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g I ! E A g ! I g  I E E T E
C O N C B E T E  C U I V E R T  P9 T I P E S

I" TNTNODUCT]ON

Included in an experlrnental program eondueted at the St" Anthony
Falls Hydraulic taboratory of the University of Minnesota on full-scale eu}-

verts was a series of tests on conerete pipes up to 3 ft in diameter. The

priraary purpose of these tests was to obtain pipe friction:and entranee loss

coefficients which would be more aceurate and dependable than those curuently

recommended in culvert design literature" The studies were begun in 19h6"
This paper is eonfined to a diseussion of the concrete eulvert test program

and the results of the studies"

The test series included three conerete culvert pipes, 18 inches, 2lr

inches, and 16 inches in dianeter, respectively" Eaeh pipe was 193 ft long and

laid on a slope of 0"20 per eent, except that the 2!*in, pipe was on a slope- of

A"22b per cent" ?he pipes testedwere aII nanufactured by the east*and-vi-brated
proeess" Detai ls of the pipe seetions are shown on page 22,

Frietion and entranee loss coefficients were established for the

eulverts under the usual conditi-ons of field operation. }lith this objeetive

in view, eaeh pipe was tested for the following condltionsa

(a) Ful1 flow with submerged inlet and outl-et"
(b) Fart-ful} flow at unifonn depth"

The lB-in. and l6-i-n, dianeter pipes were tested for eaeh of the two types of
flow uith trro different entranee conditi-ons; narnely, (a) pi-pe projecting 2 ft

into the headwater pool, (b) pipe entranee flush wj-th the headwa}l. The 2]r-i-n.
pi-pe was tested u'ith the projecting entrance only"

11" NESUME OF EXPERIMENTAT PROGRAM

A. Full:Flow Tests

fn pipe hydraulie design, the Manning fonmula is of most frequent

use" fn this formula.

The Manning roughness coefficient rf is a me&sure of the influenee of wall
roughness in causing head losses" the prirnary obJeetive of the tests described

in thj-s report was to deterrnine the Manning eoefficient for typical new eonerete

culvert pipe" The results of these tests are sumnarized in Table I.

. - !"1*86 ooz/3 "t/z4 = - l | n

*Al-1 
symbols are definecl in the Glossary on page 21.

H Y D R A U LIe T EST S 

o NCO NCR E TEe U L V E R T PIP E S 

L INTRODUCTION 

Included in an experimental program conducted at the St. Anthony 

Falls Hydraulic Laboratory of the University of Minnesota on full-scale cul

verts was a series of tests on concrete pipes up to 3 ft in diameter. The 

primary purpose of these tests was to obtain pipe friction- and entrance loss 

coefficients which would be more accurate and dependable than those currently 

r ecommended in culvert design li terature o The studies were begun in 1946. 

This paper is confined to a discussion of the concrete culvert test program 

and. the results of the studies 0 

The test series included three concrete culvert pipes, 18 inches, 24 

inches, and 36 inches in diameter, respectively. Each pipe was 193 ft long and 

laid on a slope of 0.20 per cent, except that the 24-in . pipe was on a slope, of 

0.224 per cent. The pipes tested were all manufactured by the cast-and-vibrated 

process. Details of the pipe sections are shown on page 22. 

Friction and entrance loss coefficients were established for the 

culverts under the usual conditions of field operation. With this objective 

in view, each pipe was tested for the fol l owing conditionsg 

(a) Full flow with submerged inlet and outlet. 

(b) Part-full flow at uniform deptho 

The 18-in. and 36-in. diameter pipes were tested for each -of the two types of 

flow with two different entrance conditions, namely, (a) pipe projecting 2 ft 

into the headwater pool, (b) pipe entrance flush with the headwalL The 24-in. 

pipe was tested with the projecting entrance onlyo 

II. RESUME OF EXPERIMENTAL PROGRAM 

Ao Full- Flow Tests 

In pipe hydraulic design, the Manning formula is of most frequent 

use. In this formula, 

(1) 

The Manning roughness coefficient n* is a measure of the influence of wall 

roughness in causing head losses 0 The primary objective of the tests described 

in this report was to determine the Manning coefficient for typical new concrete 

culvert pipe. The results of these tests are summarized in Table I. 

*All symbols are defined in the Glossary on page 21. 



TABLE I

MANNING COEFflICIENTS FON FULL FIOW

Pipe
Diameter

N o "  o f
Tests

ftange of Values for Coefficient n

Maximum Minimrn Average

I } (

il4

zA

1n

i r
I ' I

in

L2

9
11

0.0108

0.010h

0.0108

0.0091

0.0093

0.0103

0.ao97
0,0100

0.0106

32 0.0108 0.0091 0.0101

A more detai-led study of the data reveals a slight, but systenatic,

decrease in n for inereaslng discharge and. temperature, that is, for i-ncreasing

Relmolds numbers. It is believed, therefore, that a value as low as 0.0100

can be recomended for n for nev{ conerete eulvert pipe of the tlpe tested,

although a more aceurate design analysls would take into account the sma1l

variation of n with water temperature and velocity.

Coefficients of entrance loss 'were also conputed for eaeh run for

application in the entranee head loss fornula,

,2t " = o " f o  ( 2 )

These coeffieients are summarized in Tabte II"

TABTE EI

ENTRANCE IOSS COEFFICIENTS FOR FIILT FLO}II

Pi np- " | ' "
liarneter

Hange in Ku for Projectlng fntet Range in K" for Flush Inlet

No,  o f
Tests Maximum Minimum Average

No"  o f
Tests Maxinum Minimrn Average

18 in"

2L in.

16 in"

L

6

0"12

0 ,19

0 . 2 1

0" 0g

0 " 0 7

v " L l

0 . 1 0

0.  11

0"16

'7
I

-

0 . 1 3

0" 12

a.o5

0.05

0"08

0 " 1 0

1B 0 . 2 1 0 . 0 7 0 , 1 2 L2 t t  |  < U.  U ) o "og
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TABLE I 

MANNING COEFFICIENTS FOR FULL FLOW 

Pipe No. of Range of Values for Coefficient £ 

Diameter Tests Maximum Minimum Average 

18 in. 12 0.0108 0.0091 0 . 0097 

24 in. 9 0.0104 0.0093 0.0100 

36 in. 11 0.0108 0.0103 0 ~ 0106 

32 0.0108 0 . 0091 0.0101 

A more detailed study of the data reveals a slight , but systematic, 

decrease in ~ for increasing discharge and temperature, that i s, for increasing 

Reynolds numbers. It is believed, therefore, that a value as low as 0. 0100 

can be recommended for !! for new concrete culvert pi pe of the type tested, 

al though a more accurate design analysis would take into account the small 

variation of n with water temperature and velocity. 

Coefficients of entrance loss were al so computed for each run for 

application in the entrance head loss formula, 

H 
e 

V2 
K -

e 2g 

These coefficients are summarized in Table II. 

TABLE II 

ENTRANCE LOSS COEFFICIENTS FOR FULL FLOW 

Range in K for Proje cting Inlet Range in K 
Pi pe e e 

Diameter No . of No. of 
Tests Maximum Minimum Average Tests Maximum 

18 in . 4 0.12 0.09 0.10 7 0.13 

24 in. 8 0 . 19 0.07 0 .11 - -
36 in . 6 0 . 21 0.12 0.16 5 0 .12 

18 0.21 0. 07 0 . 12 12 0.13 

(2 ) 

for Flush Inlet 

Minimum Average 

0 . 05 0.08 

- -
0 . 05 0.10 

0 . 05 0.09 
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The foregoing entrance loss eoefficients apply for a culvert entrance

eonsisting rnerely of the groove end of a normal length of concrete pipe with

tongu.e-and-groove jointsl which is the custouary orientation of concrete pipe

eulverts. The losses are very srnall, and the range in coeffieients obtained

is attributable rnostly to randon experirnental variation" The recoranended

entrance eoeff ic ient for pipe project ing into a headwater pool is 0,1!,  and

the reeomn'ended entrance coeffleient for a flush headwall inlet is 0"10.

B. Part-Fu]-l Flow Tests

Roughness and entrance loss coefficients were also obtained for two

of the pipes flowiag partly full at various uni-fona depths" It was not possible

to do this for the 36-in" pipe beeause the slope of the pipe was so near the
tfcri-tical slopen for the pipe that critical f1ow, with attendant water surfaee

waviness and instability, was always established near the entranee and through

most of the barrel, naking a uniform depth determination neaningless.

However, the other tn'o pipes afforded adequate data for design for

this type of flow" the Maru:ing roughness eoeffieients obtained are indicated

in Table 1TI"

TABI,E III

MANNTNG COEFFICIEN?S FOR UNIFORM TRANQUTL FLOW TN FIPE

Pipe
Diameter

No,  o f
Tests

Range of Values for Coefficieni n

Maxirnurn Mi-nimui:n Average

t a 1

/ ' r l

J-t, 0.0110

0"0108

0.0102

0 " 0lo2

0"0107

U.  UIULI

0" 0lI0 0.0r"02 0"0106

The variation in the above data is mostly random experimental varia-

iicn" The average value of nn'as 0"01O6; the maximun value obiained in the tests

was 0.0110. The latter Inay be recommended as a conservative value for n for gen-

eral use vrith part*full flow in new concrete pipes of the kind tested. It should

be noted that these values apply only to uniforrn flow at tranqui-l (subcritical)

veloeit ies, However,  in lnost cases of culvert  design, i f  supercr i t ical  f low

exi-sts, the design wil} be dependent upon inlet geometry rather than barrel

3 

The foregoing entrance loss coeffi cients apply for a culvert entrance 

consisting merely of the groove end of a normal length of concrete pipe with 

tongue-and-groove joints, whi ch i s the customary orientation of concrete pipe 

culverts . The losses are very small, and the range in coeffirients obtained 

is attributable mostly to random experimental variation. The recommended 

entrance coefficient for pipe projecting into a headwater pool is 0 .15, and 

the recommended entrance coeffi~ient for a flush headwall inlet is 0.10. 

B. Part- Full Flow Tests 

Roughness and entrance loss coefficients were also obtained for two 

of the pipes flowing partly full at various uniform depths . It was not 'possible 

to do this for the 36-in. pipe because the slope of the pipe was so near the 

"critical slope" for the pipe that critical flow, with attendant water surface 

wavi ness and instabili ty, was always established near the entrance an?- through 

most of the barrel, making a uniform depth determination meaningless. 

However, the other two pipes afforded adequate data for design for 

this type of flow. The Manning roughness coefficients obtained are indica ted 

in Table III. 

TABLE III 

1~NNING COEFFICIENTS FOR UNIFORM TRANQUIL FLOW IN PIPE 

Pipe No . of 
Range of Values for Coefficient n -

Diameter Tests Maximum Minimum Average 

18 in. 10 0 . 0110 0 . 0102 0.0107 

24 in. 6 0 . 0108 0 . 0102 0.0104 

16 0.0110 0 . 0102 0 . 0106 

The variation in the above data is mostly random experimental varia

t ion. The average value of g was 0.0106; the maximum value obtained in the tests 

wa s 0 . 011.0. The latter may be recommended as a conservative value for g for gen

eral use wi t h part- full flow in new concrete pi pes of the kind tested. It should 

be no t ed that these values apply only to uniform flow at tranquil (subcritical) 

veloci ties . However , in most cases of culvert design , if supercritical flow 

exis ts , the design will be dependent upon inl et geometry rather than barrel 
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fricticn, so that roughness coefficients for supercriticai- florn would be rrn-

neCeSgaIXf"

Entranee loss coefficients for the uniforn tranquil fiow condition

are given in Table fV"

T;iBi,E IV

EIITRAI{CE LOSS CffiFFICIEUTS FOR iI\lIFCll},I ?RA}lQUit Ft$ltr i$ PIpg

The sare values of K* as for full f1oir, 0"15 and 0"10, are recon-

mended for partdulL tranqril fIow, for prajecting and flush inlets, respec-

tively"

iii" EtrERll,ffilft$, lmTggDS " .;,

All three pipes were tested j.n the main testing ehanneL of the St"

Anthorqr FalLs ilydraullc Laboratory" This ehannel is about J00 ft long overal1,

9 ftw:ide, and 6 ft aeep. At the upstream endof the channelis an electrica$r
operated sluice gatee n&ich eontrols the amo'rnt of water enterlng the channel.
Above the el-'L1-ee gete is a pressure tunnel leaCing to the headwater pool on
the Mlssj.ssippi Ri'rer above $i" Anthony Fa1lr" The entranee from the pool to

the tunnel is controLled W an e1ectri"ca3.1y operated weir gate.

For large discharges, the combinaf,ion eontrcl afford.ed by the sluiee
gate and weir gate made possibi-e the acru.i'ate naintenance of eonstant flowso
For snall dischargesr flows were contrcl-l.eC by a val-ve in an auxiliarXr B-in.
pipe leading lnto the test channel, through shieh sna11 rates of flow cou1d.

be supplied withcut use of the pressure L"u.nnei ancl sluiee gate"

fiaeh pipe was instailed in 1,he i:entral region of the test channel"

with upstream and dswnstrean bulkheads tc fonn heacfurater and tailwater poo1s,

Fipe
li-emeter

Range fu K" for Projecting Inlet Bange in K; for Flush Ini-et

TJo " of
Tests trfaxirnumMlninin:m Average

So" of
Tests :i[axi-euxn t{inifirn Averagr

IO l-ri"

z4 r_n"

no

5
0"20

0 , 2 3

0"13
n n a

0"16
n n n

2 0"15 U "IJO 0"10

i l
l.4 v " . t n ?,') 0,72 0"15 0"06 0"10
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f riction, so that roughness coefficients for supercritical flow would be un

necessary . 

Entrance loss coefficients for the uniform tranquil flow condition 

are given in Table IV" 

Pipe 
'Diameter 

18 in" 

24 in . 

TABLE IV 

ENTRA!'lfCE LOSS COEFFICIENTS FOR UNIFORM TRANQUIL FLOVI IN PIPE 

Range in Ke for Projecting Inlet Range in Ke for Flush Inlet 

No . of No. of 
Tests Maximum Minimum Average Tests Maximum Mini1f1u.m AveragE 

8 0020 Oe13 0.16 2 0.15 0.06 0010 

6 0023 0 .. 02 0.08 - - - -~ 

14 0 02) 00C2 0.12 2 0015 0 ,, 06 () 1r. _ o ... v 

The same values of K as for full flow, 0 .. 15 and 0.10, are recom
e 

mended for part-full tranquil flow, for projecting and flush inlets , respec-

tivelyo 

I II., EXPERn.rn:NTAL i,~ 'l'HODS ... 
I 

All three pipes were tested in the main testing channel of the St. 

Antho!1.y Falls Hydraulic Laboratory" This cha.'1nel is about 300 ft long overall, 

9 ft wide, and 6 ft deepo At the upstream end of the channel is an electrically 

operated sluice gate, 'which controls the amo"J.nt of W'ater entering the channel .. 

Above the shhce gate is a pressure t unnel l eading to the headwater pool on 

the Mississippi River above St .. Anthony f alls" Th3 entrance from the pool to 

the t"t.lnnel is controlled by an electrically operated weir gateo 

:£i'or large discharges, the combination control afforded by the sluir.e 

gate and weir gate made pos sible the ac cu.rate maintenance of constant flows. 

For small discharges, flows were control l ed by a v'3.lve in an auxiliary 8-in. 

pipe leading i.nto t he test channel, through which small rates of flow could 

be supplied without use of the pressure tunnel and sluice gate. 

Each pipe was installed in t he cent r al region of the test channel~ 

wi th upstream and downstream bulkheads tc form headwater and tailwater pools, 
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respectively. the upstrean bulkheadras located approximately 56 ft from ttre

sluice gate, with the pi-pe projecting back into the headwater pool to form a

re-entrant inlet. the pipe seetions were always laid with the groove end

upstrearn so that the entrance functioned as a partly rounded inlet,

Figure 1 shows the l8-in. pipe as laid in the channel, the tulkhead

being a bolted steel frame supporting aluninun plates and a center plprood

panel.

A false bulkhead of wooden con$truction was fitted over ttre pipe

entrance lip when it was desired to simulate a flush headrvall entrance. 'IhiE

false bulkhead is shoryn in place on the 36-in. pipe In Fig. 2.

Ihe downstream bulkhead was sirilar to the nnaln upstrean bul}*read.

It was set approximately 25 ft frorn the tailgate, leaving about 17 ft of pipe

proJecting into the taihvater pool. The elevation of the tailwater pool was

controlled by the eleetrieally operated tailgate over which the water flowed

into a ehannel leading to t'he outside volunetric measuring tanks.

A side-wall diversion gate in the tailwater pool could be opened,

pernitting flow lnto the Laboratory's inside weighing tanks. When thls was

done, the tailgate was raised. above the tailwater elevatj.on, and the latter

was controlled by vertical stop logs in the diversion gate.

Discharge measurements were usually made in the large volumetric

tanks. The tests on the part-full flou condition in the l-B-in. pipe were nade

during freezing weather, which was too cold for operation of these outside

tanks. therefore, the discharges, utrich uere smaIl, were determined b5r neans

of the weighing tanks. These flors were admitted through the auxiliary lnlet

pipe in which an elbor meter had been installed and calibrated" Discharge

readings fron the elbow meter very elosely agreed with the values obtained

fron reiglring-tank neasurenents.

Pressure readi-ngs in the pipe rvere obtajned by means of flush pie-

zoneter openings located at intenrals along the botton centerline of the pipe.

For the 2l*- in. piper these piezoneter taps rvere instal led at 31 33,63,93,
L23, L53, and 183 ft downstream fronthe in1et. For ttre other two pipes, the

tapsrere located al 3t g, t5, 27, b5, 75, ];o5, L36r 156, IBh, andlg0ft fron

the inlet.

5 

respectively. The upstream bulkhead was located approximately 56 ft from the 

sluice gate, with the pipe projecting back into the headwater pool to form a 

re-entrant inlet. The pipe sections were always laid with the groove end 

upstream so that the entrance func'j:.ioned as a partly rou.nded inlet. 

Figure 1 shows the 18-in. pipe as laid in the channel, the bulkhead 

being a bolted steel frame supporting aluminum plates and a center plywood 

panel. 

A false bulkhead of wooden construction was fitted over the pipe 

entrance lip when it was desired to simulate a flush headwall entrance. This 

false bulkhead is shown in place on the 36-in. pipe in Fig. 2. . 

The downstream bulkhead was similar to the main upstream bulkhead. 

It was set approximately 25 ft from the tailgate, leaving about 11 ft of pipe 

projecting into the tailwater pool. The elevation of the tailwater pool was 

controlled by the electrically operated tailgate over which the water flowed 

into a channel leading to the outside volumetric measuring tanks. 

A side-wall diversion gate in the tailwa ter pool could be opened, 

permitting flow into the Laboratory's inside weighing tanks. When this was 

done, the tailgate was raised above the tailwater elevation, and the latter 

was controlled by vertical step logs in the diversion g~te. 

Discharge measurements were usually made in the large volumetric 

tanks. The tests on the part-full flow condition in the l8-in. pipe were made 

during freezing weather, which was too cold for operation of these outside 

tanks. Therefore, the discharges, which were small, were determined by means 

of the weighing tanks. These flows were admitted through the auxiliary inlet 

pipe in which an elbow meter had been installed and calibrated. Discharge 

readings from the elbow meter very closely agreed with the values obtained 

from weighing-tank measurements. 

Pressure readings in the pipe were obtained by means of flush pie

zomet er openings located at intervals along the bottom centerline of the pipe. 

For t he 2h-in. pipe, these piezometer taps were installed at 3, 33, 63, 93, 

123, 153, and 183 ft downstream from the inlet. For the other two pipes, the 

taps were located at 3, 9, 15, 21, h5, 15, 105, 136, 166, 184, and 190 ft from 

the inlet. 
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F ig .  |  -  l 8 - i n .  Conc re te  Cu lve r t  Tes i  I ns to l l o l i on

=  q  ? -  F lush  Heodwo l l  on  36 - in .  Conc re te  Cu lve r l Fig.  3-  MonometrY APPorotus

6 

Fig. I - 18 -in. Concrete Culvert Test Installation 

- 2 - Flush Headwall on 36-in. Concrete Culvert Fig. 3 - Manometry Apparatus 
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The pressure at each opening was transnitted through aL/l-i-n, copper

pipe to a glass piezoneter tube. AlI of these piezoneter tubes, ineluding one

conneeted to the headwater pool and one to tlre tBilwater pool, rere attaehed

to a connmon manoreter board on whi-ch a seale of elevations was also placed.

The horizontal placenent of the tubes on the manoneter board was geonetrically

sirnilar to the positions of their respective pressur€ taps in the pipe, so

that water surface or pressure slopes could be more easily adjusted. All air

was expelledfron the nanometer lines prior to each series of runs. Manoneter

readings $rere recorded to hundredths of a foot.

Readings of the headwater pool elevation .lso "ould be obtained by

neans of a point gage in the headwater pool and by an electric point gage in

a stilling well rnounted beside the manometer board. The nanoneter board and

stillingwell were both nounted in the obserrration pit beside the glass-walled

portion of the test ehannel. The manoroetry apparatus is shovm in Fig. 3.

rv" ltETHoDs oF couPuTATtolI

A. General

the ocperimental data for each run consisted of the neasured dis-

charge, the corresponding hydraulic grade Iine, and the water temperature,

The diseharges were deternined by neans of the volumetric tanks, the weighing

tanksr or the supply-line elbow meter, depend:ing upon the circumstanees. Ttre

hydraulic gradients were obtained !y sirnultaneous readings on the piezcmeters.

?he nethod of reducing and analyzing these basic data was dependent

upon whether the condition of flow in the pipe was full or partly full, Con-

sequently, the nethods of computation employedwill be briefly explained under

these trro categories.

B .

the

Full i.'iow

#hen a culvert i-s florrring fullo the total head producing flow through

culvert is given by

l{ = }Ieadwater Elevation - ?ailwater Elevation (3)

If the approach veloeity head is large, it should be added to the headwater

elevation in this equation, Sirnilarly, the tailwater pool veloeity head could

be added to the tailwater elevation. fn the experinental installation, these
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The pressure at each opening was transmi tted through a 1/2-in. copper 

pipe to a glass piezometer tube. All of these piezometer tubes, including one 

connected to the headwater pool and one to the tailwater pool, were attached 

to a common manometer board on which a scale of elevations was also placed. 

The horizontal placement of the tubes on the manometer board was geometrically 

similar to the positions of their respective pressure taps in the pipe, so 

that water surface or pressure slopes could be more easily adjusted. All air 

was expelled from the manometer lines prior to each series of runs. Manometer 

readings were recorded to hundredths of a foot. 

Readings of the headwater pool elevation also could be obtained by 

means of a point gage in the headwater pool and by an electric point gage in 

a stilling well mounted beside the manometer board. The manometer board and 

stilling well were both mounted in the observation pi t beside the glass-walled 

portion of tte test channel. The manometry apparatus is shown in Fig. 3. 

IV. METHODS OF COMPUTATION 

A. General 

The experimental data for each run consisted of the measured dis

charge, the corresponding hydraulic grade line, and the water temperature. 

The discharges were determined by means of the volumetric tanks, the weighing 

tanks, or the supply-line elbow meter, depending upon the circumstances. The 

hydraulic gradients were obtained by simultaneous readings on the piezaneters. 

The method of reducing and analyzing these basic data was dependent 

upon whether the condition of flow in the pipe was full or partly full. Con

sequently, the methods of computation employed will be briefly explained under 

these two categories. 

B. Full ? l ow 

Nhen a culvert is flowing full, the total head producing flow through 

the culvert is given by 

H = Headwater Elevation - Tailwater Elevation 0) 

If the approach veloci ty head is large, it should be added to the headwater 

elevation in this equation. Similarly, the tailwater pool velocity head could 

be added to the tailwater elevation. In the experimental installation, these 



velocity heads were smal} and rere neglected.

equation, the head, E, is equated to the sr:m of

the culvert as foLlowsI

* * * .

B

By applieation of the energy

the various energy losses in

(b)

$ )

H = K
e K " *f

2e

v  r f  o f  f^ s Z E = ' D  T A

lhe three terus on the right represent head losses resulting fron the pipe
entrance, banel friction, and pi,pe outlet, respectively. the three coeffi-
cients K", Kf, and Ko ean be evaluated from the lreasured hydraulic gradient
for a given pipe and discharge.

Ttre Darcy fornula for barrel fristion loss in a long uniforr reach
of pipe is applied firstr

H f =

The fri'ction head loss, Hrr divided by the comesponding length of
piper Lr is the slope of the hydraulie gradient. In ttre central region of
the pi.pe, where this slope was practically constant, lts value could readily
be deternlned at least nithin a range of t 0.00005. Because of influence fron
the entrance and outlet conditions and fron the changing cross-sectional dis-
tribution of veloeitles through a part of the pipe leng$tr, the gradient was
Ilnear over only the central region of the pipe, However, the distance in
which the gradient was a straight line was always nore than L?O ft, so that
the friction slope could be determined rrith good accuracy" Several typieal
hydraulic gradients are shorvn on Fi.g. !r rhich illustrate ttre essential lin_
earity of the hydraulic gradient, Experinental rating curves shoring the
relation of measured di.scharges and hydraulic slopes appear in Fig. J.

'Ihe Darey frictj.on factor f was then conputed fron a rearrangenent
of Eq. (5), as fol lows:

c

o  D S  l g " 6 f  s_  = - - =  - - - -
vt Q'

(6)

2 g

Similarly, the l&anning coefficlent ras eolryuted as follons, replacing R by LlDt

n = a.59 g2/3 tr/z * o.trol nB/3 sr/2. ( 7 )
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velocity heads were small and were neglected. By application of the energy 

equation, the head, ~, is equated to the sum of the various energy losses in 

the culvert as follows: 

(4) 

The three terms on the right represent head losses resulting from the pipe 

entrance, barrel friction, and pipe outlet, respectively. The three coeffi

cients K , Kf , and K can be evaluated from the measured hydraulic gradient e 0 

for a given pipe and discharge. 

The Darcy formula for barrel friction loss in a long uniform reach 

of pipe is applied first: 

(5) 

The friction head loss, Hf , divided by the corresponding length of 

pipe, .b is the slope of the hydraulic gradient. In the central region of 

the pipe, where this slope was practically constant, its value could readily 

be determined at least within a range of ! 0.00005. Because of influence from 

the entrance and outlet conditions and from the changing cross-sectional dis

tribution of velocities through a part of the pipe length, the gradient was 

linear over only the central region of the pipe. However, the dis tance in 

which the gradient was a straight line was always more than 120 ft, so that 

the friction slope could be determined with good accuracy. Several typical 

hydraulic gradients are shown on Fig. 4, which illustrate the essential lin

earity of the hydraulic gradiento Experimental rating curves showing the 

relation of measured discharges and hydraulic slopes appear in Fig. 5. 

-The Darcy friction factor f was then computed from a rearrangement 

of Eq. (5), as follows: 

(6) 

Similarly, the lIanning coefficient was computed as follows, replacing R by 1/4D: 

n = = (7 ) 
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the entrance loss was coryuted by extending the li-near portion of

the hydraulic gradient to the planeof the entrance, adding f /rt to the ele-

vation thus obtained, and subtracting this total fron the headrater elevation.

Ttris procedure attributes all energr loss in excess of the normal barrel fric-

tion loss, in the region near the entrance where the hydraulie grade line is

nonlinear, to the effect of the entrance, ft also neglects the velocity dis-

tr{-bution factor a in the ercpression for 'kinetic energy head. The factor c

varies with dlfferent conditi-ons, but lt i.s always only slightly greater than

unlty. For the puryose of obtaining practical design data, the method is

satisfactory and the results are quite adequate.

The outlet loss was d.eternined in a sinilar nanner by extendineothe

straight-}lne portion of the hydraulic grade line to the outlet, adding t'/Ze

to the resulting elevation, and then dedueting the neasured taj-lrater eleva-

tLon.
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The entrance loss was computed by extending the linear portion of 

the hydraulic gradient to the plane of the entrance, adding v2 /2g to the ele

vation thus obtained, and subtracting this total from the headwater elevation. 

This procedure attributes all energy loss in excess of the nonnal barrel fric

tion loss, in the region near the entrance where the hydraulic grade line is 

nonlinear, to the effect of the entrance. It also neglects the veloci ty dis

tribution factor a in the expression for ·kinetic energy head. The factor a 

varies "With different conditions, but it is always only slightly greater than 

uni ty. For the purpose of obtaini ng practical design da ta, the method is 

satisfactory and the results are quite adequate. 

The outlet loss was determined in a similar mamer by extending the 

straight-line portion of the hydraulic grade line to the outlet, adding V2 /2g 

to the resulting elevation, and then deducting the measured tailwater eleva

tion. 
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Another

Reynolds number,

irryortant quantity

11

for each nur ras thethat ras conputed

.1J4"
v D

n e . r y
v

(8 )

l?te kinenatic vlscosity of the rater, v, ras determined fron measured water

teuperatures and viscosity tables.

C. Part-full Flow

In the part-full flor tests, a condltion of uniform or near-uni.forn

flor ras eetablished for eash nrn by adJusttng the tailvater to the proper

elevatlon for rnaintainlng fLor at apprord,nataly uniforn depth and velocity

through rnost of the pipe barrel, For sone dlscharges, the flow as established

was slightly nonuniforn, but the water surface slope ras linear over a suf-

flclently long central reach of t&e pipe to perrit an aceurate deterrination

of roughness coeffictent. fn aII cases, the actual value of the hydraulic

slope uas used in the eoryutations. The average depttr of flow in the region

of unifotm slope was taken as the depth fron which to calculate flow area

and hydraulic radius.

Rating curves for the part-full flow conditlon are shown in Fig. 6.
the nornal discharges shown were conputed on the basis of the pipe slope of
0'002r by nultiplying the measured disctrarges by the factor (O.Oo2oo/neasured

t l a

slope)*/t, since discharge is proportional to the sqrrare root of the hydraulic
gradient.

fn the case of the 18-in. dlaneter pipe, the effect of nonunifornity

of the pipe cross section nade the establishnent of perfectly miforn flsf,
virtually irryossible, particularly at snall depths. these effects were further
aggravated by the fact that ttre flor, ttrough subcritical, ras not far fron
the crl.tical flow regine, causing a tendency for tbe rater surface to be wavy
and unsteady rrith very slight changes in total Br€rgirr

Consequently, for this pipe, the energr gradient rather than the
hydraulic gradient was used to coryute the friction slope. lbe energy gradient
ras conputed wit'h reference to the line of specific energyfor thepiper rtrich
uas nade snooth by tnlal-and-error adjustnent of the pipe invert elevations.

11 

Another important quantity that was computed for each run was the 

Reynolds number, 

DV _1 • .;..;;2..;..7..;.Q Re--. 
v vD 

(8) 

The kinematic viscosity of the water, v , was determined from measured water 

temperatures and viscosity tables. 

C. Part-Full Flow 

In the part-full flow tests, a condition of uniform or near-uniform 

flow was established for each run by adjusting the tailwater to the proper 

elevation for maintaining flow at approxLmately uniform depth and velocity 

through most of the pipe barrel. For some discharges, the flow as established 

was slightly nonuniform, but the water surface slope was linear over a suf

ficiently long central reach of the pipe to permit an accurate determination 

of roughness coefficient. In all cases, the actual value of the hydraulic 

slope was used in the computations. The average depth of flow in the region 

of uniform slope was taken as the depth from which to calculate flow area 

and hydraulic radius. 

Rating curves for the part-full flow condition are shown in Fig. 6. 

The normal discharges shown were computed on the basis of the pipe slope of 

0.002, by multiplying the measured discharges by the factor (0.OO200/measured 

slope )1/2, since discharge is proportional to the square root of the hydraulic 

gradient. 

In the case of the l8-in. diameter pipe, the effect of nonuniform ty 

of the pipe cross section made the establishment of perfectly miform flow 

virtually impossible, particularly at small depths. These effects were further 

aggravated by the fact that the flow, though subcritical, was not far from 

the critical flow regime, causing a tendency for the water surface to be wavy 

and unsteady wi th very slight changes in total energy. 

Consequently, for this pipe, the energy gradient rather than the 

hydraulic gradient was used to compute the friction slope. The energy gradient 

was computed with reference to the line of specific energy for the pipe, which 

was made smooth by trial-and-error adjustment of the pipe invert elevations. 
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For the larger dianeters, the effect of non-Linearity of plpe slope
was not so pronounced. However, the influence ef the near-critical condition

of the flow was more marked. The effect of entrance contraction actually

seened to rnake the flow pass through critical depth near the entrance, with

resulting waviness and instability of surface for a considerable portion of

the barrel length, in many eases the entire length.

In the 2lr-in. pipe, this phenomenon was significant only at snall
depths. At larger depths, it was possible to establish stable, uniform flow

condit ions.

However, it proved irnpossible to obtain stable uniforn flow at any

stage in the 36-in. pipe. the pipe slope of 0.002 was very near the critical

slope for most possible stages in the 36-in. pipe. A coryuted rating eurve

for the 36-in. pipe has been shorvn on Fig. 5, based on an assumed value of

0.010 for lvlanningrs eoefficient, together with the critical flow curve for a
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For the larger diameters, the effect of nonlinearity of pipe slope 

was not so pronounced. However, the influence of the near-critical condition 

of the flow was more marked. The effect of entrance contraction actually 

seemed to make the flow pass through critical depth near the entrance, with 

resulting waviness and instability of surface for a considerable portion of 

the barrel length, in many cases the entire length. 

In the 24-in. pipe, this phenomenon was significant only at small 

depths. At larger depths, it was possible to establish stable, uniform flow 

condi tions. 

However, it proved impossible to obtain stable uniform flow at any 

stage in the 36-in. pipe. The pipe slope of 0.002 was very near the critical 

slope for most possible stages in the 36-in. pipe. A computed rating curve 

for the 36-in. pipe has been shown on Fig. 6, based on an assumed value of 

0.010 for Manning's coefficient, together with the critical flow curve for a 
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)6-in, diameter section. It is apparent that the norrnal and critieal flow

eurves are so near each other over post of the range of florn s.tages that the

actual flow in the pipe is practically critical at all except the highest

stages, a situationwhi-eh is aggravated by the eritieal flow phenornena induced

near ihe entrance by jet eontraction"

Sirailar critieal flow curves have been drawn for the 1B-1n, and

2lr-in, pipes and are also shown on Fig" 6" Percentagewise, it ls evident that

these curves are farther separated from their corresponding nornal flow currres

than is the case with the eurves for the 36-in. pipe"

Entrance loss coefficients were also conputed for the part-full

subcritical flows in the same nanner outlined for full- flows, W extending

the eomputed energ"y gradi-ent to the plane of the inlet and deducting the

resulting elevation fron the measured headwater elevati-on" The entranee loss

thus obtained was then expressed as a eoefficient times the pipe velocity

head, the latter being based on the nean depth of flow in the reach of uniform

slope "

&:tlet loss eoeffieients were not computed for the part-full flow

tests beeause of the variety of tailwater positions that were necessary to

establish uniform flow in the pipe, The outlet velocity bead bore an irregular

relation to the uniforn flow velocity head on which tlre other computations

were based"

V. ANALYS]S AND DISCUSSION OF RESUTTS

A. General

It rril l be noted that the values of the Manning coefficient for

conereie pioe average about 0.010 in these tests,  which i -s considerably less

than the values 0"Cl1 and 0"0J-! previously reconrnended"

lieveral factors may have eontribrited to the unusually snall rough-

nesses indicated. 'In 
the Laboratory, t'he pipes were laid as strai-ght as pos-

sible with a mininnrm of flbw disturbance due to protrusi-ons at the Joints and

other causeso Various moderr rnethods of pouring and finishi::g conerete piper

ineluding the vibration process by which the test pipes were made, result in

an exceptionally snooth surface, It is lmown that open channels lined with

smooth eement also have a Manning coeffieient as low as 0.010"

Experimental eontrol and aecuracy were of as high or higher degree

of precision than other previous frietion tests on eoncrete pipe" It is of
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36-in. diameter section. It is apparent that the normal and critical flow 

curves are so near each other over most of the range of flow stages that the 

actual flow in the pipe is practically critical at all except the highest 

stages, a situation which is aggravated by the critical flow phenomena induced 

near the entrance by jet contraction. 

Similar critical flow curves have been drawn for the 18-in. and 

2h-ino pipes and are also shown on Fig. 6. Percentagewise, it is evident that 

these curves are farther separated from their corresponding normal flow curves 

than is the case with the curves for the 36-in. pipe. 

Entrance loss ceefficients were also computed for the part-full 

subcri tical flows in the same manner outlined for full flows, by extending 

the computed energy gradient to the plane of the inlet and deducting the 

resulting elevation from the measured headwater elevation. 'l'he entrance loss 

thus obtained was then expressed as a coefficient times the pipe velocity 

head, the latter being based on the mean depth of flow in the reach of uniform 

slope. 

Outlet loss coefficients were not computed for the part-full flow 

tests because of the variety of tailwater posi tions that were necessary to 

establish uniform flow in the pipe. The outlet veloci ty head bore an irregular 

relation to the uniform flow velocity head on which the other computations 

were based. 

V. ANALYSIS AND DISCUSSION OF RESULTS 
Ao General 

It will be noted that the values of the Manning coefficient for 

concrete pipe average about 0.010 in these tests, which is considerably less 

than the values 00013 and 0.015 previously recommended. 

Several factors may have contributed to the unusually small rough

nesses indicated. "In the Laboratory, the pipes were laid as straight as pos

sible vd. th a minimum of frow disturbance due to protrusions at the joints and 

other causesQ Various modern methods of pouring and finishing concrete pipe, 

including the vibration process by which the test pipes were made, result in 

an exceptionally smooth surface. It is known that open channels lined wi th 

smooth cement also have a Manning coefficient as low as 0.010. 

Experimental control and accuracy were of as high or higher degree 

of precision than other previous friction tests on concrete pipe. It is of 
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i-nterest to note that tests on several corrugated pipes have been conducted

by the same personnel, using the same methods, installation, and instrumenta-

Nion as for the concrete pipes. These tests yielded conslderably higher values

for Manningts I for eorsugated metal pipe than have heretofore been reeommended.

Thus, it is believed that the low values obtained for concrete pipe eannot be

attributed to experimental inaeeuraeies"

The roughness values obtained in the tests, of course, represent

rather the idealized conditions whieh ordinarj-ly might not exist in the field.

0n tire other hand, the tongue-and-groove t;rpe of pipe, with reasonably careful

instaU-ation procedurer -eould give equivalent results in the field" fn choos-

ing the n-value, however, one must recognize that the alignment night not be

as good as laboratory eonditi-onsl there might be openi-ngs in the field for

inlets or braneh pioes (espeeially in sewers), debris of various kinds night

aceumulate in the pipe, and the wall-s thennselves could be eryecied to undergo

sorne deterioration. .A.lso, some processes of r:aanufacture produce rougher sur-

faces than the ones tested" The }atter conditi-ons, of course, are not within

the seope of the tests nor do the tests offer a basis for increasing roughness

with age or u*der various field condltions.

B, Friction tosses for Fu1l F].ow

the flow of water in comercial pi-pe is usually assumed to be fully

+. .  - ] - ,  "  "1  ̂ -  +!wuu*Erru, or, *ssumption which is implieit in ihe use of pi-pe-flow formulas

sueh as those of Scobey, Hazen*ffil l ians, Manning, and others whose particular

roughness terms are taken to be independent of viscous shear and to depend on

wa11 roughness only" Actua1ly, however, the flow will ofien be in the tran-

sitional ranqe from oartly turbulent (rsnooth pi-pert) flow to fu1ly turbulent

f1ow, and thus will depend on viseous aetion as welI" The parameter usually

employed as a measure of the relative importance of viseosity in the flow

pattern is the Beynolds number, DV/v"

Tire Darcy fornn"rla is commonly used as a general pipe flow formulat

since its friction factor, unl-ike the roughness terms of other formulas, is

ciimensionless and ean conveniently be defj-ned to cover all types of flow, The

Jarcy friction factor is a function of only the Reynolds number and the rela-

tive roughness of the pipe wall with respeet to its dia-rneter" Experi-ruenta}

curvas showing the variation of friction faetor with Reynolds nunber for each

pipe are shown on Fig. 7 " liimilar curves showing the variation of the Marrting

coefficient with Reynolds number are showSr on !'ig. B.
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interest to note that tests on several corrugated pipes have been conducted 

by the same personnel, using the same methods, installation, and instrumenta

tion as for the concrete pipes . These tests yielded considerably higher values 

for Manning! s E. for corrugated metal pipe than have heretofore been recommended. 

Thus, it is believed that the low values obtained for concrete pipe cannot be 

attributed to experimental inaccuracies. 

The roughness values obtained in the tests, of course, represent 

rather the idealized conditions which ordinarily might not exist in the field. 

On the other hand, the tongue-and-groove type of pipe, with reasonably careful 

ins talla tion procedure, _ could give equi valen t results in the field. In choos

ing the n-value, however,one must recognize that the alignment might not be 

as good as laboratory conditions, there might be openings in the field for 

i nlets or branch pipes (especially in sewers), debris of various kinds might 

accumula te in the pipe, and the walls themselves could be e:xp ected to undergo 

some deterioration. Also, some processes of manufacture produce rougher sur

faces than the ones tested. The latter conditions , of course, are not within 

the scope of the tests nor do the tests offer a basis for increasing roughness 

with a ge or under various field conditions. 

B. Friction Losses for Full Flow 

The flow of water in commercial pipe is usually assumed to be fully 

turbulent, an assumption which is implicit in the use of pipe-flow formulas 

such as those of Scobey, Hazen-Williams, Manning, and others whose particular 

roughness terms are taken to be independent of viscous shear and to depend on 

wall roughness only. Actually, however, the flow will often be in the tran

s itional range from oartly turbulent ("smooth pipe ll ) flow to fully turbulent 

flow, and thus will depend on viscous action as well. The parameter usually 

employed as a measure of the relative importance of viscosity in the flow 

pattern is the Reynolds number , DV/1/ o 

The Darcy formula is commonly used as a general pipe flow formula, 

since its friction factor , unlike the roughness terms of other formulas, is 

dimensionless and can conveniently be defined to cover all types of flow. The 

~Jarcy friction factor is a function of only the Reynolds number and the rela

tive roughness of the pipe wall with respect to its diameter. Experimental 

curves showing the variation of fri ction factor with Reynolds number for each 

pipe are shown on Fig. 7. Similar curves showing the variation of the Manning 

coefficient with Reynolds number are showp on Fig. 80 
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C, Frietion Losses for Part-Full Flow

It has been noted already that the Manning coeffieients obtained for

part-full uniform flou were in close agreenent for the two pipe sizes tested,

Furthernore, there was little individual variation from ihe mean of 0"C106.

The range fron the mean TraE only + 0.00h or + 3"8 per cent. 'Ihls variation

exhibited no systenatic pattern. It apparentlywas essentially randon and is

attributable nostly to experimental variation" ft appears reasonable to recour-

nend 0.0110 for n for uniform. subcritieal flow in new concrete pipes of the

t;pe tested,

D" Entrance Losses

The most important faetor influeneing entrance )-oss is the geometry

of the inlet itself" When the jet of entering rqater eontraets and then re-

expands, nrueh of the high kinetic energy of the contraetion is lost through

intense turbu-lence generated in the re-expanslono

Thus the degree of jet eontraction is direetly relaied to the mag-

nitude of entrance loss, and the inlet geometry (parti-cularly the relative

sharpness of the entranee lip) deternines the amount of jet eontraction"

Theoretical re-expansion losses for pipes flowing full from a relati-vely qui*

escent headwater pool are as follossa

(f) Sharp-edged, re-entrant inLet

(2) Sharp-edged, flush headrrrail inlet

(:) Rounded inlet (radius of rounding

2
1"00 v ' /2g

a"trL v2 /2g
D

> LlTD) a"oo v'f 29

ft is known that for re*entrant pipes with finite wall thiekness,

ihe theoretrcal coefficient of loss rapidly reduces from 1"00 to 0"lrl as the

ratio of wall thickness to diameter j-nereases. 'When 
this ratio beeomes greater

than about L/?A'� the inlet aporoaehes the condition of a flush headrsall inlet

with a sharp-edged entrance"

Sinee al-l coymereial concrete pipes have ual1 ihicknesses in excess

of LIZA of their d,ianeters, the theoretical re-expansion loss could never ex-
r)

ceed 0.)aL Y'12g" This would presunablybe the loss if the pi.pe were laid with

the spigot end r*{:streamr in the case of pipes with be1l-and*spigot joints, or

n{-th the tongu.e upstream in the ease of pipes with tongue-and-groove joints,

Howevers it is universal practiee to 1ay these pipes with the be1l end

(or groove end) upstream, The eontraction, therefore, is from an initial- diarae-

ter eq"aal to the pipe diameter plus twj-ce the thickness of the tongue or spigot"
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C. Friction Losses for Part-Full Flow 

It has been noted already that the Nlanning coefficients obtained for 

part-full uniform flow were i n close agreement for the two pipe sizes tested. 

Furthermore, there was little individual variation from the mean of 0.0106. 

The range from the mean was only.! 0.004 or .:!: 3.8 per cent. This variation 

exhibited no systematic pattern. It apparently was essentially random and is 

attributable mostly to experimental variation. It appears reasonable to recom

mend 0.0110 for g for uniform, subcritical flow in new concrete pipes of the 

type tested. 

D. Entrance Losses 

The most important factor influencing entrance loss is the geometry 

of the inlet itself. When the jet of entering water contracts and then re

expands, much of the high kinetic energy of the contraction is lost through 

intense turbulence generated in the re-expansion. 

Thus the degree of jet contraction is directly related to the mag

ni tude of entrance loss, and the inlet geometry (particularly the relative 

sharpness of the entrance lip) determines the amount of jet contraction. 

Theoretical re-expansion losses for pipes flowing full from a relatively qui

escent headwater pool are as follows: 

(1) Sharp-edged, re-entrant inl et 

(2) Sharp-edged, flush headwall inlet 

(3) Rounded inlet (radius of rounding> 1/7D) 

2 
1.00 V /2g 

2 0.41 V /2g 
2 

0.00 V /2g 

It is known that for re-entrant pipes with finite wall thickness, 

the theoretical coefficient of loss rapidly reduces from 1.00 to 0 . 41 as the 

ra tio of wall thickness to diameter increases • When this ratio becomes greater 

than about 1/20, the inlet approaches the condition of a flush headwall inlet 

with a sharp-edged entrance. 

Since all commercial concrete pipes have wall thicknesses in excess 

of 1/20 of their diameters, the theoretical re-expansion loss could never ex

ceed 0.41 V2/2g. This would presumably be the loss if the pipe were laid with 

the spigot end upstream~ in the case of pipes with bell- and-spigo t joints, or 

with the tongue upstream in the case of pipes wi th tongue-and- groove joints. 

However ~ it is universal practice to lay these pipes with the bell end 

(or groove end) upstream. The contraction, therefore , is from an ini tial diame= 

ter equal to the pipe diameter pl us twice the thickness of the tongue or spigot. 
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AI1 of the pipes tested were of the tongue-and-groove $rpe and gave

average entrence loss coefficients of 0.I2 for ttre projecting lnlet and 0.09
for the flush inIet. These values indicate the desirable entrance conditions

obtainedwith concrete pipes. A well-rounded entrance with a radius of round-

ing greater than one-seventh the pipe ciiarneter, wou1d. practically eliminate

allentrance 1oss. this condition is approachedby the standard concrete pipe

entrances, so that entranee losses for the latter are not rnuch greater than
for the ideal lnlet. .

Ihe recomnended values, believed to be consenrative, are 0,15 and
0.10 for re-entrant and flush inlets, respectively, It nay be noted that the
end fase of the groove is usually less than l/?A D in thickness. this neans
that for a re-entrant groove openi,ng the jet is controlled by the back flos
along the outer surface of the projecting pipe and springs clear of the inner
faces of the groove and wal1

There are other factors that nay have some effect on the entrance
loss coeffieient, but their effects are so small as to be nasked by experfunental
variations. For most design purposes, the average reconnended values of 0.1!
and 0.10 for K^ will be found quite adequate for re-entrant and flush inlets.e

These coefficients are also recornmended for part-full, subcritical
flow on the basis of the experimental results. Since part of the contraction is
elin:inatedwhen the headwater surface drops below the inlet crown, it is obvious
that the coefficient should be somewhat reduced for the part-fu}} condition.
However, since the coeffj-cient is quite small for full floror, it 1s possible

that this reduction is of the same order of nagnitude as the experimental
variations andr therefore, does not shov a significant effect on the data.

E. 0utlet tosses

lf{hen a pipe discharges into a quiescent tailwater pool, the kinetlc
enerry of the pipe flow is dissipated in the pool. this is the limiting case
of loss due to a sudden expansi-on, and the head loss is theoretically eqpal
to the kinetic head of flow in the pipe at exit.

Y{hen the tallwater pool is not quiescent and particularly if it ts
confined xrithi:t a relatively narrorv channel, sorne of this kinetic energr ruay
be converted to useful head rather than being entirely dissipated.
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All of the pipes tested were of the tongue-and-groove type and gave 

average entrance loss coefficients of 0.12 for the projecting inlet and 0.09 

for the flush inlet. These values indicate the desirable entrance conditions 

obtained wi th concrete pipes. A well-rounded entrance with a radius of round

ing greater than one-seventh the pipe diameter, would practically eliminate 

all entrance loss. This condition is approached by the standard concrete pipe 

entrances, so that entrance losses for the latter are not much greater than 

for the ideal inlet. 

The recommended values, believed to be conservative, are 0.15 and 

0.10 for re-entrant and flush inlets, respectively. It may be noted that the 

end face of the groove is usually less than 1/20 £ in thickness. This means 

that for a re-entrant groove opening the jet is controlled by the back flow 

along the outer surface of the projecting pipe and springs clear of the inner 

faces of the groove and wall. 

There are other factors that may have some effect on the entrance 

loss coefficient, but their effects are so small as to be masked by experimental 

variations. For most design purposes, the average recommended values of 0.15 

and 0.10 for K will be found quite adequate for re-entrant and flush inlets. e 

These coefficients are also recommended for part-full, subcri tical 

flow on the basis of the experimental results. Since part of the contraction is 

eliminated when the headwater surface drops below the inlet crown, it is obvious 

that the coefficient should be somewhat reduced for the part-full condition. 

However, since the coeffi cient is quite small for full flow, it is possible 

that this reduction is of the same order of magnitude as the experimental 

variations and, therefore, does not show a significant effect on the data. 

E. Outlet Losses 

When a pipe discharges into a quiescent tailwater pool, the kinetic 

energy of the pipe flow is dissipated in the pool. 'Ihis is the limiting case 

of loss due to a sudden expansion, and the head loss is theoretically equal 

to the kinetic head of flow in the pipe at exit. 

When the tailwater pool is not quiescent and particularly if it is 

confined within a relatively narrow channel, some of this kinetic energy may 

be converted to useful head rather than being entirely dissipated. 
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The outlet loss was deternined as e4plained previ.ously for the fu]l-
florv condition in the 18-in. and 36-in, pipes. The outlet l-oss coefficient,
Kor in the equation

o = * o * (p )

was found to average 1.00 for floq in the 18-in. pipe and 0.90 for the J6-in.
pipe (Table V ).

Sinee the exact value of Ko would depend upon the geometry of the
tailwater channel, it is conse:sative praetice in design to use Ko = I for
all pipe dianneters, assuming a subrnerged outlet. No deternrinations of Ko were
niade for part-full flow, but it is obvious that the outlet loss for this con-
dition would be very closely equal to the aetual velocity head of flow at the
pipe exit. This wor.fld not usually be the sane as the head of uniform velocity
in the central reglon of ttre pipe barrel and would have to be determined fron
knowledge of the tailwater elevation at the particular discharge.

Ttre above discussion applies to a straight pipe, without flaring
of the outlet, or any special transition to channel dinensions. AIl the tests
were made for this condition. However, the advantages of a properly designed,
prefabricated, flared outlet should not be overlooked. For the concrete pipes,
the frictlon and entrance losses were reLatively snal}, especially for the
large piper as compared to the outlet loss. If the latter could be naterially
reduced, a substantial saving in pipe size night often be affected for a given
headwater position, or else a substantial louering of headwater for a given
pipe s ize.

Acknowledgnent
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The outlet loss was determined as explained previously for the full

flow condition in the IS-in. and 36-in. pipes. The outlet loss coefficient, 

K , in the equation o 
y2 

H = K o 0 2g 

was found to average 1.00 for flow in the IS-in. pipe and 0.90 for the 36-in. 

pipe (Table V). 

Since the exact value of K' would depend upon the geometry of the 
o 

tailwater channel, it is conservative practice in design to use Ko = 1 for 

all pipe diameters, assuming a submerged outlet. No determinations of K were 
o 

made for part-full flow, but it is obvious that the outlet loss for this con-

dition would be very closely equal to the actual velocity head of flow at the 

pipe exit. This would not usually be the same as the head of uniform velocity 

in the central region of the pipe barrel and would have to be determined from 

knowledge of the tailwater elevation at the particula r discharge. 

The above discussion applies to a straight pipe, without flaring 

of the outle t, or any special transi tion to channel dimensions. All the tes ts 

were made for this condition. However, the advantages of a properly designed, 

prefabricated, flared outlet should not be overlooked. For the concrete pipes, 

the friction and entrance losses were relatively small, especially for the 

large pipe, as compared to the outlet loss. If the latter could be materially 

reduced, a substantial saving in pipe size might often be affected for a given 

headwater position, or else a subs 1antial lowering of headwater for a given 

pipe size. 
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edited and prepared the manuscript; illustrative material was arranged by 

Loyal A. Johnson. 
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TABI,E V

SUUMARY OF TES? RNSUT?S

FUIJ� TLOtr

u
( i n . InIet a

( c f s )
H

( f t )
s

(fi)
Re

(ov/ v) f n K
e

X
o

r8 FIush 3"gr
2  "42
7 "9L

r0"72
L2 "23
13.b9
l-5.59

0 " 2 5
0.1+B
0" gL
L.65
2 . 1 3
2 . 6 A
]r"37

o.oB7
0.160
0.315
0.5b0
0.690
o.830
1,080

175r000
2113r000
361r000
1190r000
55B,aoo
6]6roo0
712,000

0"0u3
o"o16L
a"aL52
0.011+2
0.c139
0.0137
0"013L

0.0103
0.0101
0"0097
0.0091r
0.0093
0.0092
0.0091

0.09
0.13
0.07
0.05
0.0?
0.0?
0.07

o.92
f  .03
]..00
1"00
1.00
L.O2

Average 0.01119 0"0096 0,08 o.gg

1B Proj . 3.11
5"Bo
8.75

11"82
1lr,lr8

0 ,u
0,53
1.13
2.O5
3.81

0.060
0.180
o"37o
0.660
0,9h0

139rooo
250r000
3g2 rOOO
530r000
5L9.ooo

0"3187
0,0161
0"011+6
0"01h2
0,0135

0.0108
0.0100
0"0095
o,oogb
0.0091

o]a
0.09
0.10
0.09

1.01+
o,g6
1"00
1"01

Average o.o15ho, oog8 0"1,0 1"00

2b Proj " 12 .11
L3.55
th.21
L )  o l V

16.61
t7  "9L
20"0h
22"56
26"6r

o.L75
0,213
a "237
o,zga
o '330
o.3Bo
o.1fl5
o"595
a"675

7I1r000
796,ooa
B35,ooo
Bgbro00
976 ra)o

rro52,ooo
1r0801000
1r326r000
r,555,aao

0"o11+B
0"0111
o"c1h5
o "or55
0.01b8
o.olL?
o"o1h6
o.clL5
0.0118

I , ' "  U IUI

0"0100
o"0101
e.010h
0.0102
0"0102
0,0101
0"0100
0.0093

0"07
o"19
0 .12
0 .09
0.07
0 .11
0"10
0"1.lr

average 0"ollrL 0"0100 0 .11

36 l'Iush 21"18
37.96
l$.95
5a"7L
6t .93

o " 2 7
0 .87
1 .06
L.5z
2"5L

0"070
o.2L5
o.260
o"365
0"5b0

TTBrooo
1101Broo0
1r125rooo
r'359 'ooo
1 "690.000

0"0150
0"01113
0"01h2
c"o13B
0"0136

0.0108
0"0106
0"0105
0,0103
0"0103

0"11
0"1 ]
0.1r
0 ,12
0 .05

0,86
0.90
0"91
o.90

Average 0"01L2 0"0105 0"r0 0"Bg

36 ProJ. 15"10
23.85
3I .00
37.L5
53"33
5g "35

0"15
o.37
0"58
a.B5
r"70
2 .10

0"037
o"o9o
o-r5o
0"210
0"L10
o,505

3t1r000
618,5oo
Bohrooo
963,000

lr3B3rooo
1 .539 .O00

o"ot58
0"0153
0"0150
0"01b?
0.0139
0.0138

0"oII}
o,0109
0"0108
0"0107
0"0101r
0.0101r

0 ,20
0 , 2 1
0"12
0"Ilr
0 .12
0 .15

1.O0
0 . 8 8
o.85
0.90
ofo

Average 0"0117 0"0107 0 .16 0"91

D Inlet Q 
(in.) (efs) 

18 Flush 3.91 
5.42 
7.91 

10.72 
12.23 
13.49 
15.59 

18 Proj. 3.11 
5.80 
8.75 

lL82 
14.48 

24 Proj. 12.11 
13.55 
14.21 
15.20 
16.61 
17.91 
20.04 
22.56 
26.61 

I 

36 Flush 21.18 
37.96 
41.95 
50.71 
61.93 

36 Proj. 15.10 
23.85 
3LOO 
37.15 
53.33 
59.3.5 

I 

TABLE V 

SUMMARY OF TEST RESULTS 

FULL FLOW 

H S Re f 
(ft) (%) (DV/v) 

0.25 0.087 175,000 0.0173 
0.48 0.160 243,000 0.0164 
0.94 0.315 361,000 0.0152 
1.65 0.540 490,000 0.0142 
2.13 0.690 558,000 0. 0139 
2.60 0.830 616,000 0.0137 
4.37 1.080 712,000 0.0134 

Average 0.0149 

0.17 0.060 139,000 0.0187 
0.53 0.180 260,000 0.0161 
L13 0.370 392,000 0.0146 
2.05 0.660 530,000 0.0142 
3081 0.940 649,000 0.0135 

Average 0.0154 

- 0.175 711,000 0.0148 
- 0.213 796,000 0.0144 
- 0.237 835,000 0.0145 
- 0.290 894,000 0.0155 
- 0.330 976,000 0.0148 
- 0.380 1,052,000 0.0147 
- 0.475 1,080,000 0.0146 
- 0.595 1,326,000 0.0145 
- 0.675 1,565,000 0.0118 

Average 0.0144 

0.27 0.070 778,000 . 0.0150 
0.87 0.215 1,018,000 0.0143 
L06 0.260 1,125,000 0.0142 
1.52 0.365 1,359,000 0.0138 
2.51 0.540 1,690,000 0.0136 

Average 0.0142 

0.15 0.037 391,000 0.0158 
0.37 0.090 618,500 0.0153 
0.58 0.150 804,000 0.0150 
0.85 0.210 963,000 0.0l!~7 
L70 0.410 1,383,000 0.0139 
2.40 0.505 1,539,000 0.0138 

i Average 0.0147 
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n K K 
e 0 

0.0103 0.09 0.92 
0.0101 0.13 1.03 
0.0097 0.07 1.00 
0.0094 0.05 LOO 
0.0093 0.07 1.00 
0.0092 0.07 L02 
0.0091 0.07 -
0.0096 0.08 0.99 

0.0108 - 1.04 
0.0100 0.12 0.96 
0.0095 0.09 1.00 
0.0094 0.10 1.01 
0.0091 0.09 -
0.0098 0.10 LOO 

0.0101 0.07 -
0.0100 0.19 -
0.0101 0.12 -
0.0104 0.09 -
0.0102 0.07 -
0. 0102 0.11 -
0.0101 0.10 -
0.0100 0.14 -
0.0093 - -
0.0100 0.11 -

0.0108 0.11 0.86 
0.0106 0.11 0.90 
0.0105 0 . 11 0.91 
0.0103 0.12 0.90 
0 .0103 0.05 -
0.0105 0.10 0.89 

0.0111 0.20 1.00 
0.0109 0.21 0.88 
0.0108 0.12 0.8.5 
0.0107 0.14 0.90 
0.0104 0.12 0.90 
0 .0104 0.15 -
0.0107 0.16 0.91 
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D Q. y 
(in. ) Inlet ( efs) (ft) 

18 Flush 3.06 0.79 
4.31 0.99 

18 Proj. 1.81 0.59 
2.41 0.695 
~.07 

.13 
0.795 
0.94 " 

4.34 0.96 
5.05 1.075 
5.54 1.145 
5.03 1.26 

24 Proj. 8.27 1.16 
9.68 1.26 

10.6 1.38 
11.65 1.50 
13.3 1.95 
13.08 1.71 

-- - -- -- --- --

TABLE VI 

SUMMARY OF TEST RESULTS 

PART-FULL J'L01f 

R A S 
(ft) (ft2) (~) 

0.39 0.945 0.210 
0.43 1.24 0.205 

0.315 0.65 0.200 
0.355 0.80 0.205 
0.39 0.95 0.210 
0.425 1.16 0.200 
o.~ 1.19 0.205 
o. 5 1.a6 0.210 
0.45 1. 5 0.195 
0.455 1.59 0.195 

. 
0 . 54 1.90 0 . 224 
0.57 2.28 0.204 
0. 59 2.31 0 . 213 
0.61 2.52 0.217 
0.55 3.12 0. 198 

Re 
DV/II 
33°F 

271.000 
318.000 

Average 

184.000 
228,000 
270.000 
318.000 
333.000 
356,000 
357,000 
358.000 

Average 

919.000 
901,000 

1,032 .000 
1.078.000 

862,000 
0.61 2.86 0.225 1 090.000 

Average 
---. ~- . . ----- ------ - - ---- ----- ----

f n 

0.0193 0.0109 
0.0183 0.0109 

0.0188 0.0109 

0.0210 0.0110 
0.0202 0.0110 
0.0193 0.0109 
0.0173 0.0106 
0.0167 0.0104 
0.0165 0.0104 
0.0159 0.0102 
0.016} 0.0104 

0.0179 0.0106 

0.0147 0.0102 
0.0164 0.0108 
0.0144 0.0102 
0.0150 0.0103 
0.0157 0.0105 
0.0151 0.0104 

0.0152 0.0104 
..~. 

K 
e 

0.06 
0.15 

0.105 

0.17 
0.10 
0.20 
0.15 
0.17 
0.13 
0.16 
0.20 

0.16 

0.02 
0.23 
0.02 
0.02 
0.12 
0.05 

0.08 

I 

, 

I 

I\) 

o 
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g ! 9 g g a E r

A = Cross-sectional area, of f low, sq ft

D = Pipe diarneter, ft

f = Darey friction factor

g = *icceleration of gravity = 32,L6 tt/see/see

H - Total head on culvert, ft

H^ = Sntrance loss, ft
e

H, = Head loss due to pipe friction, ft

K = Entrance loss coefficiente

K,. = Barrel frj-ction loss coefficient

K = Outlet loss coefficient
o

L = Length of culvert, ft

n = Manning roughness coefficient

a = Rate of flow, cfs

n = Hydraulic radius, ft

Re = neynolds nunber = DV/u

S = Slope of hydraulic gradient

V = Average velocity of flow, fps

o = Velocity distribution factor

v = Kinematic viscosity, sq ft/sec

21 

G LOS S A R Y 

A = Cross-sectional area of flow, sq ft 

D = Pipe diameter, ft 

f = Darcy friction factor 

g = Acceleration of gravity = 32.16 ft/sec/sec 

H = Total head on culvert, ft 

H = Entrance loss, ft 
e 

Hf = Head loss due to pipe friction, ft 

K = Entrance loss coefficient e 

Kf = Barrel friction loss coefficient 

K = Outlet loss coefficient 
0 

L = Length of culvert, ft 

n = Manning roughness coefficient 

Q = Rate of flow, cfs 

R = Hydraulic radius, ft 

Re = Reynolds number = DV/II 

S = Slope of hydraulic gradient 

V = Average velocity of flow, fps 

a = Velocity distribution factOr 

II = Kinematic viscosity, sq ft/sec 
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PETAIIS OF EXPERI}IENTJ,I PIPE SECfiONS

411 dlnensions in inches

All pipes were manufactured b)' the east-and-vibrated process, with
non-pressure rubber ring joints" The joints of the 2h-in, and J6-in" pipe
were aLso fil-led rrcith cement uortar, applied internally; this was not done on
the l8-in" pipe beeause of its small size, but very good joints were obtained.
by careful aligrunent and assembly of sections.

)) + a b s

rB
1 4

36

2 L/2

3
h

"l
a

I
-1
I

L/8

3/B
7/s

1
t  t / A

t L/2

I

4.

?

t / R

3/B

72
72

72
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DETAILS OF EXPERIMENTAL PIPE SECTIONS 

c 

·D 

D t a b c S 

18 2 1/2 1 1/8 1 2 72 

24 3 1 3/8 1 1/8 2 7/8 72 

36 4 1 7/8 1 1/2 3 3/8 72 

All dimensions in inches 

All pipes were manufactured by the cast-and-vibrated process, with 

non-pressure rubber ring joints. The joints of the 24-in. and 36-in. pipe 

were also filled with cemeht mortar, applied internally; this was not done on 

the 18-in. pipe because of its small size, but very good joints were obtained 

by careful alignment and assembly of sections. 


