, such as type and quality of rock, blasting technique, direction of

driving relative to bedding planes, etc. The amount of overbreak varies
Poommnns Tl T2 2 L m s mde s an e o o Qe ISP THE ST T P
L0og abvous LU 1Il, LII LiIlE Desyv graliives vo 10 11l A1 VE:I'y DLOCKYy Or diaml-
nated shales and sandstones.” More stringent coltrol of overbreak usually
results in higher costs.

6. Tunnel Hydraulics. Generally, velocities in unlined tunnels
should not exceed 10 fps except during diversion flow when velocities to
about 15 fps may be acceptable. For a tunnel with downstream turbines,
penstocks, or vaLves, it has been recommended that velocities be limited

to 5 fps or less? to prevent damage from migration of tunnel muck fines
and wAnl Palla T adAd+S ~1n S 2w mrgiial T rmanaacavr e mmatrd Aa ~me e
aLid L UC LALLOe Ll alwLuvivil, 1L Lo UslUadlldly liICCCooally LU pLoviIQL Ol OL
more rock or sand traps along the tunnel invert upstream of turbines to
collect any migrating material. The development of satisfactory rock
trap design and size is presented in references 6 and 7.

7. Theory. In unlined rock tunnels the resistance coefficient is
independent of the Reynolds number because of the large relative roughness

value usually obtained. Thus the Von Karman-Prandtl equation for fully
PO, PO = 1 I Tl ~wm A N2 lemcmnn T amn cnand mmman tan Jadem alameaT1 3 lam mmmaal 2 oa 1l oA
LOuUgIL 110W pasSed OIl tae NnNl1Kuraase sarna glalll Uaba sSIIOULU e applilable.
This equation in terms of Darcy's f, pipe diameter Dp , and equivalent
sand grain diameter kg 1is
O [~
N /o)
— — +
= =2 log || + 1.1k (1)
NT \ s/
. ~ / = \ .
A measure of overbreak k (see reference 8) in unlined tunnels can be ex-
pressed as
FZT.
k=0 -0 =|%(Ja VA:\ (2)
m n N s\ m

where Dp and Dj are the equivalent diameters based on the areas Ap
and Ap as shown in Chart 22L- l/b The relative roughness of the tunnel
also can be expressed as

D
. (3)
(A,
1-[=
m

= LT o TVl

The k dimen51on is approximately twice the mean overbreak thickness and,
for 3 ameter similar to the Nikuradse sand grain diameter kg .

224-1/5 and 224-1/6



8. Resistance Coefficients. Considerable information on resistance
in unlined rock tunnels as well as field experience has been published
since 1953 (references 1, 2, 4, 5, 6, 7, 9, and 10). Data published in
references 1, 2, 6, and 9-15 have been analyzed in accordance with equa-
lotted in Chart 224-1/6

tion 3 above, summarized in Chart 224-1/5, and p .
The relation between Darcy's f, Manning's n, and tunnel diameter given on
nace 1 AFf Cheasta 992 4+~ O2L_ 7 twrac 11eed o convert Fhe mihls ahed recd ot
_ychéc L UL LT U o~ ) LY oot Wa o uwoTu LU LullvocliL u LilT _]:J ML LOoLITW L TOoLlou
ance coefficients as required for tabulating and plotting. The relation
between f , Dy , and kg expressed by equation 1 above is also shown in

Chart 22L4- 1/6 The experimental data correlate well with the theoretical
curve and indicate that k (equation 2) is a reasonably good measure of
the tunnel roughness. The user is cautioned that the data presented in
Charts 224-1/5 and 224-1/6 are in terms of the mean driven ("as built" av-
erage) tunnel areas (Ay).

(@] A

C nmldea
/ . n_LJ_tl.l_..L\.u

a. Preliminary design. The average of the Manning's n values
tabulated in Chart 22&—1/5 is 0.033 and is based on the mean
driven area Ay . This value can be used in preliminary de-
sign and economic analyses for average rock and blasting

conditions.
N2 T'Srnal Aaacd on Ninna g mraldmtnanir macin dndaran armaa Sa aacatal
i. L Llld Ll UTODLEILL. vilce a4 plrloidlllliially llcall UL LtvVell alca 1o Toua=
lished, the final design can proceed, using Chart 224—1/6.
An estimate of tunnel overbreak or relative roughness (Dp/k)
is required for estimating resistance losses. An estimate

of the overbreak depth k can be obtained from previous
tunnel experience in similar geologic areas or by studying
the data tabulated in Chart 22— 1/5 Detailed studies of
l as tne b_Lastlng experlence of

ng
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energy gradient, and surface roughness. After tunnel drlv—
ing begins, the overbreak can be measured and a value of

Dm/k computed to check the final design assumptions. Low
snouid be used in computations made to deter-

PO S PR 1

mine power tank S'GaDl_LlTLy and surge tank
Tavela Anving 1and vradantdan T3 gl raliica AP P a1l A ha
LT VOO WUl L1l Luall LCdU\,UJ.UJ..L- J.J.J.él]. v LUT O UL L oLIVUULU VT

- used to comnute surce tank levels duringe nower tunnel lopad
usea © compute surge tang evels auring power tunne: 1o0ad
acceptance.
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Ref. or Design Driven D_/k £
No. Project Location Type of Rock Invert Lining Area, ft: Area, ft2 m m
1, 10 Alfta Sweden Granite -gneiss Negligible 323 364 17.3  0.036 0.086
10 Blasjon Sweden Gneiss-mica-schist  Asphalt 581 615 35,9 0.028% 0.047
10 Donje Sweden Gn £ 1345 1521 16.8  0.034% 0.070
1, 10 Jarpstrommen Sweden Upper silurian Negligible 1130 1230 24,1 0,029 0,048
slate horizontally
stratified
i0 Krokstrommen Sweden Granite, with large Negiigibie 969 1094 17.0 0.029  0.048
amount of feldspar
1, 10 Nissastrom Sweden Granite -gneiss Concrete arches 323 394 10.6 0.037° 0.101
1, 10 PorjusI Sweden Granite -gneiss Negligible 538 618 14.9 0.034 0.073
1, 10 Porjus II Sweden Granite-gneiss Negligible 538 662 10 0.030 0.055
i, 10 Selsfors® Sweden Black slate with NK® 753 866 14.8 0.044 0.114
granite intrusions
i, 10 silire Sweden Vein gneiss Negligible 54 71 7.7 0.034 0.102
1, 10 Sunnerstaholm Sweden Granite -gneiss Minor 323 386 11.6 0.039 0.104
10 Tasan Sweden Gneiss Minor 183 185 170.6 0.033 0.081
1 Sweden Gr e and NK 646 689 31.5 0.027 0.045
some diabase
il Stalon Sweden Sparagmite~quartzite Negligible 645 705 23.0 0.030  0.055
12 Tokke 1 Norway Variable-greenstone None 807 861 31.8  0.031 0.055%
quartzite schist and
metamorphic quartz
sandetone
12 Innset Norway NK None 366 384 41.7 0.030  0.059
12 Tunnsjo Norway Phyllite and mica None 398 435 25.5 0.031 0.062%
schist
12 Tunnsjodal Norway Greenstone, granite None 484 508 41.7 0.030 0.055%
gabbro. Also phyllite
and mica schist
12 Tussa Norway NK None 81 89 21,7 0.032 0.085%
12 Mykstufoss Norway Quartz, mica, and None 592 670 19.7 0.031 0.058%
Head Race feldspar both
granitic and gneissic
12 Mykstufoss Norway Gneiss, quartzite, None 592 639 26,9 0.035 0.074%
Tail Race and some micaceous
amphibolite
12 Langvatng Norway Silicates with lime- None 1507 1510 877 0.033 0.060%
stone and dolomite
sills
6 Eucumbene - Australia  36% granite, 64% Concrete, paved 396 445 17.6 0,029 0,054
Tumut metamorphized flat
sedimentary
6 Tooma -Tumut Australia  Granite Concrete, paved 125 153 10.4 0,031 0.074
flat
6 Murrumbidgee- Australia 10% granite, 90% Smoothed muck 100 127 8.9 0.036 0.104
Eucumbene® metamorphized
sedimentary
11 Eucumbene- Australia  94% granite, 6% Concrete, paved 350 425 10.8 0.033 0.072
Snowy! metamorphized flat
sedimentary
14 Kiewa No, 3 Australia Granodiorite Muck not sluiced 200 255 0.038 0.102%
14 i Concrete 200 238 12.0 0.038 0.103%
14 63 75 12,0 0,037 0,118%
i4 150 200 7.5 0.041 0.122%
granodiorite
11 Telom Malaysia  Closely-jointed Compacted miuck, 87 i05 il 0.030  0.081
granite track removed
9 Cresta California Granite NK 578 656 16.3 0,035 0.075
9 West Point California Granite NK 180 222 10.0 0.033 0.080
9 Bear River California Granite NK 82 93 16.4 0,028 0.066
9 Balch California Granite NK 144 169 13.8 0.032  0.079
9 Haas California Granite NK 151 184 10.6 0,030 0.068
9 Cherry California NK 133 150 17.1 0,034 0,090
9 Jaybird California NK 177 195 21.0 0.032 0.077
2 Big Creek 3 California Granite Unlined 434 515 12,2 0.035 0.077*
2 Big Creek 4 California Granite Concrete paved 409 462 16.9 0.030 0.0577
2, 13 Mammoth Pool California Granite Concrete paved 336 367 23.0 0.029  0.055%
15, 16 Apalachia Tennessee Quartzite and slate Smoothed muckh 346f 403f 13.9 0.038 0.096
a
b e s e o
¢ NK = not known RESISTANCE COEFFICIENTS
d Not plotted on HDC 224-1/6
€ Tests may have been for free surface flow
f Average of 20- and 22-ft diameters UNLINED ROCK TUNNELS
8 Cross-section area and hydraulic measurements S 1
W are believed to be in error BASIC DATA
i HYDRAULIC DESIGN CHART 224-1/5

being reanalyzed by contributor.
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1. The Darcy resistance factor, being expressed in terms of conduit
diameter, is theoretically applicable only to conduits of circular cross
section. However, the concept of eguivalent hydraulic diameter has been
devised by Schiller and Nikuradse* tc make the Darcy f applicable to
noncircular sections. This concept assumes that the resistance losses in

a noncircular conduit are the same as those in a circular conduilt having
an equivalent hydraulic radius and boundary roughness. A WES study¥*¥* has
shown that the equivalent hydraulic diameter concept is applicable to all
conduit shapes normally encountered in hydraulic structure design.

2. The equivalent diameter is derived from
LA
D = D =L4R = =
WP
where R 1is the hydraulic radius of the noncircular ceonduit, A igs the
cross—-sectional area, WP is the wetted perimeter, and D is the diameter
of a circular conduilt having the same hydraulic radius Hydraulic Design

Chart 224-2 is presented as an aid in the computation of equivalent
hydraulic diameter for various common conduit shapes.

¥ Schlichting, H., Boundary Layer Theory, English translation by
J. Kestin, McGraw-Hill Book Co., Inc., New York, 1960.

¥¥ U. S. Army Engineer Waterways Experiment Station, CE, Resistance Losses
in Noncircular Flood Control Conduits and Sluices, by R. G. Cox.
Miscellaneous Paper H-T73-1, Vicksburg, Miss. January 1973.
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SHEETS 224-3 TO 22L4-7

STRAIGHT CIRCULAR CONDUIT DISCHARGE

1. The basic equation for discharge in an outlet works tunnel or
conduit is:
, l -
Q = An1 /w + K + 1.0 \/2 gt
~ V.l.\ v ERN i Aoe \J -
Where K is an intake coefficient which includes entrance losses, gate
slot losses, and transition losses. The value Ky can be expressed in
terms of the Darcy-Weisbach friction factor as follows:
-~ _ fL
£~

No simple equation is available for direct solution of the diameter re-

quired to pass a given discharge in view of the fact that the area of
the conduit (Ac) and the friction coefficient (Kf) are both dependent
upon the diameter (D). The design then requires successive approxima-
tions by computing the discharge for assumed values of diameter.

2. Hydraulic Design Chart 224-3 is a design aid for reducing the
computation effort in determining the diameter required for passing a
given discharge through a straight conduit. The Darcy—Welsbach friction

factor "f" is used as the ordinate rather than Manning's 'n" for simplic-
ity in application. The f <factor varies as the first power of the diam-
eter whereas in Manning's formula, n varies as the two-thirds power of
the diameter. The chart is prepared for an assumed K value of 0.10.

3. Many design engineers still prefer to use Manning's n instead
of the Darcy-Weisbach friction factor f . Therefore, Hydraulic Design
Chart 224-4 is included as an alternate design aid for reducing the

computatlon effort in determining the diameter required for passing a

discharge. This chart presents a family of curves of various
L/u /3 ratios plotted to show the relationship between Manning's n
and the discharge coefficient X'.

4, Hydraulic Design Chart 224-5 is in the form of the Moody diagram
with families of lines drawn to show the comparison of the Darcy-Weisbach
f with the Manning's n for various values of the velocity-diameter
ratio. The equation which relates f to n 1is expressed:

224-3 to 224-7



This equation can be evaluated in terms of the VD product if the
velocity is defined as so many diameters per second. The velocity-
diameter product as used corresponds to a Reynolds number with water
at 60° F.

fd Prousuie, ISR R R U PR I, L N A ma AN, 2 .

De allpliec CcompuurtatvlOoil employlng Lnadrivs < =) 4dlld £H4=) 15 gaivell
on Chart 224-6. An assumed diameter together with the required discharge
fixes the velocity-diameter ratio and the velocity-diameter product.

An alternate sample computation employing Chart ool-l is given on Chart
224-T7. The design aids presented facilitate an estimate of the required
diameter, although it may be desirable to make the final determination
of the discharge-head relationship analytically.
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HYDRAULIC DESIGN CRITERIA

SHEETS 224-3/1 TO 224-3/L

STRAIGHT CIRCULAR CONDUIT DISCHARGE
Hvadranliec Deaion Charta O’)’_L;Q/1 +n O'Dhi?/h are decion aide for
AJ Nde A A e N MMULBL.I, Whilad VNS —T J/ e v [N S J/ a2 Cad \L\ou-l-al-b A oA e S
reducing computation effort in determining the diameter required for
a given discharge through a straight conduit. These charts are pre-

sented as supplements to Chart 224-3. Chart 224-3 presents various
L/D ratios as a function of the Darcy-Weisbach friction factor "f"
and a discharge coefficient "K'." Chart 224-3 was prepared for a com-
bined 1oss coefficient other than friction of 0.10. Charts 22k4- 3/1
to 22L4-3/4 are based on combined loss coefficients of 0.20, 0.30,

N hn amA N
VesU, ana U.DU.

22k -3/1 to 224-3/h
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WATERWAYS EXPERIMENT STATION

COMPUTATION SHEET

Joe: CW 804 prosecT:__ JOHN DOE DAM sussecT:__ CIRCULAR CONDUITS
COMPUTATIONS: REQUIRED DIAMETER FOR DESIGN DISCHARGE
rausiiven Bu RGC Naws . IN/292/89 Pue e A av A AN Naws . 1iN_297_RK2
Lymruviaswv o7v LA g = VALE S IV/ L/ Jo “RAELVAER WV BT nrsvie VAl ES IVT &/~
DESIGN REQUIREMENTS DESIGN ASSUMPTIONS

Discharge (Q) = 20,000 cfs Composite coefficient (K) = 0.10

Ltength of conduit (L) = 1,000 ft Manning*s "n®" = 0.012

Available head (H) = 100 ft
Required conduit diameter (D) to be determined

TRIAL COMPUTATIONS - Charts 224~3 and 224-5

-
e

Area of conduit (A.) = 314 sq ft

20,000
Velocity (V) = = 63.7 ft/sec
314
63.7
— ratio = —— = 3.18
20

VD product = 63.7 x 20 = 1274

L 1000

— ratig = —— = §0

D 20
Enter Hydraulic Design Chart 22u-5 on Ordinate VD = 1274 Tiocating V/D ratio
value = 3.18 between line V/0D =3 and V/D = # having ®*n® value = 0.012. Read
friction factor (f) value of 0.010 on scale at left side of chart. Enter Hydrau-
lic Design Chart 22u-3 from left side at friction factor value (f) = 0.010. Fol-
low this "f* value across chart to L/D value of 50 between lines L/D = 40 and
L/D = 60. Read discharge coefficient value of (K*) = 6.35 on scale at bottom of

chart. Use discharge formula on chart to compute conduit discharge.

Q = A_K*'YH
c
¢ = 314 x 6.35 Vioo = 19,500 cfs

NOTE: If the computed discharge does not approximate the required design discharge,
successive trial computations are required varying D wuntil the design dis-
charge is obtained.

UD

STRAIGHT CIRCULAR CONDUIT
SAMPLE D ISCHARGE COMPUTATION
HYDRAULIC DESIGN CHART 224-6

WES 4/1/853



WATERWAYS EXPERIMENT STATION
COMPUTATION SHEET

Jos: CW 804 ProJsect: JOHN DOE DAM Sussecy: CIRCULAR CONDUIT
COMPUTATIONS: REQUIRED DIAMETER FOR DESIGN DISCHARGE
CompuTeo By:__ RGC Date: 1/23/53 Cuecxkep sy: AAMC Date: 2/3/53

DESIGN REQUIREMENTS DESIGN ASSUMPTIONS
Discharge (Q) = 20,000 cfs Composite coefficient (K) = 0.10
Length of conduit (L) = 1000 ft Manning*'s "n* = 0.012

Available head (H) = 100 ft
Required conduit diameter (D) to be determined

TRIAL COMPUTATION — Chart 22u4-y

Assume D = 20 ft

<
&
W)
L]

Enter Hydraulic Design Chart 224-4 at left side with "n* value of 0.012. Traverse
L

L L - nd = 20

es = 10 and =77 = 2
LEARS} B‘Wj v Du73
coefficient (K*) = 6.4 on scale at bottom of chart. Use discharge formula on Chart
2244 to compute conduit discharge.

AT
vV

<>
H

Q =318 x 6.8 x\/ = 20,100 cfs
NOTE: If computed discharge does not approximate the required design discharge suc—

cessive trial computations are required varying D until the design discharge
is obtained.

MANNING'S "N" METHOD
HYDRAULIC DESIGN CHART 224-7

WES 4/1/83



HYDRAULIC DESIGN CRITERTA

SHEETS 224-8 AND 224-9

1. Hydraulic Design Charts 224-8 and 224-9 are aids for reducing
the computation effort in design of channels of 01rcular section. Chart

224-8 is designed for use with Charts 610-1 and 610-1/1. Chart 224-9 is
complete within itself. These charts can be used in conjunction with the
method for nonuniform flow presented on Chart 010-2.

2. Basic Equation. Chart 224-8 can be used to determine normal
depths (y ) for any circular section. The curves on Chart 224-8 were de-
veloped u31ng the equations stated in paragraph 2 of Sheets 610- l to
610- T. Functions of the area and hydraulic radius, necessary for the

solution of the equations, were obtained from published tables(1).

3. Chart 224-9 can be used to determine the critical depth-diameter
ratio from which the critical depth can be computed; these curves are
based on the critical depth formula(2)

5/2
Q = CD

' ——— T 2 e M n s~ o ] Py . . I\

4. Application. The ratio of normal-depth to diameter (y,/D)
for various sections can be determined from Chart 224-8 in the manner
described in paragraph 3a, b, and c¢, Sheets 610-1 to 610-7. The ratio
of critical depth to diameter can be determined directly from Chart
224-9 for a given discharge and diameter.

(1)

H. W. King, Handbook of Hydraulics, 34 ed., New York, N. Y., McGraw-
. Hill Book Company (1939), tables 100 and 101, p 299.
(<)

Tbid., Table 130, p Lk1.

224 -8 and 224-9
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1. Hydraulic Design Chart 224-10 presents curves of hydraulic
Pt R S =~ e ade ~ ] L. &l . TT (o h » PR, AL Mot e 2 nale o Py PG, RGNS |
elLeneliilts das5 COlll Leud Dy tne U, Oo. DUredu Ol necllididiliol” 101 4 sSitdildadrid
hnoreochne timmnal r~rrnee coctinn Thie condndit+t chana 4e ddoentical wit
horseshoe tunnel cross section. This conduit shape is identical with
that presented at the bottom of Hydraulic Design Chart 224-2.

2. The flow cross-sectional area A , water surface width T ,
and wetted perimeter P can be expressed in terms of y/H , in which vy
is the central flow depth and H is the central height and width, or in

terms of the angie © , which is the slope angle of the lower side arc
radius line at the water surface intercept on the lower side arc. Angle
1

6 equals sin =~ (0.5 - y/H) . The flow section can be studied in three

~ Aateen -y avnwmd an Fomem +hhna At am 2~ +2hha Tt nwmanntsd e ~F
e vaiuc Yy valitcd 1LLiIoll Llile puLtL 1 LU LI 1lILELIDeEl LLUILl UL
the lower side arcs, 0 < (v/H)Y < 0.0885
the lower S, O < (y/R) < 0.088> .

[

==l
£

o
L]
N
0
o}
0]
o
P
|
j==] o}
S

b. Value y varies from the intersection of the lower side
arcs to half full, 0.0885 < (y/H) < 0.05 or 0 < 8 <
0.4242 rad.

Hu Waltoar | vdranlis olamonte faor t+tho 1ICR ctandard nrcachpe
iU, WaiLleT W., nyarauild e.ements Ior Tieé UooHR standéard norsesinoe
tunnel," Transportation Engineering Journal of ASCE, vol 99, No. TE4,
November, 1973.
224-10
Nawrtacad 11_07
neviseda 11L-0/



/ \
[ 2 2 )
& . 0.4366 - 6 + . sin © {1— 1 + 8 sin 2 _ 4 sin 9
2 2 \N 2 /
H \ .
= [; +8 sin” 2 - 4 sinz 8
H 2

P - 1.6962 - 20

H

-~ Ualue v wvaries fram half Full £5 fuil1 0.5 <« (v/H) <
:t valiLuc y Vail ilCTO LA AVl 1lG1y P e LA P Ve ﬁ\. \J 1 iry _—

1.0 .
r 1

A 0.8293 = L cos7! |2/X\ - 1| +(L - 0.5\‘/ Yy -X)

2 4 | \H/ | \H /N H A\ H/

= - -

T_oJ2 (1 -2)

H NH \ H/

P ...1 r /z\ ]

= 3.2670 - cos {2 (H) - 1}

3. Other hydraulic elements included in Chart 224-10 are the
hydraulic radius, R = A/P ; hydraulic depth, D = A/T ; section factor,

Z = AYD ; conveyance of Manning's formula, K = 1.486 AR”? s and the
critical slope for a given normal depth, S . All are expressed as

o sl
dimensionless ratios with respect to H except SCn , which is ex-
. + . a1 c o J 2 12 E-l'r\4/3lA1/3m P TR, — 2 o =1
pressed 1n tne 1Iorm bcn/n = 14.0/YfY / L , wiere n 1S Tne

Manning's roughness.

224-10
Revised 11-87
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| HYDRAULIC DESIGN CRITERTIA

SHEET 225-1

: CIRCULAR EXIT PORTAL

; 1. The elevation of the intersection of the pressure gradient with

: the plane of the exit portal is a factor in the computation of the dis-

| charge capacity of a flood-control conduit. The use of the center of the

: portal as the position of the pressure gradient yields fairly accurate dis-
E charge determination for unconstricted flow where the conduit is relatively
i nowever, a closer determination of

§ he harge-capacity
:

ct ct

ion is dis
is large ¢ the
s 2. Theory. A number of investigations have been made of velocity
and pressure distribution in the vicinity of exit portals. EKach investi-
gator concluded that the intersection of the pressure gradient with the
plane of the exit portal did not coincide w1thofhe center of the portal
for a free discharging jet. D. Rueda-Briceno‘\<’/ determined the location
of the Ppressure grao.lent as a function of r'rouae's number .

3. Basic Data. HDC 225-1 shows the relative position of the pres-
sure gradient at an exit portal of circular section (Y,/D) with respect

to Froude's number (F). The plotted data show that the position of the

— pressure gradient varies with the support of the jet downstream from the
portal plane as well as with Froude's number. The geometry of the Jjet
support for the various investigations is summarized below:

(2)

= I
S D

R
in

tate University
'l ~
Ll U

Denison m.odel.UU Jet discharging into transition having
level invert and sidewalls flared 1 on 5.

|o

(5)

Denison prototype.'”’ Jet discharging into transition having
level invert and parallel sidewalls for 50 ft followed by
l-on-5 flared walls.

io

2

~

Youghiogheny model. (1 Jet discharging into transition
having l-on-20 sloping invert and sidewalls flared 2 on 3
followed by elliptical curves.

lo

I+
=4
[
i
o
ie

225-1
] Revised 3-L6
- Revised 1-6k




parabolic invert and sidewalls flared with 100-ft radius
for 20 ft followed by flare of 1 on k4.5.

Fort Randall model and prototype.(8’9) Jet discharging into
primary stilling basin having level invert and sidewalls
flared 1 on 6. The 500-ft-long primary basin is separated
from the secondary basin by a 25-ft-high ogee weir.

h. Oahe prototype.(3) Jet discharging into transition having
parabolic invert and sidewalls flared 1 on 7.L2.

o]

4. Application. The suggested design curve in HDC 225-1 applies to

circular conduits with some form of jet support below the exit portal. The

a .

3 s

solid-line curve is appJ.lcaoLe Ol’l_J.y to exit portaJ_s nav1ng a free- Ia_L_Llno'

jet.

(1)

(5)

P
o
-

(1)

—~
(09}
~—r

(9)

5. References.

Carnegie Institute of Technology, Report on Hydraulic Model Tests of

Spillway and Outlet Works of Youghiogheny River Dam, Confluence,
ry, Pittsburgh, Pa Marech 10L7
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Rueda-Briceno, D., Pressure Conditions at the Outlet of a Pipe.
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HYDRAULIC DESIGN CRITERIA

SHEET 228-1

BEND LOSS COEFFICIENTS

1. The purpose of this chart is for use in the design of flood-
control conduits and tunnels. Most of the research work which has been
conducted on bend loss is based on right-angle bends and is applicable
principally to the problems of mechanical engineering design. Flood-
control conduits are usually designed with a defl?cgion angle () much
smaller than 90 degrees. The work of Wasielewski 1) at Munich was ap-
plicable to a wide range of deflection angles and ratio of bend radii
to pipe diameters (r/D). These experiments formed the basis of the
curves on the attached chart.

2. The broken lines are suggested design curves formulated from
the Wasielewski curves shown as solid lines. The bend loss coefficient
(Kp) represents the loss in terms of velocity head caused by the bend
only, excluding the friction loss within the bend. The experiments of
Wasielewski employed approximately 55 diameters of pipe and should
represent nearly complete decay of the turbulence caused by the bend.
The Reynolds number for these tests was 225,000.

3. The maximum angle tested by Wasielewski was 75 degrees. His
graph includes the data obtained by Hofmann(z) for losses caused by
90° bends. The design curves were adjusted by the use of the 900 curve
shown in the upper right-hand corner of the chart. This curve also
serves as an interpolation curve for the design curves on the chart.
Although the coefficient Ky, approaches zero very slowly as the r/D ratio
becomes large, it was suggested by Professor J. S. McNown of State
University of Iowa that a logarithmic function may fit the data. The
equation shown produces a good fit for 90° with n used in the constants
as indicated.

(1) Rudolph Wasielewski, "Loss in Smooth Pipe Bends with Bend Angles
Less than 90°" (In German), Proceedings of the Hydraulic Institute of
the Technical College of Munich, Issue 5 (1932), pp. 53-67.

(2) A. Hofmann, "Loss in 90 Degree Pipe Bends of Constant Circular Cross-

Section," Transactions of the Hydraulic Institute of the Munich Tech-

nical University, Bulletin 3 (1929). Published in 1935 by the

American Society of Mechanical Engineers, pp. 29-41.

228-1
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discrepancies. However, bend losses are usually small compared to

< UL N D g 2 Lo Y o PR, PR . PR . S T T e} b NP N, Toam LV
1I1CLvL0Ml 1088SE8 111 vuwiels Oor ‘OHQ 1L8 O1I BupS8tantvilial lengtie. 1I1 UL
interest of conservatism, it is recommended that safety factors be applied
to the dashed curves. The values on the graph should be increased 25% to

50% in the design for hydraulic capacity. The values indicated on the
graph should be decreased by a comparable percentage in determining the
maximum velocity entering a stilling basin at the downstream end of a
tunnel. The selection of the actual percentage between the range given
would depend upon the relative importance of hydraulic capacity and the

. . S

eriect upon cost.

A. G. Anderson and L. G. Straub, "Hydraulics of Conduit Bends," St.
Anthony Falls Hydraulic Laboratory Bulletin No. 1 (Minneapolis, Minne-
ant o Naramhaw 10LR)

DUUG, oL TuluclL .Lj"f’U}o

(4) "Experiments to Determine the Pressure Loss in Pipe Bends," Waterways

Experiment Station, Technical Memorandum No. 21-1 ZVicksburg, Miss.,
January 1932).

~
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~—r

K. Hilding Beij, "Pressure Losses for Fluid Flow in 90° Pipe Bends,"

Research Baper RP llLU, dournal of Research, National Bureau of
a
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tandards, Vol. 21 \ou_y .LyJO).
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MITER BENDS

1. Hydraulic Design Chart 228-2 and 228- 2/1 show bend loss
coefficients (Kg) versus Reynolds number and deflection angle, respec-
tively., The charts are based on laboratory tests made at Munich,
Germany\l), and tests made on 90-degree bends at the Waterways Experi-
ment Station\Z2J). The broken lines on Chart 228-2 are suggested design
curves and are not the experlmenters interpretations. The bend loss
(kg) r the loss in terms of velocity head caused
the T i

Aoy vrt

2. Chart 228- 2/1 is a plot of bend loss coefficients and de-
flection angles for three Reynolds numbers. The curves on this chart
were used to establish the suggested design curves on Chart 228-2.
The curves have been extended to assist the engineer in determining

loss coefficients for smaller deflection angles.

—~

!-.I
S

'Hans Kirchbach, "Loss of Energy in Miter Bends," and Werner Schubart,
"Energy loss in Smooth and Rough Surfaced Bends and Curves in Pipe
Ii nes,’ Transactions of the Hydraulic Institute of the Munich Tech.

Univ. Bulletin 3, translation published by ASME, 1935.

( 2 ) "Eyneriments To Determin
ways Experiment Station

-
b 7

Miss., January 1932.

228-2 to 228-2/1
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VALUES OF (VD) FOR WATER AT 60°F
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1. Flow around pipe bends results in a velocity acceleration along
the inside of the bend accompanied by a local pressure reduction. This
pressure reduction may be sufficient to result in cavitation in low flow
and water supply pipes conducting discharges from reservoirs. Hydraulic
Design bnart 228-3 should serve for estimating minimum pressures in

A
<

c
atondand = bends.

2. Basic Data. Available experimental data on minimum pressures

in pipe bends are limited to those on 6-in. pipe bends of 45 to 180 deg by
Yarnell.l These data show that the minimum pressure occurs 22.5 deg from
the point of curvature compared with its occurrence 45 deg from the point
of curvature for rectangular section conduits (HDC Sheets and Charts 534-2
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The anarytlcar procedure suggested by McPherson and
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data complled by T vlor and McPherson are shown in Chart 228 The
elbow meter data are based on studies by Lansford, L Addison,> and Taylor
and McPherson3 (Lehigh data). Yarnell'sl study showed that the pressure
45 deg from the point of curvature is only slightly higher than the
minimum pressure that occurs at the 22.5-deg point. Thi s confirmed

~ . R LI, 7 P T - = PR o - . _ . — ~
by the Lehigh data points in Chart 228-3. Data for both ﬁ e 22.5- and
45-deg points correlate with the theoretical curve as shown in the chart.
The data cover a range of pipe diameters from L 4o 12 in. and indicate
a range of Reynolds numbers (Rg) of 10% to 105.

3. Application. The minimum bend pressure can be computed from the
equation

The terms in the equation are defined in Chart 228-3. The equation for the
theoretical curve shown in Chart 228-3 is given in Sheet 534-2

- ] 0O A~ -
4, The curve 1n Chart O-3 can be used to estimate the minimum
cde s Awr mmmam o~ 2 en mdmen AT em o v . oo e L QAN . ~ o 1
stedly pressure 11 standara pipe oenas ol 4> Lo LOU aeg. vavitation oc-
curs when the instantaneous pressure at any point in a flowing liquid
drops to vapor pressure. Turbulence in flow causes local pressure



fluctuation. Therefore, an estimate should be made of the maximum expected
fluctuation from the minimum computed steady pressure. A procedure for
estimating the necessary average pressure or the permissible average veloc-

y -~
lty to prevent cavitation is glven in paragrap 4 OI bl’leets Dj - an
=a) A~ /A M covwT A e Lo e 2 AN D r\/ﬂ (SRR, R,
234-c/ L. ine sample conputatlon Snown in enarc D3 </ L for rectangular
anndiitite da alan arvnldirahle 0 Nnimne henda
CONGULLS 1S5 als0 appoilalie VO PIPEe OCIGS.

Bends, by D. L. Yarnell. Technical Bulletin No. 577, Washlngton, D. C.
October 1937.

(") M~aDharanr M D and Qdmnarraann Q ML n st v o~ acrimaa S wman

\&, mMcrierson, M. bp., anld oorausser, n. o., MIDIMun Pressures in rec-
tancular bends." Proceedingcs SOR. vol 81 Qenarate Paner No. 7hL7
ctangular benas. rroceedings, AsCh, VoL OL, oeparate raper No. (4
(July 1955).

(3) Taylor, D. C., and McPherson, M. B., "Elbow meter performance."
American Water Works Association Journal, vol 46, No. 11 (November
1954), pp 1087-1095. (Copyrlghted by the Amerlcan Water Works

Association, Inc., N. Y.)

(L) Tanafnrd n M Tha TTeae n0f an Flhow in a Pina Tina far Netarminino

\ ‘I’/ dIlALIN A L \.A., 1Al 4l e ’ e LA o NS de ALl Ad WUV -l A% ES .Ly\— dddod N ERR TS e/ U L J.IL_LLJ...LLJ.&
the Rate of Flow in the Pipe. Bu lEtl" No. 289, Engineering Experi-
mental Station, University of Illinois, Urbana, December 1936.

(5) Addison, H., "The use of bends as flow meters." Engineering, vol 1k5
(b March 1938), pp 227-229 (25 March 1938), p 32h4.
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O
computing head losses in flood control tunnel interior tran
Chart 228-4/1 presents similar coefficients for abrupt tran

2.

3.

HYDRAULIC DESIGN CRITERIA

mm

Background.

|o*

1 wg;y;o nuh1 ishe
, design guidance given in Rouse (refer—
ence 7) was limited to the earlier work by Gibson.
Kalinske (reference 3) and Robertson and Ross (refer-

ence 6) also have investigated flow characteristics in
conicai diffusers. ﬁowever, it was 1964 before additional

ct

Contractions. Coefficient data for head losses in conical
contractions are appreciably more limited than for expan-
sions. The only known available study is that by Levin
Levin's data are for diameter

ence 4). Rouse (r eference 7) also presents coefficient
curves for abrupt expansions and contractioms.

Theory. Loss coefficient curves for conical expansions

228-4 to 228-4/1
Revised 11-87



(1)

Comparable loss coefficients published by Huang, based on Gibson's,
Peters', and his own data are described by equation 2.

ZgHL
K

~
N
~’

-
-4

ients published by Levin for conical contractions are also
K K are loss

|
| (3)
|

3. Design Criteria.

a. Expan31on Coefficients, Conical Transition. Comparable

lots of expan51on loss coefficients based on tests Dy

o o P 1 n
115 ale glvell 11l u

o
ot
1]
Il
0
W
=
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Toss coefficients reproduced frc
in Chart 228-4b,

g
I
o
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o
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c. Coefficients for Abrupt Transitions. Values based on re-
ference 7 are provided in Chart 228-4/1.

228-4 to 228-4/1
Revised 11-87
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Gibson, A. H., "The conversion of kinetic to potential energy in
the flow of water through passages having divergent boundaries,"

R .
Engineering, vol 93 (1912), p 205.

Huang, T. T., Energy Losses in Pipe Expansions, Master of Science

Dissertation, State University of Iowa, Iowa City, Iowa, 1964,

Kalinske, A. A., "Conversion of kinetic to potential energy in fiow
avenanadane W Meanmanntdana At nnm Candats ~Af (42341 Teagiroarc
CApPaAlld 1LULID 11all5aC Ul luUlld CL1lldll oLLIELY Ul L1lV1l LIZLlILECLS,

vol 111 (1946), pp 355-374.

Miller, D. S., Internal Flow, A Guide to Losses in Pipes and Duct
Systems, British Hydromechanics Research Association, Cranfield,
Bedford, England, 1971.

Peters, H., Conversion of Energy in Cross-Sectional Divergences
Under Different Conditions of Inflow, Technical Memorandum No. 737
(Translation), National Advisory Committee for Aeronautics,
Washington, D. C., March 1934.

Robertson, J. M. and Ross, D., Water Tunnel Diffuser Flow Studies,
Parts I and II, Ordnance Research Laboratory, Pennsylvania State
College, Pa., 1949,

US Army Engineer Waterways Experiment Station, CE, Study of Pecu-
liar Head Losses in Conical Convergences, by L. Levin, Translation
No. 73-3, Vicksburg, Miss., January 1973.
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HYDRAULIC DESIGN CRITERTA

SHEET 228-5
PRESSURE CHANGE COEFFICIENTS
AND JUNCTION BOX HEAD LOSSES

FOR IN-LINE CIRCULAR CONDUITS

1. Purpose. Junction boxes are used extensively in the design of
pressure storm drain systems where lateral drains flow into main-line
drains. They are also included in long, continuous drains to provide
ready access for condult inspection and maintenance. In small, flow-
control outlet works they have been used as wet wells for control gates.
Hydraulic Design Chart (HDC) 228-5 presents design information on pres-
sure change coefficients for Junction boxes with in-line circular con-
duits. HDC 228-5a gives pressure change coefficients for junction boxes
effecting expansions and contractions. HDC 228-5b shows the effects of
box geometry on pressure change coefficient. A procedure for using these
pressure change coefficients to compute Jjunction box head losses is
given in paragraph 5 below.

2. Background. Arbitrary loss coefficients were used for the
design of junction boxes in storm drain systems for many years. In 1958
Sangster, et al.,l published the results of the first comprehensive hy-
draulic study on Jjunction boxes for storm drain gystems. In 1959 they
published a selected summary of the basic tests.2 The published reports
also give design criteria applicable to multiple inflow junction boxes
and to storm drain inlets.

3. Theory. Sangster applied the momentum theory to flows through
Junction boxes and developed the following equations describing pressure
changes across a junction box with in-line conduits.

Dy
K=2|1- <EE;> (1)

N
D 2

a. Expansions.

b. Contractions.

228-5



where

Q o
n H
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o

1l
3
n
ct
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Q
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4. Experimental Results. Experimental studies were undertaken
by Sangster to evaluate the effects of junction box geometry on the
pressure change coeii1c1ent K In each test the upstream and down-

W lded by the veloclty head 1in stream conduit t ,
the pressure change coefflclent X . HDC 228 5a shows that K 1
function of ratio of the diameters of the upstream and downstream con-
duits and that the Jjunction box width has little effect on the co-
efficient value. HDC 228-5b shows the effects of junction box shape
on pressure cnanges for in-line conduits of equal size. These plotted
9]

1. .

J - LI SR FS - W~ R R B
ratios OI U/U2 s pPressure cnange coellicielius

5. Application. The pressure change H across the junction box
can be computed using the following equation:

(ve\
1

H=K\|s= (3)
\=g/
where
V, = downstream conduit velocity, fps
g = acceleration of gravity, ft/sec?
The head los Hy, across the junction box can be computed by use of the
Bernoulli equafion as follows:
V2 V2
moons 21 (4)
L_ gg ()
where

= velocity in the upstream conduit, fps

eferences.

2
6.

Fas

(1) Sangster, W. M. et al., Pressure Changes at Storm Drain Junctions.

Engineering Series Bulletin No. 41, vol 59, No. 35, University of
Missouri, Columbia, Mo., 1958.
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HYDRAULIC DESIGN CRITERTIA

iple be nds have been 1nvest1 ated and reported by
a rectangular conduit with an aspect ratio of two in the plane of the
bend. Hydraulic Design Chart (HDC) 228-6 reproduces Sprenger's coeffi-
cients for triple bend systems with intermediate straight conduit lengths
from zero to five times the equivalent hydraulic diameter of the conduit.

Sprenger's data from tests on a single 90-deg bend are shown for compar-
ison. The basic report5 also contains head loss coefficients for many
90-~deg bends of various cross sections for aspect ratios of 0.5 and 2.0

in the plane of the bend. Interaction coefficient factors for bends
separated by short tangent lengths have also been published by Miller.

(o)}

2. Theory. The head loss associated with a single or multiple
bend is defined as the difference in elevation between the uniform up-
stream and downstream pressure graq1ents when extended on the ionglt

+ ——
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[e2]

+ 1, ~An
axi CAe COonai
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o
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caure

c ssume
ystem and is comnuted indep

m"d

head in the conduit flow to obtain a dimensionless coeff1c1ent

N L—'m

>~
1
Mof <3
™ I
~
'_J\
N

where

>~
|

dimensionless head loss coefficient
Hy, = observed pressure difference, ft

V = velocity of the conduit flow, fps
g = acceleration of gravity, Lu/%ecg
3. The bend loss coefficient is similar to other Porm resistance
coefficients and is a function of the flow Reynolds numbe
VD
io)
R = —= 2
. = T (2)



Re = Reynolds number
Dy, = equivalent hydraulic diameter of the conduit, ft
v = kinematic Vlscosity of the fluid, ft2/sec

i, The head loss coefficient decreases rapidly until it reaches a
minimum value at a Reynolds number of about 2 X 105. From th;s point it
increases in value until the Reynolds number reaches about 10°, beyond
which the coefficient probably remains fairly constant.®

5. Application. The head loss in a 90-deg rectangular bend with
a large aspect ratio in the plane of the bend can be computed using
equation 1 and the data given in HDC 22 28-6. Sprenger's experimental

data on single 90-deg bends in rectangular conduits having aspect ratios
of 0.5 in the plane of the bend indicate that head loss coefficients for
this low aspect ratio are from 0.1 to 0.2 less than comparable values
with high aspect ratios in the plane of the bend. It 1s recommended that

TN o 7 - - en e ORI ERNE, R
the coefficient values given in HDC 228-6 be used for all rectangular
conduits with multiple bends'when designing for discharge.

(1) Madison, R. D. and Parker, J. R., "Pressure losses in rectangular
elbows." Transactions, American Society of Mechanical Engineers,
vol 508 (1936), pp 167-170.

(3) Silberman, E., The Nature of Flow in Elbows. Project Report No. 5,
St. Anthony Falls Hydraulic Laboratory, University of Minnesota,
Minneapolis, Minn., December 1947.

(4) Straub, L. G. and Anderson, A. G., Fluid Flow Diversion, A Summary
and Bibliography of Literature. Project Report No. 1, St. Anthony
Falls Hydraulic Laboratory, University of Minnesocta, Minneapelils,
Minn., August 1947, p 96.

(5) U. S. Army Engineer Waterways Experiment Station, CE, Head Losses
in 90° Elbows for Rectangular Pipes, by H. Sprenger. Translation
No. 70-3, Vicksburg, Miss., September 1970.

/ 7\ Are on PRI e fet A A T AccA~o 2 2onA OV P
(06) Milier, D., Internal Flow, A Guide to ILosses in Pipes and Duct
Systems. British Hydromechanics Research Assoclation, Cranfield,
Redford. Eneland. 1971. ». L3.
Bedford, knglana, 1971, D. 45.
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HYDRAULIC DESIGN CRITERIA

SHEETS 230-1 TO 230-1/2

1. Drop inlet structures for drainage and small dams ha
studied for a number of years at the St. Anthony Falls Hydraulic Labora
tory (references 1, 2, and 4). In order to adapt the results of this
work to larger projects, two series of tests were conducted at the U. S.
Army Engineer Waterways Experiment Station (References 5 and 6). The
recommended design resulting from these studies is presented in Chart

230-1.

pe <

2. Two-way drop inlets are constructed in such a manner that
water enters over two weirs that are parallel to the conduit axis (see
Chart 230-1). The endwalls of the inlet are extended upward and later-
ally to support a horizontal antivortex plate. Trashracks can be
mounted convenlently on these extended endwalls and outer edges of the

ivider wall between the weirs is extended downward

e )
e g

loss coeff1c1ent K through the structure (from the pool to the down-
stream end of the tran31tlon) In addition to these characteristics,
gated openings can be provided through the inlet riser for low flow out-
lets and emergency drainage of the reservoir (see reference 6).

h

»

As the d

3. As the discharge through a two-way drop inlet structure in-
creases, the flow may pass through three phases: weir control, orifice
control at the intake, and conduit control. Weir control and conduit

control result in satisfactory flow conditions, but orifice control at
the intake can produce unstable flow conditions. Designs should be pre-
pared so that orifice flow control will not occur. Orifice control at

the intake results when the nappes from the weirs intersect and seal air
froﬁ the vertical shaft at a discharge less than that required for full

pressure flow throughout the structure (conduit control). This leads to
a siphonic condition in the shaft causing an increase in discharge.

With this flow condition, air is periodically gulped into the inlet

riser alternately making and breaking the 51phon action. A rapid repe-
tition of this siphonic cycle results in slug flow in the conduit along
with surges and pressure variations in the shaft that can cause serious
vibration of the entire structure.

4. Design Procedure. The objective of this design procedure is
to determine the proper dimensions for a two-way drop inlet structure.
Specifically, the weir lengths must be determined such that orifice con-
trol at the intake will not occur at any operating pool level. The



method proposed herein does not preset the antivortex plate height (re-
ference 1). Instead, the curves for the three flow conditions are first
graphed and analyzed for satisfactory performance (see Chart 230-1/2).
The antivortex plate height is then set 1 foot higher than the pool ele-
vation required for establishing conduit-controlled flow (reference 5).

5. Prior to intake design, the following dimensions must be
hed (a) the outlet conduit 1ength and its exit invert eleva-
imum reservoir po elevation (thls establlshes

Ho
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see Chart 230-1). Once thlS 1nfor—
mation has been determined, a weir length is chosen and discharge com-

putations are made to ensure that orifice control at the intake does not
occur. Curves for each of the three flow conditions (weir flow, orifice

flow, and conduit flow) are plotted on the same graph, and an analysis
is made to assure that orifice fiow will not occur. Then the elevation
of the antivortex plate is established. See example in Chart 230-1/2.

6. Flow Conditiomns.

a. Weir Control. Weir flow occurs when the drop inlet crests

act as weirs. Satisfactory predictions of the weir flow
head versus the discharge may be achieved using published
weir flow equations {(reference i), such as:

cL w32 (1)
Q= CL.H,
where
Q = the discharge through the structure; cfs
C = the weir discharge coefficient
L = the length of the weir crest for both sides of
- the structure, ft
Hw = the static head in relation to the crest eleva-

tion, ft

A semicircular-shaped crest is recommended to prevent sep-
aration of fiow from the crest and subsequent periodic

Flusttar ~AF Lo mnonmema oo ~Ahonswrad cxfsls cmcinama PR NN
1liuticlr UVl Llic ilappe adb Vbdberved wilil syudlie 0L sudarp-=
edged weirs (reference 5). The weir discharge coefficient
for the semicircular shaped weir has been determined to be
3.8. See Chart 230-1 for recommended dimensions of the

eir crest.

o

ice Control. For the development of an orifice flow
versus discharge relation without the influence of an

Orif
head

230-1 to 230-1/2



antivortex plate, the following equation should be used:

~—— 0 = C'A \l_cu {2\
a4 o V O W \N&=7
where
C' = orifice flow discharge coefficient
A0 = (1/2)LW(D - E) = orifice area, ft2
D = conduit diameter, ft
E = separation wall thickness, ft
g = local gravitational acceleration, ft/secZ
H = static head in relation to the crest eleva-
Y tion, ft
C' can be determined from
/E\O’083 /Lw\ 0.2934
c' " {:\ (::} (3)
\U/ \2D/
where
AY: /7\
C" = -15.6993 k?) + 11.3136 (ﬁ) - 0.2032 (4)

and T 1is the width of weir, ft. Chart 230-1/1 presents
a graphical solution of these equatiomns.

c. Conduit Control. Conduit flow is developed when full
pressure flow exists throughout the inlet structure. The

equation for this flow is
I_g__
c
Q= Ay— (5)
¥V K
where
_ . s . . - .2
A = the conduit'’s cross-sectional area, ft
n
g = gravitational constant (32.174 ft/sec‘)
H = difference between the pool elevation and the

hydraulic grade line (HGL) elevation at the
exit portal, ft. (For free flow, HGL eleva-
tion is established by Chart 225-1 and for
submerged flow, HGL elevation is the tailwater
elevation.)

— 230-1 to 230-1/2
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(6)

K=K + £(L/D) + 1.0

The following symbols used in the expression for K are
defined as follows:
K_ = entrance loss coefficient for the inlet structure
- in terms of the velocity head in the conduit (0.2

for structure shown in Chart 230-1). Refer to
references 1, 2, and 4 for flush type shaft

f(L/D) = equivalent to a loss coefficient as it is used in
the Darcy-Weisbach formula.

f = Darcy-Weisbach friction factor

= pipe length, ft
D = pipe diameter, ft
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Example Use of Criteria

Given: T = 1,0 ft
E=0.75 ft
D =5 ft (concrete circular conduit)

Free flow at conduit outlet

Elevation of conduit invert at outlet = 100 ft NGVD
Elevation of weir crests = 143 ft NGVD

Determine: Total weir length Lw

Solution:
(1) Initially assume Lw = 4D For this case:
(2) Weir Control: H = P_ - weir crest elevation
_ 3/2
Q=CL H H =P - 143
wow w
With € = 3.8 this becomes where
3/2
Q =76.0 HW . Pe = water surface elevation

(3) Orifice Control at Intake:

HDC CHART 230-1/2

(Sheet 1 of 4)
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Nt

Q= (0.998)(42.5)V2gHw
~ 2 n y A 1m— _ T b ) LY AR
U = 42.4 Vv.gHn and n =1r - 145
w w e
Conduit Control. Hvdraulic Prog gram H2045 Discharge in an

Qi s LOLLIOL ED A2 etk - 1&VE 2y daoliial 422

Oblong or Circular Conduit Flowinz Full, as found in the
computer-aided design system (CORPS) is used to determine the
pool elevation versus discharge curves for minimum and maxi-
mum losses. This program is run twice using an effective
roughness K of 0 and 0.002 for minimum and maximum losses,

respectively§ The entrance loss coefficient of the two-way
drop inlet structure with semicylindrical bottom and a tran-
sition at the outlet is chosen as 0.20, The following infor-
mation results from using Program H2045:
Pipe Radjius = 2.5 ft
Length of Conduit = 600.0 ft
Entrance Loss Coefficient = 0.20
Water Temperature = 60°F
Effective Roughness K_ = 0.002 (for maximum losses)
° EM 1110-2-1602 (refer-
ence 3) and Sheet 224-1
for Capacity of Concrete
£ e I __ 2 A
LVOIlIAuUlLSsS
= 0.00 (for minimum losses)
Corresponds to Smooth
Pipe Curve on Chart 224-1
Discharge, cfs
Pool Elevation Energy Head Maximum Loss Minimum Loss
£+ NY £+ OCandd+rian OCandd+r4An
Ly ANT VL P S WU LIM L L AUL VULl AL L AV
144 .00 44,00 592.43 718.11
145,00 45.00 599.13 726.48
146.00 46,00 605.76 734.76
147.00 47.00 612.31 742,96
148.00 48,00 618.80 751.07
149.00 45.00 625.22 759.09
150.00 50.00 631.57 764,04
155.00 55.00 662.43 805.68

HDC CHART 230-1/2
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Plots of the pool-discharge curves for weir comtrol, orifice
control at the intake, and conduit control (maximum and mini-
mum losses) are presented in Chart 230-1/2a, Sheet 4. These

plots reveal that orifice control at the intake may occur
between pool elevations 147 and 148; thus, the assumed weir
length is inadequate. Computations are therefore repeated
for an assumed weir length of 4.4D.

T A A maTneel At o
hw = Q.U C'CI.LCULdtLU

control result in the following:

T~
r

1Y
/ &

W

Q = 83.6H (Weir Control)

q

-y

&

L
n

45,3Y ZgHw (Orifice Control)

Plots of the pool-discharge curves for weir control, orifice
control at the intake, and conduit control (maximum and mini-

mum losses) with Lw = 4.4D are presented in Chart 230-1/2b,
Sheet 4. These curves indicate that orifice control at the
intake should not occur for this weir length and the design
is acceptable. Chart 230-1/2b also illustrates how the ele-
vation of the antivortex plate is established in accordance

with guidance provided in paragraph 4 of Sheets 230-1 to
230-1/2.

HDC CHART 230-1/2
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