5.5-1

5. Pipe ¥Flow

5.1 General. Pipe flow exlsts when a closed conduit of any form is
flowing full of water. In pipe flow the cross-sectional area of flow is
fixed by the cross section of the conduit and the water surface is not ex-
posed to the atmosphere. The internal pressure in & pipe may be equal to,
greater than, or less than the local atmospheric pressure.

The principles of pipe flow apply to the hydraulics of such structures
as culverts, drop inlets, :egular end inverted asiphons, and verious types
of pipe lines.

If pipe flow exists for a range of discharges under study, the cross-
sectional area of flow and the hydraulic radius remain constant for any
particular cross section and the velocity is directly proportioral to the
discharge.

5.2 Fundamentals. The following discussions under subsection 3,
Fundamentals of Water Flow, should be reviewed: 3.1, Laminar and Turbulent
Flow; 3.2, Continulty of Flow; %.3, Energy and Head; 3.4, Bernoulli Theorem;
and 3.5, Hydraulic Gradient and Energy Gradient.

As pointed out in paragrephs 3.1, the possibility of laminar flow in
pipes when Reynold's number exceeds 3000 is very remote. For our purposes
this valuve will be assumed to be the lower limit for turbulent flow.

Reynold's number for pipes is:

vd
R = < (5.5-1)
where

R = Reynocld's number
v = mean velocity in pipe in ft. per sec.
d = diameter of pipe in feet
v = (nu) kinematic viscosity in £t.2 per sec.
d; = diameter of pipe in inches.

The kinematic viecosity and other physical properties of water are
given in table 5.5-1 for atmospheric pressure. The kinematic viscosity
is not affected appreciably by the variation irn pressures that can nor-
mally be expected in our work.

For example: Based on the above assumption of & minimum value of
R = 3000, compute the minimum permissible velocity in a 2-inch diameter
pipe at which water with a temperature of 500 F. will flow turbulently.

-5
Ry _ 3000 x 1.41 x 107> _ 0.254 fps
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TABLE 5.5-1
Temperature Specific Kinematic Vapor
Degrees Weight Viscosity Pressure
Fehrenheit 1bs./ft.2 rt.2 /sec. psi
32 62.4 1.93 x 1073 0.08
Lo 62.4 1.67 x 1073 0.11
50 62.4 1.41 x 1073 0.17
60 62 .4 1.21 x 1073 0.26
70 62.% 1.05 x 107° 0.3%6
80 62.2 0.9% x 1073 0.51
90 62.1 0.82 x 107° 0.70
100 62.0 0.7 x 107° 0.96

To assure turbulent flow, the wvalue of R should be equal to or great-
er than 3000. Assuming a value of kinematic viscosity, ¥ , of 0.0000105
for water at 70° F., substituting (Q + a) for v, 0.785£d2 for a, and re-
ducing d to dy gives a minimum discharge for turbulent flow in terms of the
diameter of the pilpe.

Quin, = 2-0617 x 107% &4 (5.5-2)
5.3 TFriction Loss. The loss of energy or head resulting from tur.

bulence created at the boundary between the gides of the conduit and the
flowing water is called friction loss.

In a straight length of conduit, flowing full, with constant cross
section and wmiform roughness, the rate of loss of head by friction is
constant and the energy gradient has a slope, in the direction of flow,
equal to the friction head loss per foot of conduit.

0f the many equations that have been developed to express friction
loss, the following two equations have been selected for inclusion herein;
they are widely used and reliable.

5.3.1 Manning's Formulae. The general form of this equation is:
1.486
v = T 1‘2/3 81/2 (5-5"3)

Nomenclature:

eross-sectional ares of flow in ft.2

d = diameter of pipe in feet.

d4y = diameter of pipe in inches.

g = acceleration of gravity = 32.2 ft. per sec.?

H; = loss of head in feet due to friction in length, L.
K. = head loss coefficient for any conduit.

head loss coefficient for circular pipe.
length of conduit in feet.
= Manning's rougliness coefficient.
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wetted perimeter in feet.

hydraulic radius in feet = {a + p) = (4 = 4) for round pipe.

= 1oss of head in feet per foot of conduit = slope of energy
grade and hydraulic grade lines in straight conduits of uni-
form cross section = (E; + L).

v = mean velocity of flow in ft. per sec.

Q = discharge or capacity in £t.2 per =sec.

I o]
]

n

Starting with equation (5.5-3) solve for s, multiply numerator and
derominator of right side of equation by 2g, and substitute (H; + L)
for s. The result is:

Hi = KL %Z (5.5-4)
where 5
29.164 n
K. = = (5.5-5)
C r4/3

Adaption of this equation (5.5-5) to circular pipes involves the
substitution of (4 + %) for r and the change from d to d;.

_ 5087 n®
Kp = 2,472 (5.5-6)

Tables of values for and K. for the usual ranges of variables
encountered are given in drawing ES-42. The 1/3, 2/3, 3/2, 3/4, and 4/3
powers of numbers frequently used In Manning's formula can be found from
drawing ES-37.

In some cases it is useful to consider the conditions of flow in a
straight conduit of uniform cross section and roughness coefficient when
the conduit is on neutral slope. Neutral slope is defined as that slope
of a conduit at which the friction loss per foot (H; + L) is equal to the
slope of the conduit, i.e., when the conduit is parallel to the hydraulic
gradient and energy gradient. 1In a conduit of given cross section, rough.
ness coefficient and slope, this condition occurs for only one discharge.
In figure 5.5-1 the ccnduit is on neutral slope when

H v
sin & = El = Ke 3 (5.5-7)
and .
K——_—
8y, (neutral slope) = tan € = - 2¢ (5.5-8)
212
1= (kc 2g

In any case of pipe flow in a conduit of uniform cross section, the
logs of head per foot of conduit is:

s = K¢ %Z (5.5-9)
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L sin 6

Conour?

L cos &

FIG. 5.5-1

The total head loss in a given length of conduit can be determined
from equation (5.5-4) with the proper value of Kp or K. selected from
drawing ES-42.

King's Handbook, pp. 188 and 189, gives a number of convenient work-
ing forms of Manning's formula and references to tables that will facili-
tate their use. Four of these are:

H; = 2.87 n® 35;5 (5.5-10)
Hy = 4.66 n® a%g;; (5.5-11)
a = %2—9&)8/8 (5.5-12)
dy = %%E o/ (5.5-13)

Drawing ES-54, which is based on equation (5.5—15), may be used to deter-
mine dy, s, or Q, when two of these quantities and n are known.

5.3.2 Hazen-Williams Formula. As generally used, this formula

is:
v = 1.318 ¢ r°-63 g0.54 (5.5-14)

Notation is the same as given in subsection 5.3.1 with the addition of C,
the coefficient of roughness in Hazen-Williams formula.



HYDRAULICS: HEAD LOSS COEFFICIENTS FOR CIRCULAR AND
SQUARE CONDUITS FLOWING FULL

5087 n?
HEAD L05s COEFFICIENT, Kp, FOR CIRCULAR PIpE FLOWING FuLL Ko™ =g,
Pipe | Flow MANNING'S COEFFICIENT OF ROUGHNESS 'n”
diam.|oréo

inches|sq. Ft Q0/0\001/|00/Z |00/3 |00/4 (00/5 0016 Q017 |00/8 |00/9 0020 |0.021 |0.022|0023|A024 | 0075
G | 0/96 (0046700565 |00672|00789\009/4 |01050)0 //9410/348|0./5/ | 0/68 | Q/87 |0206 |0226 0247 | Q269 |0292
8 |0349|.03/8 |.0385 |58 | 0537 .06231.07/5 |08/4 |.09/9 |./030 |.1/48 |.1272 | /40 |./54 |./68 |./83|./199
10 0545 ).0236|.0286|.0340|.0399|.0463 |.053/ |.0604)|.0682 |.0765|.0852\.0944|./104/ |./1/43 1249 ./136 | ./48
12 0785 |.0/85 0224 |.0267 |.03/3 |0363 |04/ 7 | 0474|0535 |.0600|.0668|.0741 |.08/7 |.0896|.0980|./067 |.1/57

/4 1069 |0/5/ |.0/82 0217 |.0255|.0295(.0339|0386|.0¢436 |.0488 | 0544|0603 |.0665|.0730|.0798 (0868 (0942
/5 | /23 |.0/38 |.0/66 |.0/98 | 0232|0270 |.03091.0352 |.0397 |46 | D6 |.0550|.0606|.0666 0727|0792 0852
16 | /40 |.0/126|.0/53|.0/182\.02/3 |.0247)|.02684|0323 |.0365 |.0402|.0455|.0505|.0556|.06/] |.0667 0727|0782

18 | 177 |o/078\|.0/30|.0/55 |.0/82 |.02//\.0243|.0276,.03/2 |.0349(.0389|.043/|.0476 |.0522 |.0570|.062 | 0674
2/ | 247 | 0878)\01062\.0/126 |-.O/I8 .0/ T2 | O/98 \.0225|.0254 | 0284 |.03/7 035/ |.0387 |.0425).0464 |.0506)|.0549
24 | B.14 |00735,00889|0/058\.0/24 |.0/44 |.0/65 |.0/88 |.0212 | 0238|.0265|0294|.0324\0356|.03891.0423 | 0459
27 | 398 w628\ 20760\00902\ 06/ |.0/123 |.o/4] | O/6/ |.0/81 |.0203\0227|.025/ 0277|0304 |.0332 |.0362|.0393

30 | 49/ |@05d6|.00660|.00786|00922\0/070 \¥Z28\.0/40 |.0/58 |.OrT7 |.0/97 |.O2/8 |.024] 0264 |.0289 0314 |.034/
86 | 707 |O0d28|.005/8 00616 00723\ 00832|.009%3|.0/0961.0/24 | .O/39 |.0/54 |.0/7/ |.0/89 |.0207 (0226 | 0246 0267
42 | 262 |ao3d8|.aoaz2)00502 00589\ 00683).00764 00892 |.0/007 .0/129|.0/26 |.O0139 |.0/54 |.0/69 |.0/184 |.020/ |.22/8
48 |12.57 |.A0292|. 00353\ 0042000493\ 00572 | 06560074 7| 00843 | 0025\ 0/053 1.0//66 |0/ 29 .0/ (0154 |.0/68 |.o/182
54 |15.90 |\oweda|.oo302|.A0359|.0042/ | 00488 0056/ |.00638 | 0072000808 | 00900\ 00297\0/099,.0/ 2/ | O/32 |.O/dd |.0/56
GO (/963 \Q02/7 0026200312 {00366 |00 24| 00487 | 0055 8|.00626 | DOT0Z | OOEE | 00866 | 0955\ 00048\, 01/ 5 |.O/25 |.O/35

HEAD LOSS COEFFICIENT, K, FOR ,, _ 291617
SOUARE CONDUIT FLOWING FULL €= "7 §

yz

- TERINES COEFFICTENT OF | Ho=(Kpor k)L 5=
[‘;”,”"’” i POUGHNESS “n* ’ 4
1Z€ |area

reet |sort |0.002|00s300id | 0oss 0o | Nomenclorure: .
252 | 400 loowssloozez\oorawlooksilooiiso a = Cross-sectional orea of flow in sg. Ff

7 g} = nside Slameter of poe s 1ChHes .
23223\ 6.25 |0.0078600092210.01070|00/226\001397 g = Acceleration of grovity = 32.2 Ft per sec.

H = loss of head /n reet aue fo Ffriction in length L.
3x%3 900\ . 006/61.00723| 0839 \.00963;.0/1096 K= Heod loss coefficrent for square cqndu// Flowing rull.
35537 | 12.25|.00502|.0009| 00683 | 00784| 00892|  KP = "0 loss coetficient fer circular pipe flowing Full.

L = Length of conduit in Feet
4x2 | 16.00\ 00420| 00493|.00572| 0065800746 engre) O Conaur (n 1o

n = Monnings coefficrient of rouvghness.
Jixds | 20.25 |.00359|.00421|.00488|.0056/|.006 38 & = Discharge or copoc/fy /n cu. Ff per sec.
r = Hydrovtic radiuvs in reel.
5x5 | 25.00|.00312 | 0036\ 00425 d0dsT| 00554 ¥ = Meor velocity in f1. per sec.
5$x53| 30.25)|.00275)|.00323|.00374|.00429|.00488| Example 1 : Compute the head loss in 300F1 of 24 in. diam.
6x6 | 36.00).00245] 00287).00333] 00382) 00435 concrete pipe flowing full and discharging
Y 30crfs. Assume n=00/5
6363 | 42.25 | W220\.00258|.00299\.00343;. 0039/ Q@ 30 v2 (855)?
VEg e 955 fps; 25" wﬂ.d?ﬁt
7x7 | 49.00).00199\ 0023400271 |. 00311 |.0035¢ vz

hdin H=KLl5. = 00165 x300x/.42 = 703 fr.
74x 75| 56.25 |.00182 |.00213)|.00247|.00264].00323 9

828 | 64.00\|.00/67 |.00/96|.00227|.00260|.00296| Exomple 2: Compuite the discharge of o 2507, 3x3

Y Sguore conourit fowing full iF the /oss of
Gzx82| 72.25 \00I54 L00I80|00209 | 00240100273 head is determined ro be Z2.25 1 Assume
n=00/4.
99 | 61.00\.0042 |.00k67\|.00/94 | 20223 | 00253 vz gz H, 225
94x3%| 90.25|00/33 |.00/56\.00/80 | 00207 |.00236 Hekelzgi 2g k. “aoossoxzso 97377
0% 10 |/00.00\|.00/24 | 00H5 |.00/68 |.00193\. 00220 v\led dx/073- 8.31 ; Q= 9x83/ =7H.8cFs.
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HYDRAULICS FLOW AREAS (a—ft?) IN CIRCULAR CONDUITS
DEPTHS OF FLOW (d —feet)

FOR VARIOUS
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HYDRAULICS:CIRCULAR CONDUITS; Critical discharges (Qc‘d—~cfs)
corresponding to various depths (d—in ft) and critical depths

(d.q—ft) corresponding to various discharges (Q—cfs)
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HYDRAULICS: CIRCULAR CONDUITS; Normal discharges (Q, 4—cfs)
corresponding to various depths (d —in ft) and normal depths
(d,q—ft) corresponding to various discharges (Q—cfs)

— 0.00
0.00007 —— 001
0.0001 —
- 002
0.0005—
T
0.0010 —
Y
d—om
QO b
o —
© 000 — s
S I
(o] -
Q -+
= 0.0030 —
[2} -
o — 006
b -1
S 00040 —-
@ Yy
o -
B 0.0050 —_
Al 0
5 0.0060 —— 0,08
= E'L_ s
— =
e 0.0070 —
@ =l
0.8
@ =
@ om0 =
-— 1
c 0.0090 —=
° T
o = g
2 0010 =~
3
o 0011 —_{:
o aore —— Ol
= i
0.013 ~—
T+
ol em— g5
& -
Gl OM—F
fod
[=) 0016 -~
“ 0.017 —— 0.1
5 1
0,018 —=
o
“?n“ 0.019 —
o —-— 014
C | 0020 —
a 0021 —
0022 —
“
0.1
© 0,023 —]_
& 0024 —
=2 0025 —
o —01e
= 0.026 —{~
0.007 —
0028 —
0.029 ~3— .17
0.030 —
018
— 0.19

0.040 t‘;
0.041 0.20

e TP
——0.2]
- 022
0.050 —=
T03
-
T~
0.060 ~
oz
j—- 0,26
00710 —~
e
——02
0.2
posy — V%8
i N
00— oo
%_— 0.31
0 —L
d—o3
j— 033
001 —-
0.
a1
o —
4035
1036
003 —
—_F- 0.37
0.14 %:
o038
- _-“_-E 0.39
0.155
']t- 0.40

155 — 031 —
=y 00 0453 qm 0480
016 —- I 1
-0 032 __t 061 ——oal
L o7 0480 —_
07— o2 :--- 0.62 TF—os
- 03— —
F—os o 083
08— - 0470 —_
T 034 —~ T
-o—o4 “— o4 d—om
= T~ "t [+
T T - =
19— i 1 =
T 035 — 065 085 o
= 4 -+ o
mi . _+ 3]
. [7s]
e iy o) —~
020 —4_ g6 ~— 06 ]—- 0.86 S
T 0.3 —" 1 o
- + T -
I~ ~ r o
047 —— o6 —— 087
021 == . T ©
T 037 —_ T -
——0.48 - 0.68 "t—_— 0.88 ©
~ [ =4
L £ T 5
02— L 0.490 —_ <
T = T -—
—— 09 038 —— neg B4 <
C T vas2 —_ -z
023 —- £ 0093 — @
— 0. -— 0.70 —— 090 o
T e 0a9—t 0,494 — e
N 39— c
T - -+ S
N T 0435 —+
T - - 091 he]
024 —— 051 —on oy c
_ T 0496 -— 5
. - L o
- i 2
s 040 =" C
052 +— 047 ha b
L 4 L o
0.25— = _E
N i ‘DID
s T o 08— g L1
n 041 — n L
= i L =
0% T g oisn I ows
1o T—on Max. L o4 g‘ O
= + - o)
T oy 0498 —+ w
T 042 —+ L S
027 —| i C
Toss 075 ~—095 o
gt = r 3
oy T oo —~ =
_ T —_ >
0,08 —— 056 0t T 0.76 0.496 ~——t— 0.96
T g 0495 ——
-+ €1 049 —
T+ I oass — ¥
0.23 — + 0492 —-
T 3— 0.491 i—
- 01 —- 0490 —F
o0z o —0.98
= 4 -
0.30 = iy
0.59 3o I o
T ag0 — %
045 ——E :L:
N 0470 =
031 3— L
; 0.60 o, 046 ——1.00
0312 0458 80

REFERENCE

This drowing was prepared by Richard
of the Design Section.

M. Matthews

U. S. DEPARTMENT OF AGRICULTURE
SOIL CONSERVATION SERVICE

ENGINEERING DIVISION - DESIGN SECTION

STANDARD DRAWING NO.
ES-97

sueer 3 of 7

paTE | -6-55







HYDRAULICS: FLOW IN CIRCULAR CONDUITS; Definition of symbols

and formulas.

DEFINITION OF SYMBOLS

a = Cross-sectional area of {low in sq ft
8¢, = Critical area corresponding to the discharge Q in ft° = area corresponding to de ,Q
an,q = Normal area corresponding to the discharge § in ft2 = area corresponding to dp ,8
d = Depth of flow in ft
dc)Q = Critical depth corresponding to the discharge Q in ft
dn,q = Normal depth corresponding to the discharge & in ft
D = Inside diameter of circular conduits in ft
Dy = Required inside diameter with freeboard of circular conduit in ft
g = Acceleration due to gravity.= 32.16 ft/sec®
n = Manning's coefficient of roughness
Q = Discharge in cfs
Qc,d = Critical discharge in cfs
Qn’ = Normal discharge in cfs
r = Hydraulic radius in ft
8o = Critical slope in ft/ft
Soa = Bottom slope of conduit in ft/ft
T = Top width of flow in ft
v = Velocity of flow in ft/sec Q
Ve, = Criticel velocity corresponding to the discharge @ in ft/sec =3 3
C]
Vn,qQ = Normal velocity corresponding to the discharge @ in ft/sec = = QQ
an,
FORMULAS
a 1 _1D—2d_<D~2d).( -1 D = 2d
e~ hlz:os ) 5 sin{cos 5 -
-1 D~
T =D sin(cos - -5 2d)
D
2.8
Be _ e
g T
3
cos™t L _-adc _ (2= =2de sin{cos” 1D = 2de
D D
CIRCULAR SECTION
D5/ 2 3 -1 D — 23
()2 |sinfcos™ ——=—=¢
D
. /2
Qn = - an So
D-2 D~ 2d D~2 s/
— 24 — 2d, — 2d
y -1 A 133 P -1 n
n Qy . 1.486 Eos 5 ( )mn(cos 5 )]
8/ 3 1/2 —_ 0 2/3
1%/® 551/ <u>5/8[cos~l S
CONVERSTIONS
one cubic foot _ h48.8 gallons
second B minute
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HYDRAULICS: FLOW IN CIRCULAR CONDUITS; Definition of symbals

and formulas.

DEFINITION OF SYMBOLS

= Cross-sectional area of flow in sg ft

a
8o, = Critical area corresponding to the discharge Q in ft? = area corresponding to d; Q
’ . ) . 2 . ’
an,q = Normal area corresponding to the discharge Q in ft° = area corresponding to dn,Q
d = Depth of flow in ft
de,Q = Critiecal depth corresponding to the discharge ¢ in ft
tn,q = Normal depth corresponding to the discharge Q in ft
D = Inside diameter of circular conduits in £t
Dy = Reguired inside diameter with freeboard of circular conduit in ft
g = Acceleration due to gravity.= 32.16 ft/sec”
n = Manning's coefficient of roughness
Q = Discharge in cfs
Q¢,q = Critical discharge in cfs
Qn,d = Normal discharge in cfs
r = Hydraulic radius in ft
Se = Critical slope 1n TH/Tt
8o = Bottom slope of conduit in £t/ft
T = Top width of flow in ft
v = Velocity of flow in ft/sec Q
Ve,Q = Critical velocity corresponding to the discharge @ in ft/sec =7 2
C,
Vn,Q = Normal velocity corresponding to the discharge @ in ft/sec = EQ‘
VD’Q
FORMULAS
& 1 _1D—2d_<D—2d).( 1D —2d
Z - AEOS 5 5 sinjcos™ ——g—
-1 D—24
T =D sin(cos t -——D———)
D
g T
1 D — 2d¢ D — 2dey . -1 D ?dc
Qe gEos ) 5 sinfcos
s/2 = CIRCULAR SECTION
D 3 -1 D~ 2d¢
(4)°|sin{cos™!t —===
D
1.k86
Qy = 2 anrz/a SO1/2
D 24, D 2d, D 2d. 5/3
n [_1 - n_.("‘-n).( ~1 _ nﬂ
n Gy ) 1.486 |cos = 5 sinfcos © —x—
a/s _ 1/2 " — 2an]2/3
&/ So/ (l#)5/3[cos'l D - dﬂ
CONVERSTONS
one cubic foot _ 448.8 gallons
second - minute
REFERENCE U. 8. DEPARTMENT OF AGRICULTURE STANDARD DRAWING NO.
SOIL CONSERVATION SERVICE ES-97
ENGINEERING DIVISION - DESIGN SECTION SHEET 4 OF 7
DATE 1-13-55




HYDRAULICS. FLOW IN CIRCULAR CONDUITS; Examples

EXAMPLE 1
CGiven: A circular conduit having a diameter D = 2.0 ft.
Determine: The cross-sectional flow ares s corresponding to a depth of flow @ = 0.86 ft.

Solution: Solving for the flow area a when 4 + D = 0.86 + 2.0 = 0.43, the corresponding value for
a2 + D° is 0.323. (From Sheet 1)
a = (0.323)(2.0)% = 1,292 ft2

EXAMPLE 2
Given: A circular conduit having a diameter D = 2.0 ft.
Determine; The depth of flow d corresponding to the cross-sectional area a = 1.10 £t=.

Solution: Solving for the depth of flow d when a + D = 1.10 =+ (2.0)2 = 0.275, the corresponding
value for d + D is 0.381. (From Sheet 1)

a = (0.381)(2.0) = 0.762 £t

EXAMPLE 3
Given: A circular conduit having a diameter D = 2.0 ft.
Determine: The critical discharge Qg g corresponding to the depth of flow d = 0.86 rt.

Solution: Solving for,the critical discharge Qc, d when d + D = 0.86 + 2,0 = 0.43, the corresponding
value for Qec,d + po/2 is 1.0k6. (From Sheet 2)

Qe,q = (1.046)(2.0)5/2 = 5.917 cfs

EXAMPLE &4
Given: A circular conduilt having a diameter D = 2.0 ft.
Determine: The critical depth of flow dC’Q corresponding to the discharge Q = 5.60 cfs.

Solution: Solving for the critical depth dC,Q when @ + D5/2 = 5,60 + (2.0)5/2 = 0.9915, the corre-
sponding value for ds g + D is 0.418, (From Sheet 2)

de,q = (0.418)(2.0) = 0.836 £t

EXAMPLE 5
Given: A concrete circular condult having a diameter D = 2.0 ft, n = 0.015, and s, = 0.0025.
Determine: The normal discharge Qn,d corresponding to a depth of flow d = 0.86 ft.
Solution: 8olving for the normal discharge Qu g when d + D = 0.86 + 2.0 = 0.43, the corresponding
T value for nQn,d + Da/ssol/a ig 0.178. (Fro% Sheet 3)

o = (0.178) (2.0)% 3(0.0025)>/ 2
n,d = 0.015

= 3.768 cfs

EXAMPLE 6
Given: A concrete circular conduit having a diameter D = 2.0 £t, n = 0.015, and s5 = 0.0025.
Determine: The normal depth of flow dn,Q corresponding to the discharge Q = 3.60 cfs.

Solution: Solving for the normal depth dy q when nQ + DB/Ssol/g = (0.015)(3.60) = (2.0)8/3(0.0025)1/2
= 0.1701, the corresponding value for dy q + D is 0.419. (From Sheet 3)

dn,q = (0.419)(2.0) = 0.838 ft

REFERENGE
U. S. DEPARTMENT OF AGRICULTURE STANDARD DRAWING NO.
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HYDRAULICS. FLOW IN CIRCULAR CONDUITS; Examples

EXAMPLE 7

Given: A semi-circular metal flume having a diameter of D = 1.91 ft. Manning's roughness coeffi-
clent n = 0.012.

Determine: The critical slope of this flume for a discharge of @ = 1700 gpm = 5.788 cfs.

Soluticn: The critical slope s, corresponding to a discharge Q is that bottom slope sy = s, which
will cause the critical depth d. ¢ and the normal depth dp g to be equal. Solving for critical
. 2
depth d, q corresponding to Q = 5788 ofs.

g 3.788 de,q

When —— = = 0.751%, the corresponding value for ] is 0.3620. (From Sheet 2)
ps/2 (1_91>5/2
dn,q . ng , <
When —2=* = 0.3%620, the corresponding value for is 0.1298, (From Sheet 3) or
D 08/ 3 1/2
C
2 . 2
8¢ = nQ _ (0.012)(5.788) _ 0.00388% £t/ft
0.1298D8/3 (0.1298)(1.91)8/3
EXAMPLE &
Given: The problem of designing a straight, semi-circular metal flume (n = ¢.012). The flume is

to convey a maximum discharge of Q = 1700 gpm = %.798 cfs with a mipimum freeboard of & percent
of the diameter D of the flume and a bottom slope sp which will permit a maximum velocity v equal
to 80 percent of the critiecal veloeity v, Q corresponding to the discharge Q is to be provided.
The actual velocity v is not to exceed U %t/sec. The flume is to be constructed so that the
depth of flow at the outlet end of the flume will be equal to the calculated normal depth dp g
corresponding to the discherge Q if vp g <4 ft/sec. This insures that normol flow conditions
will exist in the flume (see ES-38, Case A).

Determine: a(l) The required diameter Dy of the Tlume which will satisfy, simultaneously, the
stated freeboard and velocity criteria.
(2) The diameter D of a standard size flume to be used.

b(1) The critical velocity Ve,q corresponding to the discharge Q in the flume having the
diameter D.

{2) The maximum bottom slope s, of the flume having a dizmeter D determined in a(2).
(%) The normal depth of flow dn,Q corresponding to the discherge Q.
(4) The percent freeboard of diameter D.
¢{1) The minimum slope sg of the flume having a dismeter D determined in a(2).
(2) The actual velocity existing in the flume with the minimum slope.
(3) The ratio v/vC,Q.
Solution: a{l) Solving for the required diameter D, of the Tlume which satisfies the stuted free-

board and velocity criteria. The depth of flow is 6 percent of D.. less than 2§ or

D
d = 7§ — 0.06D,. or §Z~= 0.4k, The critical velocity ve,q corresponding to the discharge § is

r
Ve,q = aQ (Eq. a) Dp——
c,4 Freeboard = |
The actual veloecity v is 0.06Dy —— -
. = —7 10
Vo= (Eq. b) 2
When 4 = O.hh, the corresponding values of —35 is 0.333 and by Eq. b
Dy Dr d = 0.4h4Dy
Q
V o= (BEq. ¢)
(0.335)D,%

On substituting for v and v, (see Eqs. a and c) and the stated criterion v = 0.80\/C o obtain
(It will be assumed that v i} less than 4 ft/sec) 2

Q Q 2c,Q

— - 0.& 5 or* —22 - 0.80(0.33%) = 0.2664
(0.%33)D," c,t D,
2, z . de Q . e dg Q i
When —2* = 0.2664, the corresponding value of -ﬁl— is 0.%727. When ~5L~ = 0.3727, the correspond-
Dr2 T r
ing value of g is 0.795.
D 5/2
: / o 3.788
D52 o 2 _ L2 ) 7648
r 55~ oo T T
Dy = 1.867 ft Concluded on Sheet 7
REFERENCE U. S. DEPARTMENT OF AGRICULTURE STANDARD DRAWING NO.
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HYDRAULICS : FLOW IN CIRCULAR CONDUITS, Examples

Continuation from Sheet &

There exists only one value of Dy which will satlisly both the criteriu (1) d = 0.44D,. and
(P} v = 0.80ve,q  simultaneously, for a giveos value of §, n, and cross- sect'onal shane.

wlard diameter size. The next standard diareter D sl
sheoting or D = 1,90 £t. By changing the dimameter
cerin cannot be satisfled dimultaneously. Two extremes in

(") The value of Dy is not
greater than Dy 1s to be chosen.  Use
D to a greater uumbcT than Dy, both crit
the bottom slopes can Le oblained by:

(1) fixing the maximum velocity in accordance to the stated criteric and allowing
the freeboard to increase above the criterion.

() fixing the minimum [reeboard to O percent of D and allowing the velocity to
be decreased from that given by the criterion.

b(1l) Solving for the critical velocity Ve,n corresponding to the discharge Q. When

q 5.788 de g P .
= —==1 = 0.75125%, the corresponding value for —== is 0.5620. (From Sheet ?) When
5/ e ; i)
no/ = (1’91)3 2
de e O .
26,8 = 0.362°0, the corresponding value for L s 0.25605.
D ha

ap.q = 0.25¢5D7 = 0.2565 (1.91)% = 0.9357 017
-

. q _5.788 ok
Ve,Q T Gy g = Guosey = OMB TE/sec

() The maximum bottom slope is determined by fixing the maximum permissible velocily.
Vn,Q = o.F%OV(:)Q = 0.50 (4.0L8) = 3.250 ft/sec

4y = 8 . i‘fﬁ%’ = 1.170 £t7
2 VF,Q D200

a : d,
When _n_,_@ = —l—l-f-g— = 0.3207, the corresponding value for e is 0.4277. (PFrom Sheet 1) When
2 (1.951)7 D
.
J’.I’Q = 0,47, the corresponding value for —W“—EQ—, in 0.,1763, {Frow Shect %) or
D e/e o e
G = (0.012)[5.785) " _ 4 o0e105
DB/"/O 1763) “1)8/“( 176
(3) Solving lor the normal depth of {low (oxreupoudmcf to the discharge qQ is

(see nbove)

d_ﬂ’Q = 0.4277D = 0.bey7 (1.91) = 0.817 ¢

1.91

‘L) The percent freevoard is
.817]100

D
[5 - dn,g 100
= = 7.23%

I 1.91

c{1l) When ihe minimum slope is desired the mi-imum velocity is required, i.c., the muxi-
mum flow area. The maximum flow area permissible by the stated criteria corresponds to a depth
of flow equal to 0.44D,  Solving for the minimum elope sq of the flume having o depth of flow

d Ay, d
= 0.4MD, When = = 0.4k, the corresponding value for ——2° — is 0.1853

D sle g 1/

O

(0. ow) I ) = 0.001905
DE’/~3 (0. 1859 (1.9 ( 5% )

() solving Tor the actunl velocity ot flow depth d = O.4LD. When % 0.44, Lhe corre-
sponding value lor de = 0.333.
©o= 0.9%3D7 = 0.53%(1.91)F = 1.p1h rt¥
Q 3. f)é-) )
v e Y 5,118 ft,/e<_
5 gsolving for the rotio v
©,Q
v 5,106 o .
—— = Py = (1005
V(';Q w00
STANDARD DRAWING NO.
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HYDRAULICS: VALUES OF y" AND x'n FOR x AND y>|
AB, CD EF fe de ba
E' 3.20 lee . - 196 }-30
15 T Use only Companion Scales, } 1S4 mi
PR - i.e. Awith a,B with b, Cwitheg, A 198 I
L7 3% 40 Dwith d, E with e and F with f. -r 1561~ zo 4834
o290 . T I 3 =y
2507;; : -+ s 1.37 —E: 136
Foot® L LT 1,065 3 5O0°F a8
coz70d £ (a)or Values of 1.00=x <1.02 and ul L8 =
C oo L T » T a0
E o 2e0 iz %<n< 3 use the approximation - 139 -2 +
E 29,50 L. 150" K= len (xm 1) I o f -
£7_O 2.40—2: 119 —;_ o8 (bYfor Values of 1.00<y <« 1.065and 107 '-:7 141 —g j550
L Lol e =+ 3 <n< 3 use the approximation E a2 2z T
| Raan i 1 | — 117 I o—f
L il + yoi=l+h ()" t) + 143 1 ° +
Fé%%0+ W —+ T £
L I 1- 107 - iy _E :;
- 140 6 T -+ 323 =
- zi0 T F Ea 7o
L T 4 F = I
I N F ES T
L 200413 | E ES ToTpee
- T + 108 7, Enta €
o -+ _ 3 4 .19 148 —- ke
L T g M4 106 T 3 F s —+ 90
- T T is 149 -
C s+ T = Ex E
B T, T BE e e
::4@ ::_ 113 1 i+3 I E a.oti'lo
18 B I W e 5T3 L Tt 26 :;ISO
T 3128 +1.05 “_— L 154 r
1 T34 :; — ‘6 | Q, 109 —F ._E 9,o-ﬁj|40
T et v =T 054 T 584 r Far e
- B %] - =
W, e o 2 T 22 156 Freo
Ea T - 3 T + Fo
- + 4 o = T 158 & 25 1001180
2 = 3 1ea 10— s ':w o
n—£ 60— 1 e 160 —F :::zoo
wo:EZﬁ T =l T Fae 1o—-220
gé . - 2z 1 2 ls 110 1 |24 L6z —:E J-20
201 B 0 ? ¢ T 30 12.0 ]
T 20 . T si3 - 263 I o4 -
E T 1 HiZpw T e -
80 £ 54 50 '-20 - a 3 [~ 125 - 3.8 -
B T T L T 166 = 13.0-
PRI § N g ¥ E
o SR I o e o L wo
T 2a s 4 Example L = T B
] @fnd value of 1.20° T = 503
a7 ] Since the exponent (2) is > 1.0 B 1721 54 1
T use scales associated with x" T +7 6.0
e Tt where x -120 and n=2.0 x=12 4128 A Y E
I 4 may be located on scales Dond - =+ 0
.38 —+— B = 176 = 3
T s+ £ . If location on scale E isused T 136 80 3
: i ] the solution of 1.2° cannot be "* " 183 E
- T fourd on scale e for the solution T 0 £ 7 g
s e e line intersects scale e outside L™ =YY 200
E } ] the limits of this sheet Use T 182 = .
g ljziﬁ + location on scale D and read I P 20
40 4 0 result x"=1.44 on scale d. s T £ 40 97
et + { (b)Find Value of 1447 T E s e B
e 10T T Since the exponent (z)is <1.0 T e 1 24.0
3 — p : ! = -
s & Twe ] use scales associated withyn i S E
=+ .28 —+ 105+ where y=1.44 and & =Jg. xr - wo ]
24 T ] y=1.44 may be found on scale d T aa 12 EM zaoE
AL CTTR and the result, yn =12, .read on s £ 1943 -
e 126 :—_ 1 oo scale D. 1 s 176 E‘t 300
n n
Value of X or y# Value of X" or y
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HYDRAULICS: VALUES OF y" AND x!/n FOR x AND y>I|

B C DE e :—d zac% -b a.:]
ﬁ__ @ T 220 £ 640 T w000 70000 ]
40 1-13.0 I T 7
= T T 660 2400 3
s0-E 2 al . 1- T B
T + Use only companion scales, , T ss0 25001 12,000 o0
E T . . . . el - B0,000 —
E T i.e. Awith a, Bwith b,Cwithe, F__ 2600 E
E e D withd, E with e. T 1 3
- 4 t2.0 240 —+ 720 27001 13.000 3
f 3 p= T 20,000
70 -+ o - T 740 2800 T E
£ T 259 760 I 14,000 =
F =D + 2900 E
s 33 T T 780 3000/_21 100,000
£ 32 183 260 - 800 1 15.000 1
+ I- 1.0 ! — 7]
:E- 2 _:'-' &70 3200 _-:- 16,000 HO.000 —
60— T I i
= 5 173 F B
58 T 280 -+ 17,000 120,000 —
g 3400 1
ot T 18000 000
5a-F %% 16 4 3600 %
+ 3% = E 19,000 .
T Ry 2 E - =
e S L P $ -3 E 2800 T 140,000 -
X ::— -‘ N\ - 4 20,000 ]
5026 | -96 < = iy 150,000
¥ y 42 = 4000+ 1
a5 T o4 -C < 320 -+ E
A T I o s T . 160,000
—woo T toz © £ 4200 7 3
- 46 T 7 - |
= T2 T O zE3 T 263 T+ T 170,000
= T 1 S _r 4400 3
; @ j; + 9.0 é % /% 340 oo _'_— 24,000 IO0.000—:
i_go 42?:_ 23 toas T 45003; 190,000
C € T se .3604% 4800 26.000 200,000 7
- —+- 2z 1 . -1 T
E a0 |3j_—a4 _Fz00 5000 -1 .
s ¥ € E = #899° 220,000
— 80 En dn 5 380 5200 - R
C s -—1— 8.2 4 1 —
' En =+ [ —-{ 54 00— 30,000 0.0
eI T ] 1300 = £40,000 —
N ¥+ 20 4 8.0 G 00— 5600 —
C 36 12— p + o 32,000 ]
S T F ss00 1 260,000 -
' € - 728 T — —
= 2 ES I 1400 I 34,000 ]
_ saf 19 + az0 + 6000 T 260,000 -]
N + 4+ 7.6 L T+ T 3e.000 =
r ssf + 530 E T 300,000
I - = 440 F 1500 -
+ 18 €T Example : T T 3s000 b
i = - 2a . ) — - 320.000 1
L = g (@) Find value of 203, < T “ee 3
C o s T Since the exponent (2) is >10 use #6901 rooo L 40000 10,000 ]
E L2 I ™ scales associated with x". Where x+20 - 'eee T 3
Fsa T and n=$, x=20 may be localed on ago— 1 360.000 3
- 29 + 70 scales C and D. If location an scale I 1700 I 380,000 -
i I €+ D is used, the solution of 203 cannot o 1
- 28 - . 500 T 400,000
F 54 16 01 s be found on scale d, for the solution T 2000 T ]
.o 27 L 4 *° line infersects outside the limits of this 5,o 11800 T oo ]
o T 987~ gheel Use location on scale C and T 199 E
Fs0 26 9666 read result of x"-2950 on scale €. 50T 1900 T 1
- oy I (b) find value of 29503 T T ]
48 ,, - 94 Since the exponent (3) ‘is <1l0use sg0f 2000 000 - 500,000 -]
- . T ¢4 scales associated with yn. Where &+ 1 ]
SR = Ty 20andh=}.y=2950 maybefound seo I sa.000 ]
" T " sot on scale ¢ and read the result yr- & &9° I p
4+ T €2 200n scale C. 6001 lopod .
o #1 aed I geoo T 600,000
a2 T - 620 iE —E 3
C 2+ 86 + 60 2300 b 2
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HYDRAULICS: VALUES OF y" AND xn FOR x AND y<I

AB C fe dec ba
0.05 > - o g
3— 0.56 ; - ) c.a6
T Use only Companion 0.970 1 0.734 .46
I-o0.28 4 . ) o007
0.06 . T Scales, i.e. Awith a, o
T oss—+t T . . 045 I
T, o - y090 0.9 B with b, C withe, D 0969 1 0792 0.70 T
007 I e 3 with d, E withe, F I ¥ oaa 1 %1°
Tosfof o O™ with f. 1 o0.930 B A
0.08 1 oo B 0968 T 569 T
s, T « Fo.ms T T 0.43 == 0.15
-0 06Z g g 0N - (a)For Values of 0.97 < x<I.00 —— 0.528 + 3
- - Fo. -967 1 T
N + T 7o and %4 n <3 use the 1 1-0.68
- 0.36 T+ I . - 0.926 + .14
4 064 ;‘0'82 j[_ 0.962 approximation 0.966 ] 0.84
foss T + x"==1-n(1-x) T 0.92a T o067
012 - F0.839%2 L 506a =+ I
b ooee + (b)for Values of 097<y <[.00 ©%* L T
o4 T N | 3 10922 a
- T T 34N <4y - 1o
e T Tose o7 and 34n <% use the ot - o 6
T 042068 + approximation J-o9e0 +
—_— i~ A_ 1 1 - —
B - 0.968 a5 (- 0963 -1 T
T-0.44 - b h(-y) +o.s18 I 0.65
0.16 T I
- o704 — T T
T - %62 1 T
10407y T 0.82 -+ 0.64
0.8 ~_ % 098 T J T
T e - C
- T 0914 +
T oag0?2 3 T oes
0207 47y -2 0.960 —_ T
0% , C 0.81 1
ozz -{— O™ ) \& o910 T o.62
,: 5 ((\ -+ ;:
LO%s 3 R 0.958 —-0.908 -
0.28 ~{- / + 1 oa 033
j:0540]6 | 0_;;4 c e —— 0.906 0.80 :: v
.26 - / - T 03
Q.77 5] 0.95¢ 1 0-904 T-o.60 i
0.56 20 ’ = -4 -
Q Foaoz T 03l
I om ) = T 050 Foo7
1- 058 9 T o900 o o307+
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032 1 %Fs 21 s £ I OF ¥ e
-+ o981 -’ ‘,2_ 263 0.952 L 078 I 15y T
o Zes 4 I -0 o6 T
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T r 0982 8 T =+ =y
036 T 1 0950 - 1058 0.27 &
T .82 — A o 1
B A 530 T T %
038 — 1 - T J-0.55 0.26
N 083 =~ 920504 ] E le: T -+ -
o066 L 741 0,984 CXAMPIE. R 0948 — T B
040 + T (a)find Value of 0.80 + 0.76 - 0.5¢ 0.25
U e I omse] Since the exponent (2) is >1.0 + B
04z +ooes L 10988 use scales asscciated with x" o946 | = 053 0.24
I £ R where. x-0.80 and n-2. 1 T T 004
o044 L oss093%%07] x-0.80 may be found on scale - 0.88 0.7 .
Lo - oee C,and D. If location on scale D o544 - 0.23
£ I ogro-+ is used the solution of 0.80% + d
046 oy o d £ - ]
0Tl 4 4 cannot be found on scale 4 for 1 o 0.22
Lo 4 i the solution line intersects 0942 L - .
ca8 + o scale ¢ outside the limits of T T oso oz ]
- 0.73087 409 g7a] this sheet N + ]
050 I - 0.788 Use location on scale € and 0940 087 0.73 ]
: read result x"=0.64 on scale c. —+ T 049 0.20 -
o5z | (b)Find Value of 0.647 0938 - 3 b
: lose  Since the exponent(z) is <1.0 + oz T 048 o 3
- - use scales ossocmﬁqd with yn T - .
i Y
054 - & ) L where y=064and 5-z. y=0.64 093 T 047 1
B + o B
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HYDRAULICS: DISCHARGE OF CIRCULAR PIPE FLOWING FULL
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5.5-5

Since Q = av, equation (5.5-14) may be converted to the following
formula for discharge in any conduit:

Q = 1.318 a ¢ r©-63 g0.-54 (5.5-15)

Substitution of a and r in terms of inside diameter of pipe in inches in
equation (5.5-15) gives the following general formula for discharge in
circvlar pipes:

Q/C = 0.0006273 4,283 §°-34 (5.5-16)

Graphical solutions of equation (5.5-16) for standasrd pipe ranging from
1 to 12 inches in diameter and a wide range in slope may be made by
drawing ES-40. The 0.6% and 0.54 powers of numbers for use in the gbove
forms of Hazen-Williams formula may be computed by drawing ES-37.

Values of C for different types of pipe are given in table 5.5-2.

TABLE 5.5-2. VALUES OF HAZEN-WILLIAMS C

Description of Pipe C
1. Very smooth pipe; straight aligmment - - ~ - - = = = « - - - 140
2. Very smooth pipe; slight curvature - - - ~ = = ~ = - - - - - 130
%. Cast iron, uncozted - new - - - - - - - .- e e m = - - - - 130
5 years 0ld - = = = = = ~ = = = - & - 120
10 years 0ld =« - - = = = =~ = = - ~ ~ = 110
15 years 0ld - - = = = = = = =« = = - =~ 100
20 years Old = = = ~ = = =~ = = ~ = = 90
30 years 0ld - = - = = = = « = ~ = - = 80
coanted - all ages - = - = = = = - = = = = « = = 130
4. Steel pipe, welded, NeWw - - - = = = = = = = = = = = ~ = = = 130
(Seme deterioration with age as cast iron, uncoated)
For permatent installation use - - = = = = = = = -~ = = - =~ - 100

5. Wrought iron or standard galvanized steel - diam. 12 in. up 110
4 to 12 in. 100
4 in. down 80

6. Brass or lead, NEW = - = = = = = = = = = = = = = = = « = = = 140
7. Concrete, very smooth, excellent Joints - - - - - - - - - - 1ko

smooth, good Joints - = = - = - - - = =« - - - 120

TOUgGh = = = = = = = = = = = = = & = - = = = =~ 110
8., Vitrified = - = = = = =@ = = = = = @ 0 = & = 2@ . —m - - = - 110
9. Smooth wooden or wood stave - - - = = = - = - = « - - - -~ - 120
10. Asbestos, cement - - = = = - = =~ = = = 4 - - = - = &~ 4 - - 140
11. Corrugated plpe. - = = = = = = = = = = = = = - & = & & - - - 60

Note: Pipes of small diameter, old age, and very rough inside
surface, may give values as low as C = 40




5.5-6

5.4 Other Losses. In addition to the friction head losses there are
other losses of energy which occur as the result of turbulence created by

changes in velocity and direction of flow. To facilitate their inclusion
in Bernoulli's energy equation, such losses are commonly expressed in
terms of the mean velocity head at some specific cross section of the pipe.

These losses are sometimes called minor losses which may be a serious
misnomer. 1In long pipe lines, the entrance loss, bend losses, etc., may
be a relatively insignificant part of the total loss and in such cases can
be ignored without introducing significant error. Such 1s not the case
in many structures such as culverts, drop inlets, and siphons which are
relatively short. Safe design practice requires an estimate of such losses.
In case the estimate indicates that minor losses amount to 5 percent or
more of the total head loss, they should be carefully evaluated and in-
cluded in the flow calculations.

As veloclties Increase, careful determination of such minor losses
becomes increasingly important; with a mean velocity of 30 feet per second,
the neglect of an entrance loss of 0.5 v2/2g results in an error in head
loss of 7 feet, whereas if the mean velocity is 3 feet per second, neglect
of such an entrance loss results in an error of only 0.07 feet.

Data on minor losses most commonly required are contained in the fol-
lowing subsections.

5.4.1 Entrance Loss. Loss of head at the entrance of a pipe
results from turbulence caused by the contraction of the flow cross sec-
tion. It is expressed by the following equation:

V2
Hy = Xq 2 (5.5-17)
in which
Hy = head loss at the entrance in ft.
Ko = a coefficient dependent on the type of inlet.
v = veloeity in pipe in fps.
g = acceleration of gravity iIn ft. per sec.?

Values of K, are given in the following table:

Type of Tnlet Value of K,
Inward projecting 0.78
Sharp cornered 0.50

Bell mouth 0.04
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5.5-7

5.4.2 Enlargement Loss. Loss of head due to enlargement of
the pipe section may be computed by:

o = Ko YA (5.5-18)
g

head loss due to enlargement in ft.

a coefficient depending on the degree of
enlargement of the pipe section.

mean velocity in the smaller pipe in fps.

Hp
Kz

Vi

i

Values of Ko for sudden enlargement may be taken from fig. 5.5-2.
If values corresponding more closely to given velocities are required,
refer to King's Handbook, table 73, p. 231. When losses due to gradual
enlargement are to be estimated, refer to King's Handbook, table Tk,
p. 231, for values of Kp for conical enlargements.

1.0

v, = BIFE/SEE:
09 —

/’,/”
08 y
. —
N /-

vlzsoff/.sec'

’ 4
: /

N 1/
> /
v 05
V
N
2 /

0.3 V

oz

o/ /‘

(o]0

/ 2 3 d 5 7 7 8 9 /O

Vaolves of 05‘/04 or V%/,,
Tp NG a, = dramerer aond orea of /orger p/ipe
o, ond o, =adromerter anad arec of smaoller prpe

1.0SS COEFFICIENT FOR SUDDEN ENLARGEMENT
FIiG. 5.5-2



5.5-8

5.4.3 Contraction Loss. Loss of head due to sudden contraction
of the pipe section may be computed by:

2
v
Hs = Ko 5a— (5.5-19)
Hz = head loss due to sudden contraction in ft.
Ks = a coefficient depending on the degree of reduction
in the pipe section.
vy = mean velocity in the smaller pipe in fps.

Values of Kz may be taken from fig. 5.5-3. 1Inspection of that figure
will show that Ks varies primarily with the ratio of the larger to the
smaller diameter and secondarily with velocity in the smaller pipe. When
it is desired to use values of Kz corresponding more closely to given ve-
locities than may be interpolated from fig. 5.5-3, they may be obtained
from King's Handbook, table 76, p. 232. Where one or both pipes have
other than a round section, convert cross-sectional area to equivalent di-
ameter to determine the ratio of the larger to the smaller diameter; or
use the square root of the ratio of the larger area to the smaller area.

0.6

Q
Oy
N
(V]
\
b

””,,,_—-——
0.4 P
. / VI=3Of,DS
1T |

Q
W

Vo/ves of K3

o P
~ N
\

O’O

/ 2 3 74 5 7] 7
Volues of 92/ or V%/0,

@ ond a, = diomeler ond area of /arger p/ipe

8 9 /0

Q, ond a, =diometer and area of smoller pipe

1,0SS COEFFICIENT FOR SUDDEN CONTRACTION
FIG. 5.5-3



5.5-9

5.,4.4 Obstruction Loss. Loss of head due to obstruction may
be computed by:

He = Ko %g (5.5-20)

head loss due to obstruction.
a coefficient.
mean velocity in pipe.

S

In practice the most common types of obstructions for which head
losses must be determined are valves. Generally reliable velues of K4
for any type of obstruction may be taken from fig. 5.5-4. However,
careful Jjudgment should be exercised in selecting K4 in many cases.
Where it is important that reliable determinations of head losses for
valves be made, K4 should be taken from sources of data relating to
the specific type or types of valves under consideration.
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5.4.5 Bend Loss. Loss of head due to bends may be computed by:

Hs = Ks Zz—g (5.5-21)

head loss due to bend.
a coefficient.
mean veloclity.

Hs
Ks
v

nn 8

Head loss in a pipe bend it taken as the loss in excebs of the fric-
tion head. That is, the total loss in a bend is the friction head loss in
an equal length of straight pipe plus the head loss due to the bend. The
head loss due to the bend is computed separately.

values of Ks for 90-degree, curved bends that will be safe for most
cases in Service work may be taken from fig. 5.5-5.
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FIG. 5.5-5
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Ks for 90-degree square elbows, sometimes called miter bends, where there
is no rounding of the corners of the intersecting conduits at either out-
slde or inside of the bend should be teken as 1.25 to 1.50. In cases of

bends where the deflection is less than 90 degrees, determine Ks as
follows:

- ; z
Ks (for bend < 900) - [{__(90 deflect;gn in degrees ):] Ks for 900 bend

It is impractical to reproduce here even a limited number of the many
tables, diagrams, and charts avallable in trade literature that give losses
for standard pipe fittings, varicus types of valves, etc.
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5.5 Analysis of Pipe Flow Problems. The basic equations for analy-
zing pipe flow are the energy equation which expresses Bernoulli's theo-
rem and the continuity equation. Figure 5.5-6 shows the energy gradient
end hydraulic gradient for a pipe of uniform section discharging from a
reservoir.

Ho
W.S. t
-
™
NN
N
T Y
)
cdotfum 1N
———

The energy equation is:

¥z, R .
o + Tt Hy + 2 = g + Hy + Hy

and the friction head,
Hy = (K, or K;) L %Z (5.5-6)

When Hy, d or 43, and I, are given and Q is required, v is computed by
formula (5.5-6) and Q is computed by Q = av. When H;, L and Q are given
and d is requil.ed, the solution is usually made by trial and error since
various types of pipe are availlable only 1n certaln standard sizes. Se-
lect a trial size pipe and compute v = Q + a; compute H; and compare with
the permissible H;; repeat trials until a standard size is found which
will give the required discharge with a loss of head equal to or less than
the permissible H;.

For the complete solution of general problems of pipe flow, Bernoulli's
theorem requires that the total head, H, be represented by velocity head
plus all losses. In the simple case illustrated by figure 5.5-6,

H = T + Hy + Hy

In the general case,

H = EE + Hy + all other losses.

Methods of evaluating other losses are given in subsection 5.k4.
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5.5.1 Examples in Pipe Flow.

EXAMPLE 1

Given: A culvert at which the road grade is to be raised and widened

and the culvert lengthened. The conditions are shown by the
sketch below.

o Elev.=634.0

HW Elev. =320 4@

T.W £lev 623.,4/-,

6/8.35 ,@/8.32 [ 6/8.05 _
N\\g8'ciom cor. I P. ,74 xq%ec culv. jg 48"cdiam. cor I.P
L, = 3277 Lp=26f L3 =32 Fr.
6/8.0=catum ~
a,=/2.57 f1? a,= /6.00 1 2 ay=0,= /2.57
n= 0025 r1g= Q0I5 ng=r7,= 0.025
v,= U, v2=%2=5;: v, V3=V, = Vo

@ ® O,

To determine: The discharge capacity of the lengthened culvert.
Solution:

The energy equation between section 6, which is horizontal and
coincident with the upstream water surface, and section 10 is:

2 2 2 2
Vs De _ Vic Pio Vi Vi
or + ot Ze g T4 Zio 4+ Ko7 oy + Kp7-8 L1 g

v 2 V22 V32 v 2
+ Kosg _LEg + Keog-g Le T + Kag e + Kpg-10 Ia —ng

Each term of this eguation is explained and evaluated or reduced to its
simplest form in order:

ve® + 2g; the velocity head at section 6, which by inspection is zero.
Ps + w; the pressure head at section 6, which at the water surface is zero.
zs; the elevation heasd at section 6 or the vertical distance from the as-

sumed datum to the point of measurement of pressure head (see fig. 5.3-1),
in this case 632.00 — 618.00 = 14.00 ft.
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Vit + 2g; the velocity head at section 10, see data on sketch. Since
8g = a3 and vip = vg = vi1,-this head may be expressed as v12 + 2g.

Pio + w; the pressure head at section 10, the elevation of tailwater minus
the elevation of the centerline of the pipe, 623.40 — 620.00 = 3.40 ft.

Z10; the elevation head at section 10, the elevation of the centerline of
the pipe minus the datum elevation, 620.00 — 618.00 = 2.00 ft.

Ko7(vi® + 2g); the entrance loss at section 7. In this case the inlet is
between inward projecting and sharp cornered with contraction suppressed
around the part of the circumference near the bottom of the inlet and, as
chosen by Jjudgment from subsection 5.4.1, K, = 0.65.

K§7—a L, (v12 + 2g); the friction head loss in the corrugated pipe between
sections 7 and 8. From table 5.&—1, n = 0.025 for corrugated pipe and from
drawing ES-42, Kp = 0.0182 and a; = 12.57 £t% for d; = 48 in. and n = 0.025.
Koe(v2® + 2g); the head loss due to sudden enlargement at section 8. From
the sketch as = 16.00 ft2 and a; = 12.57 £t2, then (ap + &,)°%:5= 1.27°-5 =
1.13 and from figure 5.5-2, Ko = 0.05. Note that Ko is expressed in terms
of the velocity head in the smaller pipe.

KCB_9 Lg(v22 + 2g); the friction head loss in the concrete culvert between
sections 8 and 9. From drawing ES-42, K, = 0.00656 for Lxh conduit with
n = 0.015. 1In order to have only cne unknown in the equation, vo is ex-
pressed in terms of v;. Since Q = a;vy = apve; vz = vi(a; + 8s) and vo° =

vi%(a; + 82)% = v12(12.57 + 16)% = 0.615 v,=.

Kag(vs® + 2g); the head loss due to sudden contraction at section 9 ex-
pressed in terms of velocity head in the smaller pipe. See subsection
5.4.% and figure 5.5-3. The value of (a, + a,)°> at section 9 is the
same as at section 8 and is equal to 1.13. From figure 5.5-3, Ks = 0.0k,
Since ag = a3, v = V3.

Kps-10 Ig(vs® + 2g); the friction head loss in the corrugated pipe between
sections 9 and 10. This loss is equal to and is computed in the same way
as KP?-B L1(v1% + 2g). Note that Ig = Ly and vg = V1.

The equation, with the terms evaluated, is:

v2 V2 v2
0+ 0+ 14.00 = 5;— + 3.40 + 2.00 + 0.65 5?— + (0.0182 x 22) 5;—

+

0.05 B2 | (0.00656 x 26 x 0.615) n® L o.on Y2
<05 72 . . pg + 004 55

-+

2
yi-
(0.0182 x 32) o
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2
8.60 = %é— (1 + 0.65 + 0.58 + 0.05 + 0.10 + 0.04 + 0.58)

> 2g x 8.60 6h.h x 8.60
io=T3 - 3

v, = ,/1@5 = 13.6 fps
Q = ajvy = 12.57 x 13.6 = 171 cfs.

= 185
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EXAMPLE 2

Given: A galvanized pipe line discharging from a reservoir as shown by
the sketch below. The pipe is required to deliver 15 gpm when both
valves are full open.

Elev /100.OO0

To determine: The size of standard pipe required to deliver a minimum of

15 gpm when valve 1 and valve 2 are full open.

Solution:

1.

2.

3
: . gal 1 min 1l ft
Converting 15 gpm to cfs: 15 x min X 20 sea b 4 T8 gal

= 0.033% cfs.

By Bernoulli's theorem: the total head is equal to velocity head
plus all head losses:

H:f_g+Ho+H41+H42+Hl

Hy; the entrance loss. The inlet 1s inward projecting; therefore,
from subsection 5.%.1, K, = 0.78 and Hy = 0.78(v% + 2g).

Hy; end Hyp; the losses due to cobstruction at valves. See sub-
section 5.4.4., When valves are full open (a + aj) = 1.0, and from
figure 5.5-4, K4 = 0.1. Hyy + Heo = 0.2 (V7 + 2g).

Hy; the friction loss. From table 5.4-1, n = 0.015. By equations
(5.5-4) and (5.5-6),
_ 5087 n*

" = KL o K, vz
dy

P 2g
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In this case,

00 x 2087 x (0.015)% « vv 700 x 1.14 < v 800 x v

a.4/8 g q.4/e cg 3 4/s 28
i 1 1

Hy =7

5. Placing the evaluated terms iIn the energy equation:

29.00 = L 4 0.78 ¥ op0 &, 80 ¥
°g 2g 28 4.4/8 <8
. 1
22.00 = v 1.98 + 800
2g di4/3

4, Sclving for d; by trial using the continuity equation to compute
v for the assumed pilpe sizes when Q = 0.0%3% cfs glves the smallest
standard pipe that will deliver 0.033 cfs.

(e}

.0%

N

-~ . - 2, — Q — —
Try d3 = 2 in; & = 0.023 ft%; v =2= 0055 = 1.4h4 fps
1’4 . 4/3 _ 800 _
5 = 0.0%32; 2 = 2.52; 555 = 317

0.032(1.98 + 317) = 10.2 ft.

Try &y = 1-1/2 in; a = 0.01% £t2; v = 0.035 _ 2.36 fps
1 0.01%
v . a/s . 8oo
55 = 0-087; 1.5 /3 = 1.72; T = 465

0.087(1.98 + h65) = 40.7 ft.

2-inch pipe must be used since a total head of 40.7 ft would be
required to produce @ = 0,035 cfs through the 1—1/2 inch pipe.

Discharge for the 2-inch pipe under a head of 22.00 ft is:

£22.00 = %Z (1.98 + 317) = %Z (%18.98)

64 .4 x 22.00
=/ = 2.10 ¢
318.98 L

av = 0.023 x 2.10 = 0.048 cfs.

Q

Alternate solution:

1. In step 3 of the above solution it is shown that entrance loss plus
obstruction loss at the valves amounts to only (0.78 + 0.20)(v® + 2g)
while friction loss is (800 + d14/3)(v2 + 2g); therefore, losses
other than friction are negligible. The slope of the hydraulic gra-
dlent may be teken as s = 22.00 + 700 = 0,031k = 3.1 x 10 2.
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2. From table 5.5-2, C for small sizes of galvanized p}ge is found to
be 80, then Q + C = 0.033 + 80 = 0.00041 = 4,1 x 10 %.

3, On drawing ES-40O the point where s = 3.1 x 102 and Q + C =
4.1 x 10™* falls between the lines for dy = 2 in. and dy = 1.5 in.
The larger size, i.e., 2-inch, standard pipe is required.





