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I. INSRODUCTTON

Experimental studies on eulverts conducted at the St. Anthony Falls
riydraulic Laboratory of the University of Mlnnesota, beginning in 19116, in-
cluded severaL series of observations on conmercial, conugated metal culvert
pipes. ihe prfuaary purpose of these large-scale tests was to obtain pipe

friction and entranee loss eoefficients which would be rnore accurate and de-
pendable than those eurrently recommended in culvert desigrr literature. A
previous paper in this series gives a discussion of the eomparison with ttre
resuLts of parallel studies on concrete culverts. the present paper is con-
fined to a discussion of the cornrgated pipe culvert test program and an
analysis of the results of the studies.

l\vo ttrpes of cormgated rnetal arlverts were tested, namely, the
circular and the pipe areh types. fn eaeh case, three different nominal di-
aneter pipe sections were tested--I8 in.r 2hin., and J6 in., respectively--,
making a total of six cornrgated meful culverts in the test progran. Each
pipe was I93 ft long and Iaid on a slope of 0.20 per cent.

For the pipe arch cuh,ertsr the identifying di,nensions refer to the
diameters of cireular pipes having the same length of periphery. !'or exampler
the J6-in. pipe arch and the 36-in. circular culvert have equal peri.meters
although their heights, vridths, and areas are unequal-.. Cross sections of the
various pipesr uith controlling dirnensj-ons, appear in Fi-g, 1. (note that the
co:rugati.on height in each ease is L/2 in. and that all computations have been
based on the inside section, that is on the ninirmrm cross-sectional area.)

Friction and entrance loss coefficients uere es tablished for ttre
culverts under the usual conditions of field operation. lTith this objective
in view, each pipe was tested for the foLIowing conditions:

(a) Full flow with submerged inlet anrl outlet.
(b) Part-full flow at unlform depth.

For eaeh flow condition, several values of head and discharge were used. fn
addition, fj,ve of the culverts were tested with two different entrance condi-
tions; namely,

(.) . tipe proJecting 2 tt into the headwater poo1.
(b) Pipe entrance flush with headwall.

H Y D R A U L I C T EST S 
O N CORRUGATED METAL CULVERT PIPES 

I. INTRODUCTION 

Experimental studies on culverts conducted at the St. Anthony Falls 

:1ydraulic Laboratory of the University of Minnesota, beginning in 1946, in­

cluded sev ~ral series of observations on commercial, corrugated metal culvert 

pipes. The primary purpose of these large-scale tests was to obtain pipe 

fr i ction and entrance loss coefficients which would be more accurate and de­

pendable than those currently recommended in culvert design 1i terature. A 

previous paper- in this series gives a discussion of the comparison with the 

r esults of parallel studies on concrete culverts. The present paper is con­

fined to a discussion of the corrugated pipe culvert test program and an 

analysis of the results of the studies. 

Two types of corrugated metal culverts were tested, namely, the 

circular and the pipe arch types. In each case, three different nominal di­

ameter pipe sections were tested--lB in., 24 in., and 36 in., respectively--, 

making a total of six corrugated metal culverts in the test program. Each 

pipe was 193 ft long and laid on a slope of 0.20 per cent. 

For the pipe arch culverts, the identifying dimensions refer to the 

diameters of circular pipes having the same length of periphery. !i'or example, 

the 36-in. pipe arch and the 36-in. circular culvert have equal perimeters 

although their heights, widths, and areas are unequal.. Cross sections of the 

various pipes, with controlling dimensions,appear in Fig. 1.. (Note that the 

corrugation height in each case is 1/2 in. and that all computations have been 

based on the inside section, that is on the minimum cross-sectional area.) 

Friction and entrance loss coefficients were es tablished for the 

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

i n view, each pipe was tested for the following conditions: 

(a) Full flow with submerged inlet and outlet. 

(b) Part-full flow at uniform depth. 

For each flow condition, several values of head and discharge were used. In 

a ddition, five of the culverts were tested with two different entrance condi­

tions; namely, 

(a) . Pipe projecting 2 ft into the headwater pool. 

(b) Pipe entrance flush with headwall. 
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1 
Dimensions of Standard Corrugated Metal Sheets 

Fig. 1- Dimensions of Corrugated Metal Culverts 
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II. RESUME OF E](PERTMENTAL PROORAM

A. Full-F1ow Tests

The Lflanning roughness coefficient ro in the Manning fornula

a = #  * 6 f / t t 1 1 ,  ( 1 )

uas eoqputed for each run and was found to increase systematically with in-

creasing discharge and water temperature. Ttris unanticipated result rvas j.n-

rllcated quite definitely and systematically by the experiments. The sunnarized

results of these conputations are given in ?able f.

TABI,E T

ROUCHNESS COEFFICTENTS FOR FUIL EIC'W

fn the above table, the hi.gh values should be used in design, rather

than the average, sinee the design would nornally be based on a naximum dls-

eharge" A, value of g of about 0,O2, should be recormended for design of eor-

rugated eulverts flowing fu11"

Coefficients of entrance loss were also computed for each run, with

the results indieated in Table II"

Pipe
No.  o f
Tests

Manning Roughness Coefficient

From To Average

i8-i-n, Circular

2h-in" Circular

36-in. Circular

11

13

L2

0"o22
0.0228
0"0216

o"o25L
o.0252
o,o?h1

o.ozlft
O.O?ltz

0.0232

iill Circular Pipes 36 0.0215 o"0252 o"4239

l8-in" Areh

2lr-in. Arch

36-in. Arch

23
7
9

0,0210

0"0217

0,0216

o.0255
0,02h5

o.o2h0

o.0239
o.a236
0"023I

Al-1 Arch Pipes 39 0"02]0 o"0255 o,0237

A11 Pipes 75 0.0210 o.0255 0.0238

*AI1 
synbols are defined in the Olossary on page 2lr.
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II 0 RESUME OF EXPERIMENTAL PROGRAM 

A. Full-Flow Tests 

The Manning roughness coefficient -g * in the Manning formula 

Q = 1.486 A (R)2/3 Sl/2 
n 

(1) 

was computed for each run and was found to increase systematically with in­
creasing discharge and water temperature. This unanticipated result was in­

dica ted qui te definitely and systematically by the experiments. The summarized 

r esults of these computations are given in Table I . 

TABLE I 

ROUGHNESS COEFFICIENTS FOR FULL FLOW 

No. of Manning Roughness Coefficient 
Pipe Tests From To Average 

I S-in. Circular 11 0.022 0.0251 0.0242 

24-in. Circular 13 0.0228 0 . 0252 0.0242 

36-in. Circular 12 0.0216 0.0247 0.0232 

All Circular Pipes 36 0.0216 0.0252 0.0239 
# 

18-in. Arch 23 0.0210 I 0.0255 0.0239 

24-in. Ar ch 7 0.0217 0.0245 0 . 0236 

36-in. Arch 9 0.0216 0.0240 0.0231 

All Arch Pipes 39 0.0210 0.0255 0 ~ 0237 

All Pipes 75 0.0210 0.0255 0.02)8 

In the above t able, the high values should be used in design, rather 

than the average, since the design would normally be based on a maximum dis­

char ge. A. value of n of about 0.025 should be recommended for design of cor­

rugated culverts flowing full. 

Coefficients of entrance loss were also computed for each run, with 

t he results indicated in Table II. 

*All symbols are defined in the Glossary on page 24. 
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TABI.S II

ENTNANCP IOSS COEF'ntfiENTS FOR FUI,L F],OW

?he entries in Table If are values of the entrance loss eoefficient
K" in the entrance head l.oss equaff.on

,2
H  = K  v

"  e Z g ( 2 )

the indicated varj.ations in K" are random, as far as could be ascer-
tained within experimental limitations, and therefore, the average quantities
shovrn are suggested for use in design calculations" In general, a value of
0.9 is reconnended for pipes rith p.rojecting inlets and a value of 0.! for
pipes with flush headnall inlets.

B. Part-F\rll Flow Tests

Roughness and entrance loss eoefficients were also determined for
each run when the culvert was flowj,ng partly full. Various depttrs of uniforrn
floror were establighed in order to make tkris detennination, The culvert was
then acting as an open channel. The slope of the pipe was 0.002, and the slope
of the water surface was also as near to 0.002 as could be reasonably secured,

Pipe

X" for'ProJectlng Inlet K" for Flush Inlet

No, of'
TestB Uex

I

![in Avg
No. of
?ests l[ax Min Avg

18 in. Circular

2h in. Circular

36 in. Circular

h
6
6

0, Bg
O.BB
0.86

o,63
0 .78
0,62

o .7g
0.81
a.75

7
7
6

0.60
0,56
0.68

o,25
0.50
0.h3

o.h2
o.53
o.53

All Circular Pipes T6 0.89 o,62 o.7B 20 0.68 o,25 0,1r9

18 in. Arch
2lr in. Arch

J6 in. Arch

L2

6

7

1.08
0.96
r,03

o '72
a.66
0,76

o-90
0 .99
0.88

9
0

2

o"59

0,1+5

o'h2

0.33

o.5r

a.39

All Arch Pipes ?5 1.08 o.66 0 . B g Lt o,59 0 .33 0.bg

A11 Pipes Ll 1.08 o,62 0"85 31 0.68 o,25 0,1+9

4 

TABLE II 
. , 

ENTRANCE LOSS COEFFI CIENTS FOR FULL FLOW 

Ke for Projecting Inlet Ke for Flush Inlet 

Pipe No. of No. of I 

Tests Max Min Avg Tes~s Max Min Avg 
I , 

, 
I 

I 18 in. Circular 4 0.89 0.63 0.79 7 0.60 0.25 0.42 

24 in. Circular 6 0.88 0.78 0.81 7 0.56 0.50 0.53 

36 in. Circular 6 0.86 0.62 0.75 6 0.68 0.43 0.53 

All Circular Pipes 16 0.89 0.62 I 0.78 20 0.68 0.25 0.49 

18 in. Arch 12 1.08 0.72 0.90 9 0.59 0.42 0.51 

24 in. Arch 6 0.96 0.66 0.89 0 - - -
36 in. Arch 7 1.03 0.76 0.88 2 0.45 0.33 0.39 

, All Arch Pipes 25 1.08 0.66 0.89 11 0.59 0.33 0.49 I 

L 

All Pipes 41 l.08 0.62 0.85 31 0.68 0.25 0.49 

The entries in Table II are values of the entrance loss coefficient 

K in the entrance head loss equation e 

(2 ) 

The indicated variations in K are random, as far as could be ascer-e 
tained wi thin experimental limitations, and therefore, the average quantities 

shown are suggested for use in design calculations . In general, a value of 

0 .9 is recommended for pipes 'rl.th projecting inlets and a value of 005 for 

pipes with flush headwall inlets. 

B. Part-Full Flow Tests 

Roughness and entrance loss coefficients were also determined for 

eac!1 run when the culvert was flowing partly full. Various depths of uniform 

f low were established in order to make this determination. The culvert was 

then acting as an open channel. 'fhe slope of the pipe was 0.002, and the slope 

of the water surface was also as near to 0.002 as could be reasonably secured. 



This slope yvas always less than the so-called ncritical slopen for the par-

ticular culvert, and, therefore, the type of open-channel flow studied was

subcritical, or tranquj-l, flow in every instance. The test results described

below are thus strictly apolieable only if the eulvert is laid on a nild slope.

ll:ere was littLe indication of any systenatic variation in Manningts

n for part-full uniform flow, except a snall effect due to 'shape of cross

sectionu and average values are suggested for use in design calculations, as
given in Table III.

TABTE IIT

RoUGHNESS COEFFICIEX{TS FOR UNIFOTiM IA,ANQUIL FLCfl{

A design value of 0"0235 or 0,021+0 is recommended for uniform tran-

quil flow in corrugated netal eulverts. There does seemto be sone effect of

shape of section, however, and i-f greater preeision is desired, a value of n
of 0"022h might be wed for areh sections and O.OI|JZ for eircular sections"

Entrance loss coefficients for the part-ful} flow condition are given

in Table IV on the next page"

Pipe No"  o f
Tests

Manning Roughness Coefficient

From To Average

l8-in. ti-rcular

2l+-:-n. Circular

36-in, Circular

R

IU

rL

0"02h8

o,0232

0,0228

o,a25B
0,021+h

O " 02,1r3

0.0252

0,021+0

o.a236

A11 Circular Pipes 32 0,0228 o.o25B 0.02L2

l8-in. Arch

2lr-in" i\rch

35-1n" Arch

I \J

3

0"0216

0,0213

o"o22L

4"0233

c,0228

0"0230

o.4223

4,0224

Q,O226

A}} Arch Pipes 26 0"0213 0.0233 A"O22lJ

Al1 Pipes t -x 0.0213 0.0258 0,o23ll

This slope was always less than the so-called "cn tical slope" for the par­

ticular culvert, and, therefore, the type of open-channel flow studied was 

subcri tical, or tranquil, flow in every instaI1ce. The test results described 

below are thus strictly applicable only if the culvert is laid on a mild slope. 

There was little indication of any systematic variation in Manning's 

n for part-full uniform flow, except a small effect due to shape of cross 

section, and average values are suggested for use in design calculations, as 

gi ven in Table III. 

TABLE lIT 

ROUGHNESS COEFFICIENTS FOR UNIFORM TRANQUI.LFLOW 

Manning Roughness Coefficient 
Pipe No. of 

Tests 
From To Average 

, 

18-in. Circular 8 0.0248 0.0258 0.0252 

24-in. Circular 10 0.0232 0.0244 0.0240 

36-in. Circular - 14 0.0228 0.0243 0.0236 

All Circular Pipes 32 0.0228 0.0258 0.0242 
". 

18-in. Arch 10 0.0216 0.0233 0.0223 

24-in. Arch 3 0.0213 0.0228 0.0220 

36-in. Arch 13 0.0221 0.0230 0.0226 

All Arch Pipes 26 000213 0.0233 0.0224 

All Pipes 58 0.0213 0.0258 0.0234 

A design value of 0.0235 or 0.021.).0 is recommended for uniform tran­

quil flow in corrugated metal culverts. There does seem to be some effect of 

s ha pe of section, however, and if greater precision is desired, a value of £ 

of 0.0224 might be used for arch sections and 0.0242 for circular sections. 

Entrance loss coefficients for the part-full flow condi tion are given 

in Table IV on the next page. 



TABIE IV

n{mANcE L0ss coEFFrcIgNlS FOB ut[IF0nM m^ANQITJL Fl,oyf

As the range of vaLues in Tables II and IV would indicate, ttre
physical nature of the entrance loss rnechanisn, no lesp than the difficulty
of naking a precise experi-mental determination of its nagnitude, results in
a fairly wide range of values of the eoefficient, The indicated average values,
however, should be fairly trustuorthy" It is recenmended, therefore, that
coefficients of 0"7 and 0.[, for projecting and flush inlets respectively, be
ttsed in cornputing entranee losses for coruugated netal culverts flowing partly
full on subcritical slopes.

. IXT" EXPERTMEN?AL IIMTHODS

The experinental instatlation for one of the culverts is shown in
tLg" 2, The culverts were tested in the rnain testing channel of the St" Anthony
Falts Hydraulie taboratory. I'his channel system has an overaU length of about

300 fi and is 9 ft wide and 5 ft deep" At the upstream end of the channel is
an eleetrieally operated sluice gate, which controls the amount of water en-
tering the channel" Above the sluiee gate is a pressure tunnel leading to the
headlcater pool on the Mississippi River above St; Anthony Fdlls" The entrance
to the tunnel j-s controlled by an erectrieally operated weir gate.

Fipe

K" for Projeeting Inlet K for Flush fnlete

No" of
Tests Max Min Avg

No.  o f
Tests Max ilnn Avg

lB-in" Circular

2lr-in" fireular

J6-in" Circular

L
L

'7

o ,77
o,77
0"81

0.58
a"63
0"58

0"  71
o"6g

a.69

L
/

6

0"56
0"51+
0 .53

o .28
C"]42

4 " 3 7

0" lrl

0.,l+B

C.b2
All Circular Pioes ' t A

0.81 0.58 0,70 L> o.56 0 . 2 8 0.hh

l8-i-n" Arch

2lr-in" Ar"ch

35-in. Arch

3
7

0"82
o"g6
0"5h

0.h3

0 , 3 h

0"1+1

o16'

0"68

0.1r5

5

6

o" lr3

o , l l

0 . 1 7

0"15

0"30

o.26
A11 Arch Pioes L5 o ,g6 0 .3h o "57 l1 J"56 c.L5 o .2B

A1l Pipes 3L o"g6 0r3l-r 0"63 26 a.56 0"15 o " 3 7

6 

TABLE IV 

ENTRANCE LOSS COEFFICIENTS FOR UNIFORM TRANQu~L FLOW 

i 
K for Projecting Inlet K for Flush Inlet I 

e e 
Pipe 

i No. of No. of I 

Tests Max Min Avg Tests Max Min I Avg 

! 
18-in. Circular 4 0.77 0.58 0.71 4 10.56 0.28 I 0.41 

24-in. Circular 5 0.77 0.63 0.69 5 0.54 0042 0.48 

36-in. Circular 7 0 .81 0.58 0.69 6 0.53 0.37 0.42 

All Circular Pipes 16 0.81 0.58 0.70 15 1 0 •56 0.28 i 0.44 
I 

I 

18-in. Arch 5 0.82 0.43 0 . 65 . 5 0.43 0.17 0.30 

24-in. Arch 3 0.96 0.34 0.68 0 - - I -
36-in. Arch 7 0.54 0.41 0.46 6 0.33 0.15 0.26 

All Arch Pipes 15 0.96 0.34 0 . 57 11 0.56 I 0.15 0.28 

All Pipes 31 0.96 Op34 0.63 -26 0.56 I 0.15 ! 0.37 

As the range of values . in Tables II and IV would indi cate, the 

physical nature of the entrance loss mechanism, no less thal1 the difficulty 

of making a precise experimental determination of its ,magnitude, results in 

a fairly wide range of values of the coefficient. The indicated average values, 

however, should be fairly trustworthy. It is recQmmended, therefore, that 

coefficients of 0.7 and 0.4, for projecting and flush inlets respectively, be 

used in computing entrance losses for corrugatedmetal culverts flowing partly 

full on subcritical slopes • . 

TIL EXPERIMENTAL METHOD$ 

The experimental installation for one of the culverts is shown in 

Fig . 2. The culverts were tested in the main testing channel of thE;lst. Anthony 

Falls Hydraulic Laboratory. This channel system has an overall length of about 

300 ft and is 9 -ft wide and 6 ft deep. At the upstream end of the channel is 

an electrically operated sluice gate, which controls the amount 9f water en­

t ering the channel. Above the sluice gate i~ a pressUre tunn~ll~~ding to the 

headwa ter pool on the Mississippi River above St. Anthony Falls. The entrance 

to the tunnel is controlled by an electrically operated weir gate. 
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Fig . 2- Test Installation for 36-in . Circular Culvert 
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Wlth the cornbined control of the weir gate and sluice gate, large

discharges could be quite satisfactorily adjusted and naintained in the test

ehannel' For srs,Il discharges, an auxiliary B-in" pipe was installed, leading

into the test ehannel, through which small rates of flow'could be accurately

maintained"

lit'hen the sluice gate was used to control diseharge, there was con-

siderable turbulence in the headwater pool, However, this fact was found to

have no influence on pipe roughness eoeffieients, by neans of several check
runs made with the weir gate providing the only discharge eontrol, This latter

condition produced a quieter headwater pool but could not be used for the bulk

of the experiments because of the fluctuating reservoir stage above the weir
gatre o

Each culvert pipe was laid on a slope of 0,002, ft was cradled at

frequent intervals on wooden support blocks, whj-ch were built up individually

to give a slope of 'precisely 0.O02.

the bulkheads for the culvert were designed to aeeormodate aBy size
eulvert that would be tested and also to faeilitate disrnantlenent and reas-
serably, since the test channel had to be used for other purposes between sue-
cessive eulvert testso T?re bulkheads rrere aluminun plates on bolted steel
frames, each with a center plyrrvood panel designed to fit the particular culvert.
Figure J shows the 2Lr-in" pipe arch culvert installed in* the testlng channel.

The upstream bulkhead was located 56 tL from the sluice gate, wittr
the pipe projecting back 2 ft lnto the headwater pool, forming a re-entrant
inlet" AIso, tests were made wj-th a false bulkhead of wooden condtruction,
fitted over the lip of the pipe to sirnulate a flush headwall entranee" this
false bulkhead, with the 35-in. round culvert, is shoyyn in Fig. [" The down-
stream bulkhead was 25 ft from the tailgate at the downstream end of the test
ehannel" The pipe projected about 17 ft beyond the downstream bulkhead into
the tailwater pool,

Diseharge measurements were rnade in different nayso Most of the
diseharges, includi.ng all above 10 cfs, were measured in the large, calibrated

outside volumetric tanks of the Laboratory" Flows of .less than 5 cfs were in

some cases measured by nneans of a calibrated elbow meter in the auxili.ary

supply pipe menti-oned previously. In both cases, the tailwater elevation was

controlled by means of the electrically operated tailgate ai the downstream

end of the test channel.
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With the combined control of the weir gate and sluice gate, large 

discharges could be quite satisfactorily adjusted and maintained in the test 

channel. For small discharges, an auxiliary 8-in. pipe was installed, leading 

into the test channel, through which small rates of flow ' could be accurately 

maintained. 

When the sluice gate was used to control discharge, there was con­

siderable turbulence in the headwater pool. However, this fact was found to 

have no influence on pipe roughness coefficients, by means of several check 

runs made with the weir gate providing the only discharge controL This latter 

condi tion produced a quieter headwater pool but could not be used for the bulk 

of the experiments because of the fluctuating reservoir stage above the weir 

gate. 

Each culvert pipe was laid on a slope of 0.002. It was cradled at 

frequent intervals on wooden support blocks, which were built up individually 

to give a slope of 'precisely 0.002. 

The bulkheads for the culvert were designed to accommodate aJ,1y size 

culvert that would be tested and also to facilitate dismantlement and reas­

sembly, since the test channel had to be used for other purposes between suc­

cessive culvert tests. The bulkheads were aluminum plates on bolted steel 

frames, each with a center plywood panel designed to fit the particular culvert. 

Figure 3 shows the 2h-in. pipe arch culvert installed in .... the testing channel. 

The upstream bulkhead was located 56 ft from the sluice gate, with 

the pipe projecting back 2 ft into the headwater pool, forming are-entrant 

inlet. Also, tests were made wi'th a false bulkhead of wooden construction, 

fitted over the lip of the pipe to simulate a flush headwall entrance. lbis 

false bulkhead, with the 36-in. round culvert, is shown in Fig. h. The down­

stream bulkhead was 25 ft from the tailgate at the downstream end of the test 

channel. The pipe projected about 17 ft beyond the downstream bulkhead into 

the tailwaterpool. 

Discharge measurements were made in different ways. Most ·6f the 

discharges, including all above 10 cfs, were measured in the large, calibrated 

outside volumetric tanks of the Laboratory. Flows of less than 5 cfs were in 

some cases measured by means of a calibrated elbow meter in the auxiliary 

supply pipe mentioned previously. In both cases, the tailwa ter elevation was 

controlled by means of the electrically operated tailgate at the downstream 

end of the test channel. 
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Fig. 4 - Flush Headwall Inlet 

Fig . 5 - Manometry Apparatus Fig . 6- Static Pressure Tube 
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During freezing winter weather, di-scharges between ! and 10 cfs ln
rnagnitude were measured in the Ie.boratoryrs pneumatically controlled weighing

tanks. The do,nnstream tailgate was conpletely raised and its pressure seal
turned on. A diversion gate in one side of the test channel near its d.ischarge
end opened on a channel leading to the nelghing tanks. Vertical stop logs in
the diversion gate opening were used to eontrol the tailwater elevation"

Pressure readings in the culvert were obtained by means of Pitot-
type static tubes loeated at intervals along the bottom eenterline of the pipe.
Altogether, eleven such tubes were used, located 31 9r Lfr Z7r I$r 75r J:O|,
136, L66, l8L1, and 190 ft fron the pipe inlet"

Each of these tubes projected. vertieally into the pipe about 3
inehes. Here it was bent through 90oi the horizontal leg was pointed. upstrea^m
and tapered to end in a point, !-our stati-c-pressure holes on ttre periphery

of this horizontal Ieg pernitted the entrance of water under a pressure which,
after the attainnent of equilibrium, was equal to the static pressure of the
flow in tire pipe at that point"

The pressure was transmitted fron the tube through a L/?-in. copper
pipe to a glass piezoneter tube. All of these piezoneter tubes, ineludi-ng one

connected to the headwater pool and one to the tailwater poo1, were attached
to a conmon nanometer board., which had a graduated scale for reading elevations.
the horizontal placenent of the tubes on the manometer board was geonetrically

similar to the positions of their respective pressure taps in the pipe, so
that water surface or pressure slopes could be nore easily adjusted"

For more accurate readi-ngs of the headnater pool elevation, a still-
i-ng well was mounted near the nanometer board and surfaee read.ings therein
taken wlth an electric point gage, the nanometer board and stilling well were
both nounted in the observation pit beside ttre glass-walled portion of the
test channel. A point gage was also placed d:ireetly in the headwater pool
for reading 1ow surface elevations"

A1t air was expelled fron the nenoneter lines prior to beginning

each series of runs to avoid any significant emors in the data due to faulty

lanoneter indieations" The stilli-ng well, which was L ilehes in dianeter,

served to provide a reference level to correct for minor capillary effects

in the tubes on the rpnoreter board. Manometer readings were read and recorded
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During freezing winter weather, discharges between 5 and 10 cfs in 

mag1itude were measured in the Laboratory's pneumatically controlled weighing 

tanks. The downstream tailgate was completely raised and its pressure seal 

turned on. A diversion gate in one side of the test channel near its discharge 

end opened on a channel leading to the weighing tanks. Vertical stop logs in 

the diversion gate opening were used to control the tailwater elevation. 

Pressure readings in the culvert were obtained by means cf Pitot­

type static tubes located at intervals along the bottom centerline of the pipe. 

Altogether, eleven such tubes were used, located 3, 9, 15, 27,45, 75, 105, 

136, 166, 184, and 190 ft from the pipe inlet. 

Each of these tubes projected vertically into the pipe about 3 

inches. Here it was bent through 900
; the horizontal leg was pointed upstream 

and tapered to end in a point. Four static-pressure holes on the periphery 

of this horizontal leg permitted the entrance of water under a pressure which, 

after the attainment of equilibrium, was equal to the static pressure of the 

flow in the pipe at that point. 

The pressure wastransmi tted from the tube through a 1/2-in. copper 

p ipe 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 

t o a common manometer board, which had a graduated scale for reading elevations. 

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 

t hat water surface or pressure slopes could be more easily adjusted. 

For more accurate readings of the headwater pool elevation, a still­

ing well was mounted near the manometer board and surface readings therein 

taken with an electric point gage. The manometer board and stilling well were 

t oth mounted in the observation pit beside the glass-walled portion of the 

t est channel. A point gage was also placed directly in the headwater pool 

fo r reading low surface elevations. 

All air was expelled from the manometer lines prior to beginning 

ea ch series of runs to avoid any significant errors in the data due to faulty 

manometer indications. The stilling well, which was 4 inches in diameter, 

s erved to provide a reference level to correct for minor capillary effects 

. n the tubes on the manol1'eter board. Manometer readings were read and recorded 
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to hundredths of a- foot. Pressure fluetuations of varying frequency and

anplitude appearedin thernanometers andmayhavebeen a source of some error,

but careful obserration techniques nrlniraized thi-s effect. the manometry ap-
paratus is shovrrn ln Fig. 5 2 and one of the statie oressure tubes is shown in
irig' 6. Leakage through the joints of the corrugated pipes was prevented by
heavy applications of tar, supplernented in some instances by strips of asbestos
paper and by eementing.

Trre 2h-in" pipe arch had been tested a year previously under slightly
different conditions. The slope of the pipe was 0,0021r": 

'Measuring 
stations

were at 3, )3, 63, 93, L23, r53, and 183 ft downstream from the inlet. Dis-
charges were all measured in the volumetric tanks, lllooden bulkheads were used
and all tests were made with a re.-entrant inlet. Otherrise, the general testing
procedure was the sameo

Ni" COMPU?AtrCNAI, }MTHODS

A. General

fhe experinental data consisted of a series of neasured diseharges
and their eoruesoonding hydraulic gradients and water terryeratures. As men-
tioned previously, the discharges vrere detennined. by direct measurement in
vol-umetric tanks, in weigfiing tanks, or by ealibrated elbow meter, depending
upon circumstances" Hydraulic gradients were obtained by simultaneous piezo-
netric pressure measurements at various points along the pipe.

fn every case equilibrium or steady state condi.tions were eslablished
both of discharge and pressure gradient, before taking readings" Itre hydraulie
grade line was determi_ned then by the nanometer read.i_ngs"

B. Full Flow

I'ilhen a culvert is flowing ful1, the total head produeing flow through
lhe culvert is defined by

H = Headwater Slevation - Tailwater Elevation (3 )

By a simple application of the Bernoulli equation, disregarding the negligible
velocity heads in the heaCwater and taj-lwater channels, this total head can be
equa,ted to the sun of the various energy }osses in the eulvert as follows;

_2 -.2 -2H = K" fo * n, h. u"h (h)
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to hundredths of a foot. Pressure fluctuations ·of varying frequency and 

ampli tude appeared in the manometers and may have been a source of some error, 

but careful observation techniques minimized this effect. The manometry ap­

paratus is shown in Fig. 5, and one of the static pressure tUQes is shown in 

Pig. 6. Leakage through the joints of the corrugated pipes was prevented by 

heavy applications of tar, supplemented in some instances by strips of asbestos 

paper and by cementing. 

The 24-in. pipe arch had been tested a year previously under slightly 

different conditions. The slope of the pipe was 0.0024. Measuring stations 

were at 3, 33, 63, 93, 123, 153, and 183 ft downstream from the inlet. Dis­

charges were all measured in the volumetric tanks. Wooden bulkheads were used 

and all tests were made with a re'-entrant inlet.. Otherwise, the general testing 

procedure was the same. 

IV. COMPUTA'ITCNAL METHODS 

A. General 

The experimental data consisted of a series of measured discharges 

and their corresponding hydraulic gradients and water temperatures. As men­

tioned previously, the discharges were detennined by direct measurement in 

volumetric tanks, in weighing tanks, or by calibrated elbow meter, depending 

upon circums tances • Hydrauli c gradients we re obtained by simultaneous piezo­

metric pressure measurements at various points along the pipe. 

In every case equilibrium or steady state conditions were es-tablished 

both of discharge and pressure gradient, before taking readings. Thehydraulic 

grade line was determined then by the manometer readings. 

B. Full Flow 

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

t he culvert is defined by 

H = Headwater Elevation - Tailwater Elevation 

By a simple application of the Bernoulli equation, disregarding the negligible 

velocity heads in the headwater and tailwater channels, this total head can be 

equated to the sum of the various energy losses in the culvert as follows: 

y2 y2 . v
2 (4) 

H=K -2 +Kf -2 +K-2 egg 0 g 
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tsie three terns on the right represent head losses resulting from the.entrance,

barue1 friction, and outlet, respectively.

fn the tests at full flow, the velocity head V2/eg vras computed frorn
the measured discharge and the Imown cross-sectional area of the pipe. the

three eoefficients thenwere deterrnined by a stud;, of tiie hydraulic gradi_ent.

llhe re]ati-ve inportance of K"r Krr and Ko depends prinrarily on the
pipe length. For relatively short or smooth culvertsr Ku and Ko are most

important, but for long, rough culverts such as the ones tested, K, is ore-
dominant, fn order to evaLuate Kf, the slope S of ttre straight*li.ne portion

of the hydraulic gradient was computed statistically from the piezometer read-
ings. Because of influence from the entranee and exit eonditions, the graCient
was linear over only,a eentral region of the piper usually betueen the measuring
stations located ]5 ft from the inlet and 9 ft from the outlet. This eorapu-
tation was sensitive to slight differences in piezoneter readings and thus the
conputed slope nay be regarded as subject to a possibl-e error cf + 0,005 per
cent (of slope). For example, a hydraulic gradlent recorded as 0.900 per cent
would be within the slope range from 0.895 per cent to A,gO5 per cent,

Several typical hydraulic grade lines obtained on the 36-in. dlan
pipe are showqin Fig. J. These lines illustrate the fact that, despite effects
due to the entrance and the developing turbulent boundary layer, the gradi-ent
was linear within experimental accuracy throughout the larger part of the pipe
length. Ihe linear portion of the gradient would be still longer for the
smaller pipes. lhus, an accurate determination of friction slope was possible
in every c&seo

llce slope thus deternined could be nultiplied by tire total length
of the i:ipe to get the total equivalent barrel friction Loss. Actually, hou-
ever, it iuas r:nerely inserted in the li;lanning for.rnula, !iq. (1), which then uas
solved for the roughness coefficient !.

Alsor the friction factor f in the Darcy equation, comnonly used 1n
pipe li-ne pr'oblens, was comprrted. The Darey equation is

, ,r2
^ I J V

H - T" f  -  *  ) $ 2 e
(5)

Since H"/L ts equal to g, this can be vrritten

. BgRS
r = - -

2v
(6)
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The three terms on the right represent head losses resulting from the entrance, 

barrel friction, and outlet, respectively. 

2 In the tests at full flow, the velocity head V 12g was computed from 

the measured discharge and the known cross-sectional area of the pipe. The 

three coefficients then were determined by a stud;y of the hydraulic gradient . 

1he relative importance of K , Kf , and K depends primarily on the . eo · 
pipe length. For relatively short or smooth culverts, K and K are most 

e 0 

important, but for long, rough culverts such as the ones tested, Kf is pre-

dominant. In order to evaluate Kf , the slope ~ of the straight-line portion 

of the hydraulic gradient was computed statistically from the piezometer read­

i ngs. Because of influence from the entrance and exi t conditions, the gradient 

was linear over only,a central region of the pipe, usually between the measuring 

stations located 15 ft from the inlet and 9 ft from the outlet . This compu­

tation Vias sensitive to slight differences in piezometer readings and thus the 

computed slope may be regarded as subject to a possible error of = 0.005 per 

cent (of s lope). For example, a hydraulic gradient recorded as 0.900 per cent 

would be within the slope range from 0. 895 per cent to 0.905 per cent. 

Several typical hydraulic grade lines obtained on the 36-in. diam 

pipe are show!,\in Fig. 7. These lines illustrate the fact that, despite effects 

due to the entrance and the developing turbulent boundar~ layer, the gradient 

was linear wi thin experimental accuracy throughout the larger part of the pipe 

length. The linear portion of the gradient would be still longer for the 

smaller pipes. '!hus, an accurate determination of friction slope was possible 

in every case o 

The slope thus determined could be multiplied by the total length 

of the pipe to get the total equivalent barrel fricti on loss. Actually, how­

ever, it was merely inserted in the Manning formula , Eq. (1), which then was 

s olved for the roughness coefficient ~. 

Also, the friction factor f in the Darcy equation, corrunonly used in 

pipe line problems, was computed. The Darcy equation is 

L V2 

Hf = f 4R 2g 

Since HflL is equal to ~, this can be written 

f = 8gRS 
2 

V 

(5) 

(6) 
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Another quantity of importance that was conputed for each run was
the Retrmo1ds nunber,

the kinematic viscosity of the water y varies

therefore, the rvater benperature Tyas recorded

The outlet loss for a Jet' discharging into a large resenroir is
theoretically equal to the velocity head of flow in the pipe. Tihen the pipe
discharges into a relatively namow channel, sone of this enerry is consenred,
a fact indicated chiefly by the erperimental obsenration of a slight rise in
the hydraulie gradientwhen the pipe flowenterrs the tailwater pool. However,

this rise is snall (and would be snaller in the tSpieal field installatlon,
unless a flared outlet section is used) and difficult to measure with precision.
Study of the actual bydraulic gradlents indicated that Ko was approxinately
0.9 for velocities high enough so that the Jet itself reached the tailgate

g " = W ( 7 )

rith rraten tenperature, and,

for the various ilnsr
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Fig. 7 - Typical Hydraulic Grade Lines 

( 36 - in. Circular Corrugated Pipe Flowing Full) 

Another quantity of importance that was computed for each run was 

the Reynolds number, 
Re • 4RV 

11 

The kinematic viscosity of the water v varies with water temperature, and, 

therefore, the water temperature was recorded for the various runs. 

The outlet loss for a jet discharging into a large reservoir is 

theoretically equal to the velocity head of flow in the pipe. When the pipe 

discharges into a rela tively narrow channel, some of this energy is conserved, 

a fact indicated chiefly by the experimental observation of a slight rise in 
the hydraulic gradient when the pipe flow enters the tailwater pool. However, 

this rise is small (and would ~e smaller in the typical field installation, 

unless a flared outlet section is used) and difficult to measure with precision. 

Study of the actual hydraulic gradients indicated that K was approximately o 
0.9 for velocities high enough so that the jet itself reached the tailgate 
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before its energywas dissipated, but e4perinrental di-fficulties nake this value

uncertain, and it is believed sufficiently accurate to take it equal to unity.

?he entrance loss thenwas computed by extending the }inear portion

of ttre hydraulic gradient to the plane of the entrance, adding f /rU to the

elevation thus obtained, and t'h'en subtracting this total fron the headrnater

elevation. This procedure, which is the best available, has tbe disadvantage

of throwing errors in deterrnination of head and friction loss, and in neglect

of nonuniform velocity distribution into the coraputed entrance loss, wtrich
partly aceounts for the dispersion of entrance coefficj-ents',

C, Part-Fu1l Flow

In the part-fu1t flow tests, the taitwater was adJusted for each

discharge to the proper elevation to give flow at unifonn depth and velocity

in the culvert. fn other words, the slope of the uater surface (which is the

hydraulic gradient in open channel flow) was nade equal to 0.002, the culvert,

slope, or as nearly so as possible.

Often the slope could not be stabilized at this value fithfu a

reasonable length of tine, thouglr no neasurements were acceptedwhich indicated

slopes outside of the range fron 0.00175 to 0,OO225.

In coryuting n and !, the actual measured slopes and discharges sere

used. For part-full fIow, of course, the hydraulic radirls R was not constant
but varied with flow depth. To facilitate computation, curves were prepared

for the various culvert sections showing the variation of flow area and hydrau-

lic radius uiith depth. When the slope had some value other than 0"002, the

computations were based on t'he average depth of flow. Ttre ldanning and Darey

equations technically apply only to uniform flow, brt the flon was so nearly

uniform in every case that the emors involved in thus coryuting n and f are

not irryortant.

If greater accuracy were desired, S could be taken as the slope of

the energy gradient rather than the hydraulic gradient. lbis ras done in a ferrr

instances, but very little effect was produced on the rorrghness coeffi-cients

as computed from the hydraulic gradient, and it was not Judged worth while to

nake such refinements in the bulk of the computaiions.

The elevation of the headnater pool depends on the entrance loss,

and therefore, ent:ance losses also were eomputed for the part'-full condition,

This was done in the sane manner as for ful1 florr.
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before its energy was dissipated, but experimental difficulties make this value 

uncertain, and it is believed sufficiently accurate to take it equal to unity. 

The entrance loss then was computed by extending the linear portion 

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

elevation thus obtained, and then subtracting this total from the headwater 

elevation. This procedure, which is the best available, has the disadvantage 

of throwing errors in determination of head and friction loss, and in neglect 

of nonuniform velocity distribution into the computed entrance loss, which 

partly accounts for the dispersion of entrance coefficients. 

C. Part-Full Flow 

In the part-full flow tests, the tailwater was adjusted for each 

discharge to the proper elevation to give flow at uniform depth and velocity 

in the culvert. In other words, the slope of the water surface (which is the 

hydraulic gradient in open channel floW) was made equal to 0.002, the culvert 

slope, or as nearly so as possible. 

Often the slope could not be stabilized at this value wi. thin a 

reasonable length of time, though no measurements were accepted which indicated 

slopes outside of the range from 0.00175 to 00002250 

In computing!! and f.., the actual measured slopes and discharges were 

used. For part-full flow, of course, the hydraulic radi tls 1! was not constant 

but varied with flow depth. To facilitate computation, curves were prepared 

for the various culvert sections showing the variation of flow area and hydrau.;.. 

lic radius with depth. When the slope had some value other than 0.002, the 

computations were based on the average depth of flow. The Manning and Darcy 

equations technically apply only to uniform flow, but the flow was so nearly 

uniform in every case that th~ errors involved in thus computing!! and f.. are 

not important. 

If greater accuracy were desired, £ could be taken as the slope of 

the energy gradient rather than the hydraulic gradient. This was done in a few 

instances, but very little effect was produced on the roughness coefficients 

as computed from the hydraulic gradient, and it was not judged worth while to 
make such refinements in the bulk of the computations. 

The elevation of the headwater pool depends on the entrance loss, 

and therefore, entrance losses also were computed for the part-full condition. 

'Tlhis was done in the same manner as for full flow 0 



2.00

r . 5 0

r . o o
o .90
0 . 8 0

o .70

o.60

o .50

o.40

o .30

o .25

o.20

o.  r5

c
o()

o
o-

.5

c
.9
!t
o

(9

()
t
o

E

o
o,
o.
o
a

o. ro
0.09

0.o8
o.o7

o.06

o.o 5

o.o4

o.03

o.o2

r 32.5 4  5  6  7  8  9 t 0

D i s c h o r g e  i n  c f s

F i g . 8  -  E x p e r i m e n f  o l  R o t i n g  C u r v e s
(Cor rugoted  Meto l  P ipes  F lowing  Fu l l  

' )

9
I

/
I

I

t I
I

t o
tt\
J -

\o

s :\- (,
?-

\

aa
\-
J.

o I
q/

a. c.
c

(J

.s
\'

/ m

/ I / I /

{
I

I / /
I

J
I I /

f

I P
/

o

e

/
f

/

I

f

(!

30 40

2.00 

1.50 

1.00 

0 . 90 

0 . 80 

0 . 70 

0.60 

0 .50 

0.40 -c 
OJ 
U 

0 .30 ... 
OJ 
a.. 

0.25 
c 

- 0 . 20 c 
OJ 

"C 
0 

0 . 15 .... 
(!) 

u .-
:; 
0 ... 

0.10 "C 
>. 
J: 0 .09 

-0 
0 .08 

OJ 0 .07 
Co 
0 

CJ) 
0.06 

0.05 

0.04 

0.03 

0.02 

0.01 

$) 

1''1 

I ~ 
I~ t1 rJ-.d 
~ / 'I 9 

~ ) I / ~ ~ 
r ~ ~ t J / 

IJ II -eV If; f If 
( ~.,~ <t I , ~t, ~ J I .. ~~:l L 

~~ ~ ~; r-.~ 

~ " 
-<:-

~v, .. ~ ~~xr 
~ 
~ 

~L ir-~ ~ ..!:' 
J ~ .$ -t .$ t-.":' 

<t ~ IJ If <t '1 ~ .~(.J 

~ c:; 
c;:. () 

'.,. '.,.. -'- -'-
~ ·f · v1 ~A1Lf' 
pJ ~ <0 

V ~. V ~If h) . . 
1// ) II j ! 

~ V 
) 

If P 
rJ I V 

J I 1/ rl 
/'1 p I / 

1/) ~ IE 
/ 0 

I 

Ii II 

I 

/ 
1/ 

/ 
1/ 

J 
cI 

1.5 2 2.5 3 4 5 6 7 8 9 10 15 20 25 30 

Discharge in cfs 

Fig . 8 - Experimental Rating Curves 

(Corrugated Metal Pipes Flowing Full") 

15 

40 



$

D. Accuracy of Expertnental Data

Rating eurves uere conputed and plotted for eaeh culvert.and eaeh
flor condition tested in order to Judge tbe general accuracy and dependability

of t'tre orperi-nental data. The conplete set of ratlng curyes for the frrl} and
part-full condition is shor.n in Figs. 8 and 9.

The fuI}-flow rating curve in Fig. I sbors the hydraulic gradient
plotted against the measured di.schbrge. lbis relation is exponentlal in form
and, therefore, should.appear on logarithnic paper as a straight line. Ihe
strong conforrnity of tlre ercperirnental data to this requirenent is evident.

In order to plot rating curves for the open charrrel conditron, it
Iras necessary to reduce the neasurenents to eqrdrralent values for a slope of
0.002. Since discharge, as given by the ltannlng forrula, ls proportional to
the square root of the slope, measured discharges ser€ nultiplied by the factor

ff6'#fiPrrc)'/Z , to obtain dlscbarge quantlttes for the ratlng curves.

Average flor depths uere plotted agalnst tihese discharges, giving
the ratlng cunres of Flg, 9. Againr the conslstency of tie data ls evident.
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D. Accuracy of Experimental Data 

Rating curves were computed and plotted for each culvert ·and each 
flow condition tested in order to judge the general accuracy and dependability 

of the experimental data. The complete set of rating curves for the full and 

part-full condition is shown in Figs. 8 and 9. 

The full-flow rating curve in Fig. 8 shows the hydraulic gradient 

plotted against the measured discharge. This relation is exponential in form 

and, therefore, should .appear on logarithmic paper as a straight line. The 

strong conformity of the exp.erimental data to this requirement is evident. 

In order to plot rating curves for the open channel condit1on, it 

was necessary to reduce the measurements to equivalent values for a slope of 

0.002. Since discharge, as given by the Manning formula, is proportional to 

the square root of the slope, measured discharges were multiplied by the factor 

(M O'OO~O~l )1/2, to obtain discharge quantities for the rating curves. easure ope 

Average flow depths were plotted against these discharges, giving 

the rating curves of Fig. 9. Again, the consistency of the data is evident. 
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V. ANALYSI'S OF 18.5T RRSUI?S

/io Frietion Losses for Full Flow

Long culverts flowing full behave hydraulically as pipes, and it is

of interest to compare the data obtained for the eorugated culverts with

equations and methods eonnonly in use in pipe problens" Hydraulic data on

corrugated netal as a pipe material are rrery searee, and previous opinions on

this subJect have been, to a considerable extent, raodified by the results of

the present studj-es"

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

turbulent and nost of the traditional ernpirical pipe-flow formrlas impli.citJ.y

asswne such flow.

Tre Reynolds nunber Re is an important pipe flow parameter, and its

magnitude gives an index of the irportance of viscosity in the flow patternt

with viseous effects beeoming less ixportant as the Retrmolds nunber is in-

creased.

The relative roughness K"/D (or K"/hR) is. usually assumed to'be an

index of ttre importance of the pipe naterial as it affects the pattern and

intensity of turbulence (and, therefore, energJr loss)" fn this ternr K"r the

equivalent sand grain di-ameter, denotes the sand grain siz.e which, if unifornly

coated on a smooth piper would result in the same frietion loss as the pipe

under considerationo

T?re value of the friction factor ! in the Darcy equation is believed

to depend only on the Beynolds nunber and the relative roughness" In laninar

and partly turbulent (nsnooth piper) flow, the relative roughness has no in-

f,luence on !, whieh thus varies only witJ: Reo In ful}y turbulent flow, no

change in f occurs with increased values of the Relmolds number" ft is only

in the transitlonal realm betryeen partly turbulent and fully turbulent flolv

that ! varies both with Re3rno1ds number and relative roughness"

Unanticipated, the flow in the corrugated culverts i-s found to lie

in this latter rangeo thus it is not possible to assign a definite Manning

or Darcy eoefficient for corrugated netal, sinee the frietion loss coefficient

will vary with the Belmolds ntunber as well as with the relative roughnesso

Most conmercial pipes bave been found erperimentally to give a fric-

tion factor whlch gradually decreases as the ReSmolds number is inereased,
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V. ANALYSIS OF TEST RESULTS 

A. Friction Losses for Full Flow 

Long culverts flowing full behave hydraulically as pipes, and it is 

of interest to compare the data obtained for the corrugated culverts with 

equations and methods commonly in use in pipe problems. Hydraulic data on 

corrugated metal as a pipe material are very scarce, and previous opinions on 

this subject have been, to a considerable extent, modified by the results of 

the present studies. 

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

turbulent and most of the traditional empirical pipe-flow formulas implicitly 

assume such flow. 

The Reynolds number Re is an important pipe flow parameter, and its 

magnitude gives an index of the importance of viscosity in the flow pattern, 

wi th viscous effects becoming less important as the Reynolds number is in­

creased. 

The relative roughness K /D (or K /411) is usually assumed to be an s s . 
index of the importance of the pipe material as it affects the pattern and 

intensity of turbulence (and, therefore, energy loss). In this term, K , the 
s 

equivalent sand grain diameter, denotes the sand grain siz~ which, if uniformly 

coated on a smooth pipe, would result in the same friction loss as the pipe 

under consideration. 

The value of the friction factor f in the Darcy equation is believed 

to depend only on the Reynolds number and the rela ti ve roughness. In laminar 

and partly turbulent ("smooth pipe") flow, the relative roughness has no in­

fluence on f., which thus varies only with Re. In fully turbulent flow, no 

change in f. occurs with increased values of the Reynolds number. It is only 

in the transitional realm between partly turbulent and fully turbulent flow 

that! varies both with Reynolds number and relative roughness. 

Unanticipated, the flow in the corrugated culverts is found to lie 

in this latter range. Thus it is not possible to assign a definite Manning 

or Darcy coefficient for corrugated metal, since the friction loss coefficient 

will vary with the Reynolds number as well as with the relative roughness. 

Most commercial pipes have been found experimentally to give a fric­

tion factor which gradually decreases as the Reynolds number is increased, 
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finally beconing constant when the flow is fully turbulent. The value of the

constant friction factor obtajned at high Retrmo1ds numbers depends only on the

relative roughress of the pipe. For tieynolds numbers of the order of rnagnitude

obtained in the present studies, such currres nearly always exhibit a decreasing

or constant friction f,actor as Reynolds nunber increases.

However, for corrugated metal, ttre friction factor shows a narked

increasi-ng tendency as the Reynolds nr:nber increases, and this proclivity

persists over the entire range of Reynolds numbers investigated fron 75r0O0
to 112611000. The relative roughness also has a strong influence on the fric-

tion faetor, as indicated by the different curves of f versus Re obtained for

the different pipes, These eurves are shovrn in Fig. 10.

the Manning coefficient has also been plotted against ttre Be5molds

number in Fig. 11, and also shows n to increase over the Reynolds number range

investigated. thus, if the Manning coefflcient is to be used in corrugated

pipe design, its variation with the Beynolds number should be properly consl-

sered.

B. Friction tosses for Part-Full Flow

For uniforr subcrj-tical flow, the Manning eoefficient dld not in-

dicate a systenatic yariatj-on with Beynolds number or pipe size within the

accuraey of ttre experirnental data.

A possibly significant difference was obtained, horever, between

the n-value for part-full flow in the cireular and pipe arcir sections. The

average value of n for the ejrcular pipes was 0.02112 and for the pipe arches

was ) .0221r .

For average conditions of subcritical flow ln corrugated culverts,

a Manning coefficient of 0.0235 or 0.02h0 should be wed.

5" Entrance Loss

the entrance loss coefficient in a culvert nay depend upon nany

variables, but by far the nost inportant factor is the geonetry of the entrance

itself, In these tests, entrance losses were determi.ned for a re-entrant

inlet and for a flush headrvall inlet.

An average value of 0.85 was obtained for K" for the re-entrant

inlet and 0.119 for the flush inlet. Ta1ues of 0.90 and 0.10, respectively,

are recomnended for general design use.
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finally becoming constant when the flow is fully turbulent. The value of the 

constant .friction factor obtained at high Reynolds numbers depends only on the 

rela ti ve roughress of the pipe. For Reynolds numbers of the order of magnitude 

obtained in the present studies, such curves nearly always exhibit a decreasing 

or constant friction factor as Reynolds number increases. 

However, for corrugated metal, the friction factor shows a marked 

increasing tendency as the Reynolds number increases, and th is proclivity 

persists over the entire range of Reynolds numbers investigated from 76,000 

to 1,263,000. 'The relative roughness also has a strong influence on the fric­

tion factor, as · indicated by the different curves of f versus Re optained for 

the different pipes. 'These curves are shown in Fig. 10. 

'The Manning coefficient has also been plotted against the Reynolds 

number in Fig. 11, and also shows!! to increase over the Reynolds number range 

investigated. 'Thus, if the Manning coefficient is to be used in corrugated 

pipe design, its variation with the Reynolds number should be properly consi­

sered. 

B. Friction Losses for Part-Full Flow 

For uniform subcritical flow, the Manning coefficient did not in­

dicate a systematic variation with Reynolds number or pipe size within the 

accuracy of the experimental data. .. 
A possibly significant difference was obtained, however, between 

the n-value for part-full flow in the circular and pipe arch sections. The 

average value of !! for the circular pipes was 0.0242 and for the pipe arches 

was 0.0224. 

For average conditions of subcritical flow in corr~gated culverts, 

a Manning coefficient of 0.0235 or 0.0240 should be used. 

C. Entrance Loss 

The entrance loss coefficient in a culvert may depend upon many 

variables, but by far the most important factor is the geometry of the entrance 

itself. In these tests, entrance losses were determined for are-entrant 

inlet and for a flush headwall inlet. 

An average vaJ..ue of 0.85 was obtained for K for the re-entrant e 
inlet and 0.49 for the flush inlet. Values of 0.90 and 0.50, respectively, 

are recommended for general design use. 
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It was not possible to evaluate quantitatively the respective in-

fluence of other variables on entrarce loss, because of the overshadowing

effect of erperinental dispersion of data. However, the advantage of the flush

inlet over the re-entrant inlet is evident" Photographs of flow conditions

at each of the two tSrpes of i-nlets are shown in Fi"gs. 12 and 13"

For the part-fu11 flow condition, some of the contraction of the

entering streamlines is inhibited by the lowered headwater and the reduced

ppripheral contact at entranee. Since entrance loss is caused nostly by the

exeess turbulence generatedwhen the contracted jet re-expands, any reduction

in jet contraction and jet constraint will be followed by a reduetion in en-

trance loss. Consequently, the loss eoefficients for part-full flow are }ess

than those for full flow.

For the projecti-ng inLet, the average entrance loss eoeffici-ent ryas

C.63 and for the flush i-nlet it was A.37 t compared to 0.81 and 0,[p, respec-

tively, for the full-flow conditiono For design use, values of 0"J0 for ttre

projeeting inlet and 0.1+0 for the f1r:sh inlet are reconmended as entrance loss

coeffieients for part-full subcritical flow.
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It was not possible to evaluate quantitatively the respective in­

fluence of other variables on en traree loss, because of the overshadowing 

effect of experimental dispersion of dq.ta. However, the advantage of the flush 

inlet over the re-entrant inlet is evident. Photographs of flow conditions 

at each of the two types of inlets are shown in Figs. 12 and 13. 

For the part-full flow condition, some of the contraction of the 

entering streamlines is inhibited by the lowered- headwater and the reduced 

p~ripheral contact at entrance. Since entrance loss is caused mostly by the 

excess turbulence generated when the contracted jet re-expands, any reduction 
" 

in jet contraction and jet constraint will be followed by a reduction in en-

trance loss. Consequently, the loss coefficients for part-full flow are less 

than those for full flow. 

For the projec ting inlet, the average entrance loss coefficient was 

0.63 and for the flush inlet it was 0.37, compared to 0.85 and 0.49, respec­

tively, for the full-flow condition. For design use, values of 0.70 for the 

projecting inlet and 0.40 for the flush inlet are recommended as entrance loss 

coefficients for part-full subcritical flow. 
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Fig .  l2 -  Open F low in to  p ro jec t ing  In le t
(  36- in  C i rcu lo r  p ipe  )

F i g .  l 3 -  O p e n  F l o w
( 3 6 -  i n

i n to  F lush  Heodwol l  In le t
C i r c u l o r  P i p e  )

--

Fig. 12- Open Flow into Projecting Inlet 

( 36 -in. Circular Pipe) 

Fig. 13 - Open Flow into Flush Headwall Inlet 

( 36- in. Circular Pipe) 
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TABIT T

sl,lfiaRr 0F msT REsuLlE
CORRUOAItsD XETAL PIPES FIfrI}TC FUI.L

f,
e

Re
x 1o-33i:: shape rnret ,t, ,1 "1" i, i

I8tr Circular filush 1.51 0.3?8 2.Lo 0.3,6 0.r?o L75 0.0905 o.o237 o.25
2.1!9 o.39 0.180 rel o.09o5 o,o237 o.5o
3.L1 o,75 , o.35o 2L8 0,0935 o.o2LO 0.39
L.3L L,25 0.590 )22 0.0980 0.02h6 0.b?
L.9L 1.66 0.780 360 o.o995 0.02b6 o.ldr
t.o5 r.?! 0.820 375 0.1002 c.o2l9 0.L1

2.92 O,59 o.25O L99 o.o9l2 C.0238 0.63
L.6,5 r.51 0.680 118 0.0976 0,02!,6 0.89
5.13 2.0? 0.950 372 0.1003 0.0218 0.?8

2lrn circuiar l.Lush ).2\ 0.508 3.99 0.22 o.og| 292 0.0818 o.o237 o.Slt
5.32 0.38 o.r7o 3)6 0.082! o.o2)7 o.5z
5.A o.\5 o.tgl 351! 0.0850 o.oelr- o.95
7.3O O.7) c.l3o 1161 0.0851 0.0211 0,55
8.70 1.r0 0.190 5L3 0.0909 0.c219 c.5b

u.L9 1.98 c.890 7?b o.O932 A.O252 0.50

5.t3 0.12 0.L75 3h0 o.o792 o.o232 0.?8
6.i5 0.58 o,z5o lrer o.o8L6 J.02li2 0.83
7.59 o.B5 0.360 5o2 0.0860 0.0213 c.88
9.5? r.3! 0.580 611 0.0880 0.02L6 0.78

i
rlr.98 o.L2 0.150 605 0.0690 c.0231 0.68
17.90 a.59 0.235 720 0.0710 0.0211 J.L3
23.80 r.09 0.[L0 960 0.0?50 0.0211 o.b6
26.88 L.63- 0.560 1078 c.0750 o.ozLr J.56
3o.Llr r.B?* o.TLo rzeo o.oz7o o.ozlrlr o.5e

)5n Circular ProJ. 7.O7 0.?50 539 o.oL? 0.318 216 0.0600 0.0216 0.?8
u.1,8 0.26 0.093 ldf 0.0680 c.0230 0.73
15,00 0.51 0.185 62]'! 0.0590 o.o232 0.86
zo.o7 0.81 0.loo 785 0.0?20 o.az)6 o.75
2l).7L t.Zs 0.1170 96b 0.0?10 0.0210 0.79

ffi
L.9? 0.27 o.L25 ro8 0.0870 c.o23o 0.1s2
)..92 0.28 0.t25 r08 0.0870 c.0230 0.27
z.)6 o. l j  o.r95 r]3 0.0900 o.o23j o.55
2.97 0.71 0.325 168 0.o9bo O.O2)9 0.55
3.[6 r.00 c.\65 L96 0.0990 o.ozu c.Sz
3.9o r.3z 0.510 22r 0.1020 0.c2L8 o.59
lr. to r.65 0.760 2\3 0.1050 0.0252 0.57
1r.35 r.6L c.77o 2l$ 0.10L0 o.o2r- 0.12
L.BB 2.r0 0.990 275 c.1060 0.3253 0.12

IBn Arch ProJ. I .q o.$5 L.)z 0.r2 0.05L T6 0.0790 0.0218 0.56
1.Br o.z5 0.105 98 0.0820 J.ozz3 o.l l r
l .B3 0.2,11 0.110 tol o.o8[p c.o226 o.72
2,r7 o.35 0.150 I2L o.JB70 J.02JO 0.75
2.1t9 O.116 0.210 r3! 0.0870 O,O229 0.88
2.Bo o.5b o.z9o r5o 0.0950 0.oaL0 0.82
2 . 9 0
3,60
3.70
L.oo
Lr.>t
L .BO

0.69 0.320 L66 o.o9zo o.oe,U 0.91
r.L2 0.510 206 0J0I0 0.021$ o.90
r.]7 o.53o L99 0.0990 o.oaL5 o.9l
r.lr2 0.6lrO 229 0.r0J0 J.0250 0.96
1.88 0.850 258 0.1050 0.0252 1.00
2.f,r  0.960 275 0.1070 0.0251 1.08

.82
ProJ .  2 .98  0 . !7 I 3 . c .

6.98
B.  82

r0.69
L a . a >

0.1r9 0.173
c .383
0.513
J.912
L . Z > I

o.0750
0.07r0
o.c85o
0.0850
0.0890
0.0900

o.0223
0.02u
0.0238
o.0238
0.ozldr
o.o2lr5

O;95

? .33

t19
L I '

233
29b
357
L09

3 .

0.66
0.91
0.88
0.88

o.a2
c.0230 o,33
0.02

r.03
o.o223 O.95
o.o225 0.76
o.o235 o.8L
o.ozfi 0.91
0.0238 0.85
o.o2L0 0.8L

u . z15.20
26.7L

7,An

?An

c.6.?3
L3.77 .77* I .

12.10 o,3? o.rLo z7z 0.0663
L3,96 0.19 0.185 3rl 0.0658
rB.B9 o.95 o.3?5 lp|4 0.0728
22;57 l.ho o.5l$ 5o7 o.o?bl
25.67 1.85 0.7L5 577 0.0752
26.7l'! 2.O2 o.?eo 600 0.0?66

o.673

*Tailrater 
belou outlet crorn.
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TABLE V 

SUlIIfARY OF TEST RF.SULTS 
CORRUGATED METAL PIPES FLOIIING FULL 

Pipe Shape Inlet A. R Q H S Re r K Size ft2 rt era rt % x 10-3 n 
e 

18" Circular Flush 1.51 0.378 2.40 0.36 0.170 175 0.0905 0.0237 0.25 
2.49 0.)9 0.180 181 0.0905 0.0237 0.60 
3.41 0.76 0.350 248 0.0935 0.0240 0.39 
4.34 1.25 0.590 322 0.0980 0.0246 0;47 
4.94 1.66 0.780 360 0.0995 0.0248 0.44 
5.05 1.74 0.820 375 0.1002 0.0249 0.41 
5.53 . 2.10 1.000 411 0.1018 0.0251 0.38 

18" Circular Proj. 1.51 0.378 1.~3 0.153 0.067 111 0.0795 0.0222 0.79 
2.92 0.55 0.250 199 0.0912 a.0238 0.63 
4.65 1.51 0.680 318 0.0976 0.0246 0.89 
5.43 2.07 0.950 312 0.1003 0.0248 0.78 

24" Circular l"lush 3.24 0.508 3.99 0.22 0.095 252 0.08Ul 0.0237 0.54 
5.32 0.38 0.170 336 0.0824 0.0237 0.52 
5.61 0.45 0.195 354 0.0850 0.0241 . 0.55 
7.30 0.73 a.330 461 0.0851 0.0241 0.56 
8.70 1.10 0.490 543 0.0909 0.0249 0 .• 54 

11.49 1.98 0.890 724 0.0932 0.0252 0.50 
13.15 2.14* 1.140 826 0.0923 0.0251 0.53 

24" Circular Proj. 3.24 0.508 4.58 0.29 0.115 281 0.0754 0.0228 0.80 
5.53 0.42 0.175 340 0.0792 0.0232 0.78 
6.35 0. 58 0.250 h21 0.08h6 0.0242 0.83 
7.59 0.85 0.360 502 0.0860 0.0243 a.88 
9.52 1.3h 0.580 631 0.0880 0.02h6 0.78 

12.00 . 2.18 0.940 795 0.0900 0.0248 0.82 
)611 . Circular Flush 7.07 0.750 10.7h 0.20 0.077 434 0.0650 . 0.0224 0.5) 

lh.98 0.42 0.160 605 0.0690 0.02)1 0.68 
17.90 0.59 0.2)5 720 0.0710 0.0234 0.43 
2).80 1.09 0.440 960 0.0750 0.0241 0.46 
26.88 1.(,) 0.560 1078 a.0750 0.0241 0.56 
)0.44 1.87* 0.7hO 1220 0. 0770 0.0244 0.52 

3611 Circular Proj. 7.07 0.750 5.)9 a.oh7 0.::118 216 0.0600 0.0216 0.78 
11.48 0.26 0.09) h49 0.0680 0.0230 0.73 
16.00 0.51 0.185 624 0.0690 0.02)2 0.86 
20.07 0.81 0.)00 785 0.0720 0.u2)6 0.75 
24.71 1.25 0.470 964 O.07hO 0.0240 0.79 
)2.)6 2.57* 0.850 12h) 0.0780 0.02h7 0.62 

18" Arch Flush 1.67 a.)" 1.)5 0.12 0.052 76 AO .0730 0.0210 0.58 
1.92 0.27 0.125 108 0.0870 0.0230 0.42 
1.92 0.28 0.125 108 0.0870 0.0230 0.27 
2.36 0.4) 0.195 133 0.0900 0.02)) 0.56 
2.97 0.71 0.)25 168 0.09hO 0.02)9 0." 
3.h6 l.00 0.h65 196 0.0990 0.02h5 0.52 
3.90 1.)2 0.610 221 0.1020 0.0248 0.59 
h.)o 1.65 0.760 2h) 0.1050 0.0252 0.57 
h.)5 l.6h 0.770 246 0.1040 0.0251 0.42 
h.88 2.10 0.990 275 0.1060 0.025) 0.h2 

18" Arch Proj. l.C7 0.355 1.)2 0.12 0.054 76 0.0790 0.0218 0.56 
1.81 0.25 0.105 98 0.OR20 0.0223 0.94 
1.83 0.24 0.110 105 0.0849 0.0226 0.72 
2.17 0.)5 0.160 124 0.0870 0.02)0 0.76 
2.h9 0.h6 0.210 l)h 0.0870 0.0229 0.88 
2.80 0.64 0. 290 150 0.0950 0.0240 0.82 
2.90 0.69 0.)20 166 0.0970 0.0~42 0.91 
).60 1.12 0.510 206 0.1010 0.0248 0.90 
3.70 1.17 0.5)0 199 0.0990 0.0246 0.91 
4.00 1.42 0.640 229 0.10)0 0.0250 0.96 
4.55 1.88 0.850 258 0.1050 0.0252 1.00 
4.80 2.11 0.960 275 0.1070 0.0254 1.08 
h.82 2.12 0.970 258 0.1075 0.0255 0.95 

2h" Arch Proj. 2.98 0.471 ).56 0.28 0.088 119 0.0750 0.0223 0.95 
5.16 0.49 0.173 172 0.0710 0.0217 0.96 
6.98 0.95 0.)8) 233 0.0850 0.02)8 0.66 
8.82 1.58 0.h13 294 0.0850 0.02)8 0.91 

10.69 2.33 0.942 )57 0.0890 0.024h 0.88 
12.25 2.90 1.257 409 0.0900 0.0245 0.88 
1).77 3.71* 1.559 459 0.0890 0.024h 

3611 Arch Flush 6.32 0.673 15.20 0.56 0.235 342 0.0705 0.0230 0.33 
26.74 1.86 0.770 600 0.0749 0.0237 0.45 

36" Arch Proj. 6.32 0.673 9.14 0.21 0.075 205 0.0622 0.0216 1.03 
12.10 0.37 0.140 272 0.0663 0.0223 0.95 
13 . 96 0.49 0.185 314 0.0658 0.0225 0.76 
18.89 0.95 0.375 424 0.0728 0.0235 0.84 
22.57 1.40 0.545 507 0.0743 0.02)6 0.91 
25.67 1.85 0. 715 577 0.0752 0.02)8 0.86 
26.74 2.02 0.790 600 0.0766 0.0240 0.84 

*Tai1water below outlet crown. 
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TABI.E qI

SI.jIO'ARI OF MST NESI'LTS

CORNUGATED UETAL PI?ES FIOtrIXG PIRIT FUTT

rnret "!" i, i k iPlpe
Siza

Circular Flush

Circuler ProJ.

0,16
L.35
1.87
2. l r
1.05
r.63

0.3r?
0.39r
0.b38

o.195
0.200
0.2@

c.o25g
0.o25b

o.28o.65
0.96

o.59
0.80
1.00

0.58
0.69
o,17

0.2@
0.200
0.200

0.70
0.90
I . IO

O.3LL
0.116
0.151

0.8r
1.1I

0.02
c.o25?
0.0252

2.r7
2.6 t

I .
I

2l!n Circutar flLush o.rrs o.ozb! o'rt
Z . O U  1 . {  J  v . 2 v a  r ' \ ' '  v ' ' / t

;:il i:20 o.ise L.ez 9.?q 9.9?1,9 9'l{

\ '.1; i:io o.h) L.1e o.2oo o.ozlL o.7,1
i'.;7 i:to o.i6o 2.re o.2oo 0.0232 0.62
i.oe r.io o.qo2 2.5^5

0.200 0.0219
0.2@ 0.0238

o.62
0.55u.23 r.30

t.6i 1:-lro o.a6b z'.:,b o.?oo o'o2l+2 o'L!
5.$ i.;o 0:518 2.1t! o.2oo 0.9?ll 0'54

'a.Ls 
t.sz o.tst, t.59 o.2oo 0'02311 0' 3?

ro.?b i.6o o.itiz !.tre o.leo o.oar! o'19
rL.bi t:i i o.sto ,.32 0.220 0'c2lq 0'!!
ti.i1 t:[o o.cir t.97 o.req q'q4 0'b1
ir.rr ;:et r;!g! g:l! :.1?E q.*:! e.t:

l6n Circular Elush
) . ) r  - . v '  - - - - -  - -  -  - -

335 o.ro o.5ro t,7.7 o.!12 9.9?2?
S. i t  r . r9 o.6J9 2,6L

o.r ' t> v.vzte
0.195 O.o2l8 o.Lr

J6n Circular ProJ.
;:r.i i:to o.3t: 2.4 o.l!t o.o?2? 9'99) . 4 I  L . a v  v . u s J  c . v 4

i-.;L i.rr o.tst ).56 o.rql 0.0?2q 9'6-l' { . y L  
I . ) r  v t  I ) )  ) . ) f  v ' L : ) .

it.tZ r;so o.ali L.Ll o.l!t 9.9?l? 9.:9
L2,78 2.L2 o:8io i.jt o.rnb o.o2b3 o.ql
15. t8 z .br  0.913

) . ) t  v . I ( ) v  w . v < q J

6.09 0.190 o.o2lrr o.,67

z.2s o.di o.lal 1.30 0.205 0'0219 0'13
e.oi o.si o.Lrr r.bo o.zzg 9'9??I 9'll

0.021, O.lr5
1.66 o.tt o.ryo Q.oL o.leo 0.0227- 9.!l

17.32  2 .7L 6.71 oir95 o.o2l5 o.
o.tijo 0.023J 0.r?r.r! o,56 0.318 o.B5 0.ti i0 0.0211 o.r{

r:;6 c.tt o.ieo 0.99 0.1'90 0.0221 c'19r .5o  C! . r u  u . e 4  v . r o v  w . 7 7  v . . t v

L-.;, o.ti o.t rz 1.rB 0.195 o.o22) o'bl

1.15 o.2oo 0.0216 0.?LI .92 o.?3 0.1d0 1.15 o.2oo o'ozro e' {4
, ' . ; \  0:66 c.tei 1.3i o.aoo 0.0226 0'822 .33  0 .

2Ln Arch

361 Arch f,Iush 2,9L
L'6?

0.59 0. l j2b I.7l 0.200 0

L.lt r.oi 0.552 2.08
o.2n o.o2l.3 o.3L
o,z)2 0.0228 o.?bProJ. 3.Q o.8t o.5o5 L.72  O.2n 0 .021

7.1)2 1.05 0.6?1 3.31 0.195 o'o??5 s'JJ
;:8? r. ;o 0.?60 !.16 o.r9o o.o227 0.119.8?  1 .10  0 .
12.65 l'.i; o:sii t.so c.zio 0.0228 0'26

i.zi o.1s o.52b 2.27 o.L95 o'oeelr o'Ll
a.og o:;7 o,a$ l.o3 o.2oo o'o22t o'19
e.sl 1:ii o.tso b.ol o.2o5. c'0225 0'b?

L?.29 L.52 0.808 b.8L o.Z6 0.0230 o'Lr
i i: i i t,1t 0.818 5.,a 0.26 0.0230 o'stt
ri.[! i.i6 o.ooz 6.oo o.aog o.ozar o'bs
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TABLE VI 
SIJI&ARY OF TEST RESULTS 

CORRUGATED KETAL PIPES FLOWING PARTLY FULL 

Pipe Shape Inlet Q y R A S 
1e Size cf" rt rt rt2 % n 

18" Circular Flush 0.16 0.59 0.317 0.65 0.195 0.0258 0.28 
1.35 0.80 0.391 0.96 0.200 0.0254 0.33 
1.87 1.00 0.438 1.25 0.200 0.0255 0.46 
2.43 1.20 0.459 1.53 0.200 0.02u9 0.56 

18" Circular Proj. 1.05 0.70 0.344 0.81 0.200 0.0252 0.58 
1.63 0.90 0.416 1.11 0.200 0.0252 0.69 
2.17 1.10 0.u51 1.40 0.200 0.0252 0.77 
2.61 1.30 0.456 1.64 0.200 0.0248 0.69 

24" Circular Flush 2.80 1.00 0.502 1.62 0.195 0.0244 0.53 
3.74 1.20 0.559 1.99 0.200 0.0240 0.42 
4.62 1.40 0.600 2.38 0.200 0.0242 0.44 
5.43 1.60 0.618 2.74 0.200 0.0243 0.54 
5.99 1.AO 0.609 3.04 0.200 0.0242 0.48 

2u" Circular Proj. 2.38 0.90 0.468 1.38 0.200 0.0232 0.63 
3.32 1.10 0.533 1.79 0.200 0.0234 0.77 
4.23 1.30 0.580 2.19 0.200 0.0239 0.69 
5.09 1,50 0.609 2.55 0.200 0.0238 0.65 
5.57 1.66 0.618 2.A3 0.195 0.0241 0.72 

36" Circular Flush 3.05 0.90 0.510 1.77 0.175 0.0230 
5.31 1.19 0.639 2.61 0.195 0.0238 0.41 
8.45 1.52 0.754 3.59 0.200 0.0234 0.37 

10.74 1.80 0.832 4.42 0.190 0.0236 0.39 
14.43 2.11 0.890 5.32 0.220 0.0238 0.44 
15.51 2.uO 0.913 6.07 0.190 0.0238 0.u1 
17.11 2.62 0.906 6.5u 0.195 0.0234 0.53 

36" Circular Proj. ).16 . 0.90 0.510 1.77 0.185 0.0228 0.70 
5.41 1.20 0.6u3 2.64 0.185 0.0232 0.68 
7.91 1.51 0.753 3.56 0.185 0.0238 0.67 

10. 36 l.AO 0.833 4.43 0.185 0.0242 0.58 
12 . 78 2.12 0.890 5.33 O.lRO 0.0243 0.81 
15.38 2.U1 0.913 6.09 0.190 0.0241 0.67 
17.32 2.71 0.893 6.71 0,195 0.0235 0.7u 

18" Arch r'l.lsh 1.14 0.56 0.)u8 0.85 O.liIO 0.0233 0.17 
1. 50 0.64 0.380 0.99 0.190 0.0224 0.19 
1.92 0.75 0.412 1.18 0.195 0.0223 0.43 
2.25 0.84 0.427 1.30 0.205 0.0219 0.33 
2.61 0.97 0.431 1.48 0.220 0.0224 0.37 

18" Arch Proj. 1.40 0.59 0.357 0. 90 0.190 0.0219 0.45 
1.68 0.67 0.390 9.04 0.190 0.0227 0.u3 
1.92 0.73 0.410 1.15 0.200 0.0216 0.74 
2.33 0.86 0.429 1.33 0.200 0.0226 0.82 
2.69 0.97 0.430 1.49 0.215 0.0221 0.82 

24" Arch Proj. 3.07 0.8S 0.505 1.72 0.233 0.0213 0.34 
4.37 1.01 0.552 2.08 0.232 0.0228 0.74 
5.32 1.17 0.579 2.41 0.221 0.0220 0.96 

36" Arch Flush 2.91 0.59 0.424 1.71 0.200 0.0225 0.24 
4.67 0.78 0.539 2.37 0.195 )) .0221 0.27 
7.42 1.05 . 0.671 3.31 0.195 0.0225 0.33 
9.87 1.30 0.760 4.16 0.190 0.0227 0.31 

12.65 1.52 0.815 u.86 0.210 0.0228 0.26 
14.78 1.94 0.803 5.92 0.190 0.0227 0.15 

36" Arch Proj. 2.64 0.57 0.408 1.63 0.190 0.0224 0.41 
4.29 0.75 0,524 2.27 0.195 0.0224 0.43 
6.65 0.97 0.635 3.03 0.200 0.0225 0.49 
9.97 1.26 0.750 4.03 0.205 0.0225 O.W 

12.29 1.52 0.808 4.B4 0.205 0.0230 0.41 
14.45 1.73 0.818 5.42 0.205 0.0230 0.54 
15.45 1.98 0.807 6.00 0.205 0.0227 0.49 
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A = Cross-seetional area of flow, sq ft .

D = Equivalent pipe dianeter = lrR

f = Darey frietion factor

g = Acceleration of grarity = J2,L6 ft/sec/see

H = Total head on culvert, ft

H, - Entrance loss, ft

H, = Head loss due to pipe frictlon, ft

K. . Entranee loss coeffielent

Kf - B."rel friction loss coefficient

Ko = Outlet loss coefficient

K, ' Dlaneter of sand grain of equivalent roughness, f,t

L - Length of culvert, ft

n = lianning roughness coefficient

a = Bate of flow, cfs

R = Hydraulic radius, ft

Re - Reynolds nurnber - \R Y/v

S = Slope of hydraullc gradient

V = Average velocity of flow, fps

v = Ki-nenatic viscosity, sq ft/sec

GLOSSARY 

A = Cross-sectional area of flow, sq ft • 

D = Equivalent pipe diameter = 4R 

f = Darcy friction factor 

g = Acceleration of gra'~ty = 32.16 ft/sec/sec 

H = Total head on culvert, ft 

He = Entrance loss, ft 

Hf = Head loss due to pipe friction, ft 

Ke = Entrance loss coefficient 

Kf • Barrel friction loss coefficient 

K = Outlet loss coefficient o 

Ks • Diameter of sand grain of equivalent roughness, ft 

L • Length of culvert, rt 

n = Manning roughness coefficient 

Q = Rate of flow, cfs 

R • Hydraulic radius, ft 

Re • Reynolds number. 4R V/II 

S = Slope of hydraulic gradient 

v = Average velocity of flow, fps 

v = Kipematic viscosity, sq rt/sec 


