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HYDRAULIC FLOW RESISTANCE FACTORS FOR CORRUGATED METAL CONDUITS

Introduction

Corrugated metal sheets having a varlety of corrugation
forms are used to fabricate circular pipes and pipe-arch
conduits commenly used as highway drainage structures,
On the basis of early, limited hydraulic test results, a fixed
coeflicient, usually a Manning # value of 0.024, was often
used to define the hydraulic resistance of all such conduits,
regardless of size, shape, corrugation form, flow depth, flow
rate, or method of manufacture. More recent experimental
data (7, 2, 3, 4. &) on standard corrugated metal pipe
(C.M.P.) with a 2%-inch piteh and a V%-inch depth have
shown that these variables do, in fact, affect the resistance
coefficient to different degrees and that use of a constant
coefficient to define hydraulic resistance is not good practice.

Recent hydranlic model studies of conduits manufactured
from steel struetural plate with 6- by 2-inch corrugations
(6) have contributed mueh to current knowledge of resist-
ance to flow in corrngated metal conduits. These model
studies have also provided resistance factors for 3- by 1-
inch CAMLP. However, hydranlic test information of this
type 15 not available for two new eorrugation forms in use
at present, or for other forms that may appear on the
market in the future.

In hydraulic studies in which resistance coefficients have
been determined by head-loss measurements for a range of
flow rates, resistance data have been obtained, almost ex-
clusively, by tests of circular pipes flowing full. Therefore,
a method is needed not only to estimate the resistance
coefticients for full flow in circular pipes made of the un-
tested corrugation types, but also to determine, with equal
reliability, resistance factors in pipe-arch sections and for
partly full flow conditions in circular and pipe-arch con-
duits of all corrugation forms.

As will be shown later, the predominant characteristic
that determines the C.M.P. resistance factor is relative
roughness in terms of conduit size and depth of corrugation,
In selecting a conduit-size dimension for a tabular or
graphic presentation of resistance factors, either the diam-
eter or the hyraulic radius can be used, as '=4%& for full
circular pipes,

Because the more reliable hydraulic tests were performed
on circular pipes flowing full, pipe diameter, rather than
hydraulic radius, has been used as the conduit-size dimen-
sion in reports of these investigations. For most engineering
applications, it is more convenient to use pipe diameter.

! Numbers in parentheses refer to corresponding references in Appendix A.

Accordingly, in this report, the actual inside diameter is
given for the dimensions of circular pipes, and values of
the Darcy f and Manning n are related to the diameters.
The decrease in resistance factor as pipe size increases is
significant, and indications are that it cannot be considered
good practice to use a single value as an approximation for
all available sizes of pipes having a particular corrugation
type.

Similarly, resistance factors for corrugated metal pipe-
arch sections, though determined from the respective hy-
draulic radii, also can be related to 4/ for full flow condi-
tions, in which 4/ can be considered the effective diameter
of the pipe-arch that corresponds to a circular pipe of equal
resistance. Because of this relation, the same charts, in
which f or n is plotted against circular-pipe diameter, can
be used for pipe-arches,

Except for very shallow relative depths of flow (d/D)
below about 0.4, in &ll approximate flow calculations for
C.M.P. or pipe-arches it would be satisfactory in a given
section shape and size to disregard the variation of resist-
ance factor with depth of flow and to apply some common
factor to all depths of flow. The degree of error in such a
simplified procedure is defined later. When more exact com-
putations are required, the charts and examples of chart use
in this report provide for direct and more precise determina-
tion of resistance factors.

Design information on hydraulic resistance of five forms
of corrugations is presented. This information can be used
to select a culvert or storm-drain size for a given rate of
flow and conduit slope, or to determine the depth of flow
occurring in a long conduit of a given size. The usual
methods available to hydraulic engineers can be applied for
these purposes. The presentation of complete design solu-
tions were not considered essential to the purpose of this
pubhication,

Although the resistance factors derived for this publica-
tion differ somewhat from those in Public Roads Hydraulic
Engineering Circulars No. 5 (7) and 10 (&), they were based
on a more thorough study of the same basic data; but the
differences are minor and revision of those circulars is not
considered necessary.

The information given here applies explicitly to annular
corrugations only; information is too searce at this time to
generalize solutions for helically corrugated metal pipe.
However, the data that do exist indicate that the resistance
of helical corrugations is less than that of annular corruga-



tions; therefore, it is safe to use the resistance factors in
this publication for helically corrugated metal pipe,

Background Infermation

Most experimental investigations of resistance factors in
corrugated metal conduits have dealt with standard 225- by
Va-inch corrugations. Notable among these studies are those
of the U.8. Army Corps of Engineers at the North Pacific
Division Hydraulic Laboratory, (1), formerly Bonneville
Hydraulic Laboratory, and the earlier work of Straub and
Morris at the St. Anthony Falls Hydraulic Laboratory (2).
These tests were concerned with corrugated pipes from 1.5-
to 7-feet in diameter. Other tests on smaller standard cor-
rugated pipes were conducted by C. R. Neill (3) on 15-inch
pipe and by Chamberlain (4) and Garde (5) on 12-inch
pipe, although the data from these experiments are more
erratic than those of the North Pacific Division and St.
Anthony Falls hydraulic laboratories, possibly owing to the
greater relative roughnesses of the smaller diameter pipes.

Recognizing the errors that might result from applying
the standard 224- by !;-inch C.M.P. results to other cor-
rugation types, especially to 6- by 2-inch structural-plate
corrugated pipe, the U.S. Army Engineer Waterways Ex-
periment Station (WES) in 1958 began hydraulic model
studies of corrugated pipes with a 3:1 pitch-to-depth ratio.
Relative corrugation depths corresponding to 2-inch-deep
corrugations in 5-, 10-, and 20-foot diameter pipes were
investigated. These tests, sponsored by both the U.S. Army,
Office, Chief of Engineers, and the U.S. Department of
Commerce, Bureau of Public Roads (BPR), resulted in a
report published in 1966,

In addition to the results of model tests on corrugations
with a 3:1 pitch-to-depth ratio, the WES report (6) also
included the results of studies on a 1:4 scale model of a
5-faot-diameter standard 2%;- by Y.-inch C.M.IP. These data
differed from full-scale test results (7) both in velocity
distribution and resistance coefficient. A possible explanation
for this deviation is that it is difficult to reproduce precisely
the 15-inch corrugations, which are only %-inch deep when
modeled at a 1:4 scale ratio, Also, plate 1 of the WES report
indicates that the model may have had more sharply peaked
corrugations than the full-size pipe. Therefore, the WES
model studies of the H-foot-diameter standard 224- by V5-
Inch CALD. arve excluded from the analysis here, and only
the full-size standard (.MLP. results are considered.

Two separate hydraulic studies have been conducted on
full-size 6- by 2-inch structural plate C.M.P. Neill (3) per-
formed two series of tests on full-size 60-inch structural
plate C.MLP., and Bauer Engineering, Inc. (9), tested a
14-foot-diameter power-plant cooling-water intake pipe in
Buaileytown, Indiana. These studies produced several re-
sistance factors at various Reynolds numbers for the two
pipe sizes, which will be discussed later. Data points for
these factors are not illustrated in the accompanying figures,
but the discussion will show that they generally verify the
analysis methods of this report.

Some hydraulic flow tests were performed at low Reynolds
numbers by A. H. Gibson (70) on a 1.8-inch-diameter cor-
rugated copper pipe and by Rolf Kellerhals (77) on a 3.6-

inch plastic model of the 60-inch structural plate C.MLP.
tested by Neill. In both series of tests, the Reynolds-number
range was below the practical limit for highway drainage-
design use and in the area of sharply rising f values. In
addition, the copper pipe tested by Gibson had a piteh-to-
depth ratio of 4:1, which is an intermediate ratio between
standard and structural plate C.M.P. Therefore, these test
results were not included in the discussion and analysis
reported here.

Objectives

As the aforementioned tests comprise all known data on
C.M.P. resistance factors, it was considered desirable to
devise a method by which the existing results on full, cirveular
924- by Y%-inch standard CM.P. (pitch-to-depth ratio, e/k =
5.33) and on 6- by 2-inch structural plate C.MP. (c/k=
3.00) could be correlated and systematized to estimate the
hycraulic resistance of various conduits of other corrugation
types. Such untested corrugations include 3- by I-inch
CM.P. (¢/k=3.00), 9- by 2V4-inch structural plate C.M.I,
{e/k=3.60), and 6- by 1-inch C.M.P. (2/k=6.00),

The pitch-to-depth ratios of the untested corrugation
types are nearly the same as those of the tested types. Con-
sequently, interpolation between the known values or extra-
polation from them can be performed with little resultant
error, if the difference in f owing to the corrugation form is
not very large at the same relative roughness—that is, the
same ratio of corrngation depth to hydraulic radius or
diameter.

Hydraulic Resistance Factors

The hydraulic resistance factor, or coefficient, applicable
to a conduit can be used to determine the rate of energy loss
(rate of slope of the total head line) under a given con-
dition of flow rate, conduit size, and depth of flow. The
resistance factor also determines the hydraulic capacity, or
flow rate, when the other conditions are fixed. Although in
the design of unimportant conduits, the usual simplified
practice has been to assume that the resistance factor (com-
monly the Manning ») is determined by the material form-
ing the walls alone, and does not vary with pipe size or
other factors, this assumption is not actually valid.

The experimental determinations of resistance factors
for C.ALP. previously outlined indicate that resistance
factors depend not only on the type of corrugation, but also
on the pipe diameter. In addition, resistance varies to a
lesser degree with the flow rate, although for some corruga-
tion forms, this effect may be neglected for typical drainage
discharge rates.

The fact that the resistance factor decreases as the pipe
diameter increases indicates that resistance is significantly
aftected by the ratio of corrugation depth to the hydraulic
radius of the pipe, #=4/P, or relative roughness.

As velocity distribution measurements, relating the in-
crease in lecal velocity to the distance from the pipe wall,
were obtained in some of the previously mentioned experi-
niental studies on C.M.P., a usual method of Auid mechanics
can be used. The velocity distributions can be expressed in
terms of equations wherein the ratio of local velocity to
shear velocity (#8,g)% is related to the distance from the



pipe wall. Subsequent integrations of such equations over
the conduit flow areas give expressions for total flow rates
in terms of shear velocity, which can be transformed into
resistance factors. According to the form of these equations,
the resistance factor is a function of relative roughness, in
terins of the ratio of either pipe radius or hydraulic radius
to corrugation depth (page 16 of the WES report (6) and
Appendix E).

In material presented here, as in the WES report (6),
the pipe diameter, /7=4% for full flow, is used as a more
convenient dimension of conduit size, so that relative rough-
ness can he stated as &/, where & is the corrugation depth,
in feet. To aviod the small decimal values that result from
ks, the graphical solutions for C.ALTP. resistance factors
are plotted against the reciprocal of relative roughness—
D/k.

Because the experimental determinations of C.M.P. re-
sistance factors show that both the Darcy f and the Man-
ning » have maxinmum values for the smallest pipes of each
corrugation form, and that the resistance decreases as the
diameter increases, it follows that partly-full, uniform flow
in a conduit of any given diameter will result in a series
of resistance factors that correspond to the relative depths
of flow. Methods for determining the resistance factor over
a range of flow depths from full to 0.2 77 in cirenlar pipes
and 1n the various shapes of corrngated metal pipe-arches
ave presented here. The variation of resistance factor with
flow rate s accounted for, as necessary, in the methods pre-
sented for determining either f or =.

The relative effect of variations in either f or » on the
flow eapacity of a corrugated metal conduit is evident from
the velocity, or discharge, equations for a given energy line
slope, N;. Using the Manning resistance factor »,

¢ = av = 4 1% pu g,
the discharge varies inversely as s, and a 3 percent reduc-
tton in # results in & 3 percent increase in flow capacity. To
use the Darcy resistance factor f, the usual form of the
equation

LT g
can be modified to express flow velocity in terins of the
hydranlic radius,

Vv = 2¢g 4]; A
Therefore, the flow rate can also be expressed in terms of
the Darcy f,
16.04
%

which means that a 6-percent reduction in f results in about
3 percent increase in flow capacity —comparable to the effect
of a 3 percent reduction in n. As indicated by the above
equation, # varies as f% for any particular conduit and flow
depth.

These demonstrations of the effects of variations in the
resistance factors on the computed discharge capacity of a
conduit indicate that some error in estimating these factors
is acceptable, especially since there are many variables con-

@ = AV = 4 R% §p%,

nected with the flow conditions in C.M.P. In general, any
resistance-factor-determination method resulting in errors
of less than 6 percent in f or 3 percent in n can be con-
sidered adequately reliable for design computations.

Systematization of Available Data

The available experimental results emphasize the depend-
ence of the CLM.P. resistance factor on the pipe Reynolds
number, No=7D/v, in which 7 is the mean velocity of flow,
12 is the pipe diameter, and v is the kinematic viscosity of
water. In figure 11 of the report by the North Tacific
Division Hydrawlic Laboratory (7), and in plate 22 of the
WES Report (8}, it is shown that f initially increases as
the Revnolds number is increased, reaching a peak for each
pipe size. The pipe Reynolds number at the peak increases
progressively as the pipe diameter is increased. Moreover,
a comparison of the two illustrations indicates that in pipes
of equal diameter, the Reynolds number for peak f is some-
what larger for 2-inch corrugations than for ;-inch cor-
rugations,

However, it wuas determined that the use of a wall
Reynolds number, Ng,, in place of the pipe Reynolds num-
ber, &, aided to systematize the data, as the maximum
value of the Darcy f would occur at the same Ng,, for all
pipe sizes with n given corrugation depth.

The wall Reynolds number is defined as:

R A 0.5
o RS "
v Vv
Where,

o* is the mean shear velocity, ft./sec., = (/8,9)%,

£ is the hydraulic radius, ft., = D/4 for full flow in
eircular pipes,

& is the friction slope—slope of the total energy line,
equal to the slope of the hydraulic grade line in pipes flow-
ing full,

¢ is the gravitational acceleration, 82.16 ft./sec.?,

% is the corrugation depth, ft., and

v is the kinematic viscosity, ft.2/sec.

In addition, by plotting the Darcy f against the ratio of
Ve to corrugation depth, A, the f for either the 4-inch-
dee]p or the 2-inch-deep corrngations will peak at about the
same VNgpo/k for all pipe sizes of either corrugation type.
‘This fact is helpful in the following interpolation methods,
although its physical significance is unknown at this time.

In figure 1, these plots of Ny, /k and f are shown for the
experimental data from the previously named sources (1, 2,
3. 4, 5, 6) and apply to both standard 224- by V4-inch C.M.P,
and 6- by 2-inch structural plate C.M.P. The results for
full-size 6- by 9-inch structural plate C.M.P. (3, 9) are
neglected at this point, but are discussed later.

The curves of figure 1 are based on wall Reynolds num-
bers computed from the true kinematic viscosity, v, of the
water during each test. To apply the relationships of figure
1 to general solutions, it is convenient to use an average
kinematic viscosity for water, at a temperature of 60°F v
for which,

v = 1217 X 10-% ft.2/sec,
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This is permissible as it can be shown that rather wide
differences in water temperature (£10°F.) affect resistance
factors by insignificant amounts.

The curves for standard C.M.P. (224- by !;-inch) seem
to reach a peak f in the vicinity of Ngw/k=230,000-40,000
after which they decrease as the Reynolds number increases.
This premise is supported by the North Pacific Division
Hydraulic Laboratory data (7) on 3-, 5-, and 7-foot diam-
eter pipe,

The same phenomenon may occur in the structural plate
corrugated pipe (6- by 2-inch), but the paucity of data in
the high Reynolds number range precludes any definite
determination. Therefore, for the structural plate C.M.P.,
it was decided to estimate conservatively that f remains
constant after peaking. Support for this assumption is
given in Appendix E.

Although in figure 1 the curves for similar relative
roughnesses—in terms of pipe diameter and corrugation
depth—have unlike shapes on either side of their peaks, the
peak f values of corrugated pipes with unlike pitch-to-
depth ratios (/%) seem to be related. To further investigate
this relation, the solid curves of figure 2 were drawn to relate
the peak f values to the reciprocal of relative roughness,
D/k.

The lower curve of figure 2, curve No, 1, is based on an
integration of the semi-logarthmic form of the velacity-
distribution equation obtained from measurements of veloc-
ity in scale models of structural plate C.M.P. having a 3:1
pitch-to-depth ratio (§). Curve No. 1 applies to 6- by 2-inch
structural plate C.M.P. excluding bolt resistance, and to 3-
by 1-inch C.M.P. The number of bolts in structural plate
C.M.P. differs with the number of longitudinal seams as
well as with pipe diameter. The absence of bolts in the 6-
by 2-inch corrugation models facilitates comparisons with
standard 225- by V4-inch C"M.P. on the basis of relative
roughness alone.

To define a similar peak f — D/k curve for standard 224-
by Vi-inch C.M.P., peak f values were selected from figure
1 and plotted in figure 2, as indicated by the circled points.
Although these points do exhibit scatter, all except. the point
for 18-inch C.M.P. fall above the curve for the 3:1 pitch-
to-depth ratio, indieating that f increases as pitch-to-depth
ratio increases. This trend is contrary to the one that might
be intunitively expected, but it may be caused by a different
type of vortex shed in the more widely spaced corrugations.

Some of the curves of figure 1 were based on more con-
sistent data than others, as indicated by the curve analysis
in table 1. Based on this analysis, the peak f values for 12.1-
and 18-inch-diameter C.M.P. were given little consideration
in locating & peak f--D/k curve for the 225- by ls-inch
C.M.P. The remaining circled data points in figure 2 can be
represented well by a line, curve No. 2, drawn parallel to
curve No. 1 at an f increment of 0.004. Use of a constant f
increment facilitates interpolation and extrapolation for
corrugations of other pitch-to-depth ratios, and according
to the available data, more refined curve-fitting methods are
not necessary. Thus curves No. 1 and 2 in figure 2 represent
peak f—Z2I}/% plots for the tested corrugation types, with
3:1 and 5.88:1 pitch-to-depth ratios. Such a large difference

6

Table 1.—Analysis of data for f~New/k curves of figure 1, 2%;-

by Y2-inch. C.M.P.

D % Data scatter Peak f definition Reference
Wide Uncertain {5 3)
Medium +0.003 (€3]
Narrow Estimated (2)
RS 11 S, +0.002 (2)
o _do.__ +0.002 (1. 2)
———-do.__. +0.001 (1}
N . N +0.,001 (1)

L Best curve to define declining curvature.

in corrugation form produces little difference in the re-
sistance factor for a given relative roughness.

Full-Size Hydraulie Tests of Structural Plate C.M.P.

In Neill's studies of full-size 60-inch structural plate
CM.P. (3), most of the tests were performed under partly
full flow conditions, making an accurate resistance factor
determination difficult. All tests in the first series were in a
free-surface condition; however, two tests in the second
series were in a full-low condition owing to the submerged
outlet. The resistance factors, in terms of the Darcy f,
averaged about .14, which is high compared to the WES
model results and analyses (§) for 5-foot structural plate
CM.P., which included increases in f to account for the
assembly bolts.

In Bossy's discussion (72) of Neill's paper, the following
three suggestions were given to explain the possible over-
estimation of the resistance coefficients.

* The nominal diameter (5.0 ft.) was used in resistance
coefficient calculations rather than the actual diameter {4.93
ft.), which should be used.

¢ The weir coeflicient used in determining flow rate may
be too low, resulting in an underestimation of .

¢ The free surface determinations of » include inlet and
outlet effects that increase the apparent slope of the water
surface profile.

Neill, in his closure (73), presents revised resistance co-
efficients based on the true pipe diameter. The following f
values were computed for full flow tests 82 and S8, includ-
ing bolt effects:

Revised
Test Velocity Npw N/ !
82 [iR!a] 13,000 78,000 0.130
S53 7.60 14,400 86,400 0.182

The above tests are in the range of wall Reynolds num-
bers for which a constant value of f is indicated. Later it
will be shown that bolts contribute an increment, aAf, of
about 0.0085 to resistance in a 6- by 2-inch structural plate
pipe with a 4.93-foot diameter. The WES model tests re-
sults applied to a pipe of this size produce an f value of
0.1115, which must be increased by the bolt Af to 0.120 for
comparison with the above f values.

Therefore, the revised f values presented by Neill (73)
are about 0.01 higher than those of the WES model results.
An underestimation of flow rate owing to the weir coeffi-

clent could explain this difference, as suggested by Bossy
(12). )
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The Bauer Engineering tests (9) were conducted on a
completely submerged full-size 6- by 2-inch structural plate
LD, 1,526 feet long and 14 feet in diameter. Two flow
rates, based on the capacity of the power plunt intake
punips, were studied. The flow rates were determined from
velocity-distribution nieasurements obtained from both hori-
zontal and vertical scans for the lower flow rate and from a
horizontal scan enly for the higher flow rate. Most velocity-
distribution measurements were derived from current meter
readings, but a pitot tube was also used in the horizontal
scans as a check.

The total head loss, including pipe friction as well as
minor inlet, bend, and outlet losses, was determined by
measuring the ditference between the water levels upstream
and downstream of the pipe. The Bauer analysis of the re-
sults produced f values for the low and high flow tests that
were significantly lower than the value for a similar pipe
presented in the WES report (6).

The WES report value is based on an integration of the
velocity-distribution equations for 8- by 2-inch structural
plate CM.P. (See Appendix E.) The resuitant f value
of 0.0675 is then increased by 0.004 to account for the bolt
resistance inerement (Af), producing a total f value of
0.0715. This total f applies to the constant f range above the
peak, as shown in figure 1,

As the flow rates in the Bauer tests were not suflicient to
attain the constant f range (Ng./k greater than 30,000-
40,000), the peak f stated above must be reduced somewhat
for comparison. Based on the rising portion of the WES
structural plate C.MLP. curves in figure 1, the peak f value
should be decreased by 0.0045 for the lower flow rate and
by 0.0020 for the higher flow rate, resulting in f values of
0.0670 and 0.0695, respectively, These Iatter values repre-
sent the resistance factors that would be derived by the
methods of the WES report at the lower Reynolds numbers
of the field tests.

A subsequent analysis of the Bauer data by the Public
Roads statf produced f values nearly identical with those
of the WES results. The main modification in the reanalysis
was in the evaluation of the minor loss velocity head co-
efficients, whicl appeared to liave been overestimated in the
Bauer report. The overestimation of the minor losses caused
an undestimation of the pipe friction head loss, producing
a low f value. The revised f values computed by the Public
Roads staff were 0.0675 for the low flow tests and 0.0650 for
the high flow test.

The revised test values are within 1 percent of the WES
f values for the low flow tests and within 6.5 percent for
the high flow test. The high flow test results were somewhat.
less reliable as only one velocity scan was made. An addi-
t1onal reason to question the reliability of the high flow test
is that the Bauer f values exhibit a downward trend with
mereasing Ng,/& in the range below N,/ = 30,000, whereas
all other data in figure 1 indicate an opposite trend.

‘These field tests of full-size 6- by 2-inch structural plate
C.M.P. (3, 9) are necessarily limited because of the large
size of the conduits, which required high flow capacities.
However, the test results largely substantiate the analyses
of this report and verify the resistance factors presented in
figures 8 and 12, which were derived from the WES model

investigations. Therefore, it is recommended that C.M.P.
design be based on these figures and the methods set forth
herein. Additional tests of large diameter gtructural plate
pipes would be desirable but are not considered essential to
an adequate design method.

Corrugation Types Considered

The corrugation types discussed here, including the afore-
mentioned types for which hydraulic test results are avail-
able, 224- by Y-inch and 6- by 2-inch, are shown in figure
3. Resistance factors for 3- by 1-inch C.M.P. can be obtained,
at & given D/k, from curve No. 1 in figure 2, which also
applies to - by 2-inch structural plate corrugated pipes
without bolts, The 6- by 1-inch and 9- by 2;-inch corruga-
tions (6.0:1 and 3.6:1 pitch-to-depth ratios, respectively)
must be estimated from the results of the tested corrugation
types.

On the basis of similar pitch-to-depth ratios, it is assumed
that the 6- by 1-inch corrugations have a resistance coeffi-
cient that varies with the Reynolds number in the same
manner as that of 224- by ls-inch corrugations—increasing
to a peak and then decreasing with increasing wall Reynolds
number, In addition, because the pitch-to-depth ratios of
the 9- by 2;-inch, the 3- by 1-inch, and the 6- by 2-inch
corrugations are comparable, it was estimated that their
resistances behave similarly—increasing to a peak and then
remaining constant with increasing wall Reynolds number.

The corrugation types considered in this report and their
clagsification according to pitch—depth ratio and variation
of f with Reynolds number are as follows:

Corrugation types that peak and then remain constant
with increasing Reynolds number:

Pitch-depth Ratio (e/k)

6 :2 3.00
3:1 3.00
9 12l 3.60

Corrngation types that peak and then decrease with in-
creasing Reynolds number:
Pitch-depth Ratio (e/k)
224 1 5.33
6 : 1 6.00

Methods of Estimating Resistance Factors for Untested
Corrugation Types

To temporarily neglect Reynolds-number effects, a
straight line interpolation and extrapolation was performed
between peak f values only, as shown in figure 4. The inter-
polation indicates that an f increment of 0.001 should be
added to curve No. 1 in figure 2 to obtain the peak f—D/k
curve for 9- by 214-inch structural plate corrngated pipe,
and the extrapolation shows that an f increment of 0.0052
should be added to curve No. 1 to obtain a similar curve for
6- by I-inch C.M.P. This latter increment is equivalent to
an inerement of 0.0012 added to curve No. 2. In neither the
Interpolation nor the extrapolation is the difference between
the base and estimated curve of any significant magnitude —
of the order of 1 or 2 percent of the total f. These increments
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Figure 3.—Types of corrugations investigated.

were used to draw the dashed curves in figure 2 for the un-
tested corrugation types and thereby produce peak f—D/k
curves for each corrugation type pietured in figure 3.

The Reynolds-number eflect was considered next. In gen-
eral, highway storm drains operate at a flow, ¢, of about
9.0 %5, and culverts at a higher flow rate of about 4.0 D**.
Becanse the f values do not change rapidly with changes of
Reynolds number, as shown by figure 1, it was decided to
base design tables and graphs on these two flow rates and
to interpolate resistance factors for other flows, which can
be done with sufficient accuracy.

For 6- by 2-inch, 3- by 1-ineh, and 9- by 2}4-inch corruga-
tions, the f of which is assumed to peak and then remain
constant with increasing wall Reynolds number, the only
determination necessary is whether the hydraulic properties
produce an Ny, large enough to create an f within the con-

stant range at its peak value. If so, Reynolds-number effects
can be ignored for these corrugation types.
It is shown in equation (1) that

Neo _ o _ (R8,g)%
k v v
i . . L V:
rom the basic form of the Darey equation, ky = f Doy

where A; is the friction head loss, feet; I is the length of

conduit considered, feet; and 7 is the mean flow velocity,

Fove
10 29

substituting S,=4A;/L and 4°°=70. If this equation for §;

is introduced into equation (1) the following relation

results:

feet/second ; the equation §; = can be evolved hy
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Where, 4 1s the area of flow.

According to figure 1, the peak f is always reached at a
New/k of 40,000 or slightly more for the 6- by 2-inch
structural plate C.M.P. As shown in equation (2b), the
towest Np,./A will be reached when /D% and /7 are mini-
mum and A/7?* 1s maximum, v 1s assumed constant at
1.217 x 10~ (for water at 60°F.), and f can be considered
at its peak and within the constant § range. Then, if the
Nyo/ke Tor a full flow ¢ of 2.0 D*% is more than 40,000 for
the smallest diameter pipes made of 6- by 2-inch, 3- by 1-
inch and 9- by 2V -inch corrugations, the Reynolds-number
effect need not be considered for these corrngations. Partly
foll flow, of course, results in a lower A/5? than full flow
and, therefore, a higher Ng,/k for the same flow rate
(Q/D*).

As shown in table 2, the above hydraulic conditions pro-
duce an Ng,.// greater than 40,000 for all three corrugation
types. Accordingly, Reynolds-number effects can be ignored

Table 2.—Lowest Ni../k at Q = 2 D?-> for corrugated metal pipes
with assumed constant f after peaking (T = 60°F.)

. Smallest diameter b Nm,,
Pitch-depth avatlable Y § {from fig. 2) —
Inmches Feet
3 by 1 3.0 36.0 0.1012 40,800
6 by 2 4.08 20.6 101117 54,900
9 by 21 G.42 30,8 10,1103 62,300

1 Not including bolt resistance.

for these corrugation types in highway drainage use, mean-
ing that f does not vary with the rate of flow in a pipe of
given size for discharges of general interest—greater than
2.0 D=+ Some lesser discharges will be considered later
when shallow flow depths, less than one-half full, are
discussed.

Conduits that are made of 224- by l3-inch corrugated
metal and have a larger pitch-to-depth ratio have an f that
peaks and then decreases with further increases in Reynolds
number, or rate of discharge, as described earlier. (See
Systematization of Avallable Data.) The f—Ngpo/h curves
of figure 1 for the 225- by 1%-inch C.BLP. tests are some-
what inconsistent as the peak f values are reached at Ngw/k
values that vary within a limited range, and the curvatures
of the plots for different diameters differ, particularly for
the 12.1-inch and 13-inch pipes. The first step in dealing
with these corrugations was to systematize the curves of
figure 1 by defining a common peak location, in terms of
Nro/k, as well as a common curvature. The most complete
data describing the downswing portion of the f—~Ng,/k
ourve beyond the peak were the North Pacific Division
Laboratory (/) data on the 8.00-foot diameter pipe (D/k =
72.0). In the vicinity of the peak, these data are substan-
tiated by the St. Anthony Falls Hydraulic Laboratory data
{2) on a pipe of the same size.

The 3-foot diameter, 224- by 15-inch CM.P. has a relative
roughness that is about average for all the pipes studied,
and the curvature of the declining portion of its f—~Ng,/k
curve fits the curves for other pipe diameters fairly well,
being flatter than the curves of figure 1 for smaller D/k
ratios and steeper than the corresponding curves for larger
D/k ratios. For these reasons, it was decided to use the
shape and horizontal position of the f—~Ng,/k curve for the
8-foot pipe to represent all other relative roughnesses. The
location of the peak f on this curve, at an Ng,/%k of about
30,000 is slightly lower than the value that might be con-
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siderecd an average for all curves, about 35,000, However,
this is not critical, as the f value changes very slightly over
a large Nz./k range near the peak.

Using peak f values from curve No. 2 of figure 2 for
standard 2%;- by Vi-inch CALP., and the curvature and
peak location of the 3-foot pipe f—Ng,/k curve from figure
1, the f—Np./k curves of fizure 5 were constructed. Curves
were prepared for both full flow and partly full flow. The
partly full 1jow curves were derived for circular pipes
flowing three-quarters full, but because hydranlic radins
varies only slightly with relative-depth wvariations in the
range (.7-0.9, they may be applied directly to relative
depths within this range for circular pipes or pipe-arches.

Effective cirenlar diameter in terms of hydraulic radius,
477, where /' i1s the hydraulic radius of the three-quarters
full cireular prism, was used to construct the partly tull
flow curves. To determine the peak 7 from figure 2 for the
partly full flow curves, 4$4°/4 was used as the value of D/4,
and peak f values were read from the curve for the ap-
propriate corrugation type.

Metal conduits with 6- by l-inch corrugations can be
classed as one of the larger pitch-to-depth ratios, for which
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f will peak and then decrease with further increases in
Reynolds number. Therefore, the f—\,./& curves of figure
6 for 6- by l-inch C.ALP., full and partly full, were derived
similarly to those of figure 5 for 224- by V-inch CM.P.
using peak f values from figure 2 and the same curvature
and peak location as in figuve 5.

From the f—A",./k curves of ficures 5 and 6, the values
of f for different pipe diameters flowing full and partly full
at /0% values of 2.0 and 4.0 can be determined by equa-
tion (2b), which requires a trial and error procedure in
which Vg,/# is estimated, f is computed, and the resulting
point is compared with the Vg, /2 enrve for the particular
diameter. The steps are then repeated until the desired
accuracy is achieved. The values obtained by this process
are connected by the steeply sloped lines, labeled @/1)%*
2 and 4, FULL, and #7/D = 0.7-0.9, in figures 5 and €. The
mtercepts of the two curves, flow and diameter, are the
source of the f—diameter curves of figure 7.

Representations of Darey Resistance Factors

Figures 7 through 9 are plots of Darey f and pipe diam-
eter for conduits having the five types of corrugations in-
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vestigated, Figure 7 represents the resistance of the cor-
rugated metal pipes for which Reynolds number (flow rate)
is a factor—224- by Y-inch and 6- by 1-inch. These f-—D
curves are obtained from the intercepts of the diameter and
flow rate curves of figures 5 and 6. The plots of figures 8
and 9 apply to the corrugated metal pipes for which flow
rate is assumed to have no effect—3- by 1-inch (shop
fabricated) and 6- by 2-inch and 9- by 2%-inch (field
assembled). The resistance caused by the method of joining
the seams in shop-fabricated pipe is estimated to be negli-
gible. However, the total resistance coeflicient for the field-
assembled structural ptate C.ALP. is assumed to be made
up of two parts: condunit wall resistance and resistance
caused by bolt heads or nuts. In figures 8 and 9, two sets of
eurves are presented for the structural plate pipes, one
depicting the wall resistance only and the other represent-
ing the total resistance including bolt effects. The wall
resistance, excluding bolt effects, is obtained directly from
figure 2, and for the 3- by l-inch, shop-fabricated C.M.P,,
the f value for the particular relative roughness is the
total resistance as no bolts are present in this type of pipe.
The bholt resistance increment, Af, for the other structural
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plate pipes is computed as explained in the next section.

Curves for full and partly full flow (d/7 = 0.1-0.9) are
presented in figures 8 and 9. As previously mentioned, the
partly full flow curves ave based on 4/ = 0.75, but they
can also be used for the range /1 = 0.7-0.9 because
varies only slightly in this range of relative depths. The
curves for structural plate C.M.I. are based on actual pipe
diameters, as presented in Appendix (. Nominal dianeters
are represented by tick marks at the tops of these graphs.

Bolt Resistance in Structural Plate Corrugated Pipes

The resistance of bolt heads or nuts on the inside crests
of corrngations must be considered for the structural plate
pipes having 6- by 2-inch and 9- by 2%-ineh corrugations.
It was assumed that such obstrnetions in corrngation troughs
do not affect resistance. The methods presented by Bossy
in Appendix A of the WES report (6} were used in comput-
ing the Darcy resistance increment, Af, caused by these
igolated roughness elements, which must be added to the
wall resistance to obtain the total f value, Bossy evaluates
the resistance increment by the formula:
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Af = 7 (Full flow) ______._.___ {3a)
- 4
OD N a (QT/’—)
= 7 (Partly full flow) _____ (3b)
= A
Where,

Af is the incremental Darcy resistance factor.

Cp is the coeflictent of drag, esimated to equal 1.1.

XN is the average number of bolts per length L.

a is the projected area of one nut normal to flow.

v is the velocity near the wall at mid-height of a nut
located on the crest of a corrugation.

L is the length of pipe being considered.

R s the hydraulic radius.

A is the flow area.

V is the mean flow velocity.

(Lengths are in feet, areas in square feet, and time is in
seconds).

In the main part of the WES report (§), page 14, it is
shown that for 6- by 2-inch structural plate corrugated
pipes, the local velocity remains nearly constant inward
from the crests for a distance of 0.7 times the corrugation
depth, which is much greater than the height of a bolt head
or nut and which has the value:

Where,

» is the local velocity.
v* is the shear velocity.

Also, as the resistance factors for structural plate corrugated
pipes without bolts have already been determined, the
following relation can be used:

Where,
¥ is the mean flow velocity.

These two equations permit derivation of the following
relation between the local velocity at the projecting nut and
the mean velocity based on f (without bolts) :

For lack of better information, it was assumed that equa-
tion (4), and therefore equation (6), applies to the local
velocity in 9- by 214-inch structural plate C.M.P., as well as
to 6- by 2-inch structural plate C.M.P. Although this is
probably not exactly true, it should be close enough for
estimation of bolt resistance effects.
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Equation (6} can be combined with equation (3b), as
follows, to arrive at a general equation for bolt resistance:

OoNa (3.787)

Af = 7 (Ta)
R
_ 1512 Cp ¥ @ (/Y (7b)
- (4/D%) D L

For the 6- by 2-inch structural plate corrugated pipes
with nuts on the inside crests of both longitudinal and
circumferential seams, the average number of crest bolts in
a length, Z, equal to the diameter, I’, was computed. The
average number of bolts in a length equal to [ was de-
termined from the total number at the inside crests in a
length of 102 feet made up of twelve 8-foot plates and one
g-foot plate, producing « total of 13 eircumferential joints.

For partly full flow, it was necessary to determine the
number of bolt heads or nuts on corrugation crests that
were actually submerged by the flow depth, 4 = 0.75D,
used here to represent a usual range of partly full flow
depths. At points where one of the longitudinal seams might
or might not be submerged, depending on the orientation of
the pipe, an average was used, which resulted in a fractional
number of seams. This analysis was based on an equal spac-
ing of longitudinal joints as occurs in the optimum pipe
sections with maximum area per number of circumferential
plates.

In figure &, the f—/ curves are shown for the 6- by 2-inch
structural plate C.M.P., with and without bolt resistance
included. The discontinuities in the curves for pipes with
bolts indicate changes in the number of plates used to
fabricate the particular pipe.

The procedure used to determine bolt resistance for the
9- by 2%-inch structural plate C.MLP. was slightly different
owing to assembly differences between this pipe and the 6-
by 2-inch structural plate C.ALP. First, the 8- by 2i-inch
structural plate C.M.P. has its circumferential-seam bolts
in the inside corrugation troughs, so these bolts are ne-
glected. Also, each longitudinal seam has two bolts on each
inside crest, instead of the single bolt used in the 6- by
2-inch structural plate C.M.P. Either aluminum or steel
bolts and nuts can be used. The steel bolts are the same size
as those used in the 6- by 2-inch structural plate C.MLP., but
the aluminum nuts are shorter than the steel nuts, *s-inch
compared to Ms-inch. The dimensions of the aluminum
fasteners were used in the computation of the Af for figure
9; the bolt Af should be increased by a small amount of
about 0.0005, for steel nuts.

The curve discontinuities in figure 9 for 9- by 2Vs-inch
structural plate C.M.P. are also due to changes in the num-
ber of plates used to construct the particular size pipe. One
minor exception was made for partly full low in the 14.59-
and 15.10-foot (true diameter) pipes. The 14.59-foot pipe
has four joints submerged at d = 0.750 whereas the 15.10
foot pipe has only two joints submerged. Rather than plot
individual points for each of these pipes, an average number
of bolts was used for both, resulting in the smooth eurve

designated (&).
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Representations of Manning Resistance Factors

For the convenience of designers who prefer to use Man-
ning's equation, the f—7 curves of figures 7 through 9 are
also presented in the form of Manning #—D curves in
figures 10 through 13 for full and partly full (4/D = 0.7-
0.9) flow. Only the curves that include bolt resistance are
presented for the structural plate C.M.P. in figures 12 and
13. These figures are based on actual pipe diameters (Ap-
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pendix () and have nominal diumeters represented by tick
marks at the tops of the graphs.

Conversion of the Darey f to the Manning » was accom-
plished by use of the equation:

n = 00026 (R)" ()%
Where,

R is the hydraulic radius, in feet.
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This formula can be easily derived by equating the Manning
equation :

1.486
n

V =

to the Darcy equation in the following form (See Hydraulic
Resistance Factors) :

16.04
f‘rﬁ
and solving for .

P= B% S
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Helically Corrugated Metal Pipes

Corrugated metal pipe manufactured by the lock seam
process, known as helical C.M.P. is available in the same
range of sizes as the riveted or spot welded C.M.P. with
annular corrugations and seams. Hydraulic tests on helical
pipes are extremely limited, and results are confined to
small diameter pipes.

The handbook (74) of the American Iron and Steel In-
stitute (AISI) presents a range of f values for different
pipe diameters that were obtained from flow tests in which
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air was used. However, the reason for the range of values is
not explained and no indication of the Reynolds numbers
of the tests is presented. Chamberlain (4) tested 12-inch
helically corrugated metal pipe with 2- by Y%-ineh corruga-
tions in conjunction with his sediment transport studies. No
systematic variation with Reynolds-number changes was
detected, and the mean f value was determined to be 0.040.
Rice (15) conducted flow tests on 8-inch and 12-inch
helically corrugated metal pipe with 1'2- by %-inch and
2- by !%4-inch corrugations respectively, and a decline in f
with increasing Reynolds number was detected in the 8-inch
pipe. Some results from the above tests are plotted in figure
14 along with corresponding curves for full flow in standard
CM.P. with annular corrugations.

According to figure 14, the helical corrugations result in
a three-fold reduction in f for small pipe sizes, In the small
pipes, the helix angle measured from the pipe axis is about
66 degrees and tends to induce a shell of spiral flow around
the conduit periphery. However, as the pipe diameter in-
creases, the helix angle also increases, and as the helix angle
approaches 90 degrees, the pipe must behave as a C.M.P.
with annular corrugations,

For a partly full flow condition in a helically corrugated
metal pipe in which spiral flow cannot be maintained, it is
presumed that even a small helix angle would cause little
reduction in resistance and that the same resistance co-
efficient as that for standard C.M.P. should be used.

There is need to test further helically corrugated metal
pipe, especially the larger sizes. At present, the use of a
reduced resistance coefficient is indicated only for the small
diameters, 2 feet or less, and then only under full flow
conditions. In figure 14, there must be a transition curve
between the small diameter helically corrugated metal pipe
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with the smaller helix angles and the large pipe with a
helix angle approaching 90 degrees. This curve is undefined
at present, althougl the magnitude of the reduction does
not seem large for the intermediate pipe sizes. The best
course for conservative design, pending further test results,
is to use the annular CM.P. resistance coefficients for
helically corrugated pipe.

Use of Resistance Factor-Diameter Curves

As noted in the introduction, resistance factors for partly
full flow in a conduit of a given size and shape can be
approximated by applying the full flow resistance coefficient
for that conduit to any depth of flow from full to about
0.4D. Errors in the determination of f inherent in this
procedure are moderate, in the 10 percent vicinity, as will
be shown,

For better precision with little additional effort, the
curves of figures 7 through 13 can be used to determine the
resistance coefficient in terms of either f or o for corrugated
metal pipes or pipe-arches flowing from one-half full to
full. The errors induced by the necessary approximations
will seldom exceed 5 percent for f determinations, or 21;
percent for ».

Resistance factors, f or n, for circular corrugated metal
pipes of the corrugation types studied, flowing full or
partly full (d/D = 0.7-d/D = 0.9), can be read directly
from the appropriate curves of figures 7 through 13. These
factors should be adequate for many design problems.

Determination of more precise f or n values for flow
depths between /0 = 1.0 and d/D = 0.9, and from d/D =
0.7 to &/} = 0.5 requires interpolation between the full and
partly full curves, because of the inverse relation of f to
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the hydraulic radius at different depths in a given conduit.
For simplicity, it is assumed that a straight line inter-
polation can be performed between the full and partly full
flow curves, downward for the range d/D = 1.0~/D = 0.9,
and upward for the range /0 = 0.7-d/D = 0.5.

The hydraulic radius is the same for both one-half full
flow and full flow; thus, in conduits having the corrugation
types affected only by relative roughness, the resistance
factor is also the same for both one-half full flow and
full flow.

In the aforementioned method of using the resistance
factor-diameter curves, Reynolds-number etfects have been
accounted for in the full and partly full (0.7-0.9) curves
of fipures 7 and 10 for the 225- by 4-inch and 6- by 1-inch
corrugation types. However, Reynolds-number effects would
be ignored in making interpolations between 1.0 and 0.9
and between 0.7 and 0.5, which will result in some estima-
tion error becsuse the resistance coefficient for one-half full
flow is not the same as that for full flow in these conduits.
Therefore, as the relative depth approaches one-half full,
the resistance coefficient obtained by the above methods will
be a few percent higher than the true resistance coefficient.
The error caused by neglecting Reynolds-number effects for
depths between 0.90 and full is insignificant.

The above methods of using the curves of figures 7-13
perform extremely well for the conduits in which resistance
is considered to be independent of Reynolds-number effects—
that is, velocity changes related to relative depth of flow.
Such conduits include the 3- by 1-inch, 8- by 2-inch, and
9- by 213-inch corrugation types. For the 6- by 2-inch and
9- by 2l4-inch structural plate corrugated conduits, bolt
resistance must be considered. Tn circular structural plate
pipes, the bolt resistance amounts to less than 9 percent of
the total /, and can be satisfactorily assessed by interpolat-
ing between the resistance coefficient curves, with bolts, of
figures 8, 9, 12, and 13. It is assumed for this method that
the total resistance, wall resistance plus bolt resistance,
varies inversely with changes in the hydraulic radius of
the flow prism. Although this assumption is not exactly true
because the number of subinerged crest bolts changes
abruptly, trial caleulations such as those in Appendix D
have shown little resultant error.

Because pipe-arches have no linear dimension correspond-
ing to the diameter of a circular pipe, the effective diameter,
D., must be determined to make use of figures 7-13. This
effective diameter is assumed to be four times the hydraulic
radius of the full pipe-arch section. Its use in place of the
hydraulic radius was discussed in the introduction.

Also, to account for the flow rate in pipe-arches manu-
factured of 224- by ;-inch or 6- by 1-inch corrugated metal,
a flow factor other than @/0%° must be used. An equivalent
parameter is ¢//BD,**, where B is the pipe-arch span and
D), is the pipe-arch rise. Use of this factor to enter graphs
based on /D% results in an error of less than 2 percent in
the determination of f. Tables of these hydraulic factors for
circular pipes and pipe-arches are included in Appendix C
of this report.

The relative hydraulic radii—ratios of Z-partly full te
R-full—of the pipe-arch sections flowing partly full vary
with relative depth, d/0,, much the same as the relative

20

hydraulic radii of eircular pipe sections flowing partly full
vary with d/D. Thus, the same interpolation procedures can
be used for pipe-arches as for circular pipes, as follows:
having determined ., read directly for J/D, = 1.0 and
d/D, = 0.9-07, and use a straight line interpolation for
d/D, from 1.0 to 0.9 and for d/D, from 0.7 to 0.5.

Trial caleulations, similar to those in Appendix D, have
shown that the bolt resistance of the full structural plate
pipe-arch can be estimated to be the same as the bolt resist-
ance of the equivalent (D, = 4/) circular pipe. Also, the
variation of bolt resistance with relative depth in pipe-
arches is similar to the variation of bolt resistance with
relative depth in cireular pipes. Accordingly, it is recomi-
mended that the total resistance (wall resistance plus bolt
resistance) factor for structural plate pipe-arches, ) = 2,
be read from the resistance factor curves, with bolts, of
figures 8, 9, 12, and 13, interpolating in the ranges d/D, =
1.0-0.9 and d/D, = 0.7-0.5.

Determining resistance factors for circular pipes or pipe-
arches flowing less than one-half full vequires procedures
other than those described above, and the curves of figures
7-13 cannot be used for this purpose. The methods that are
available for shallow flow depths are discussed later; how-
ever, the range of relative depths less than one-half full is
generally of minor importance, as most flow prablems fall
in a higher depth range.

Summary of Methods for Use of Figures 7-13

To use the curves of tigures 7 through 13 to deterniine the
resistance factors for circular pipes or pipe-arches flowing
full to one-half full, perform the following steps:

1. From the tables of Appendix C, determine the true
diameter for cireular pipes or the effective diameter, I}, =
4.1, for pipe-arches.

2. For conduits having 224- by !3-ineh or 8- by 1-inch
corrugations, for which flow rate (Reynolds number) is a
factor, determine ¢/7)%® for circular pipes or Q/BD; for
pipe-arches. Determine /7%° from table 1, 8, or 4, or BD!*
from table 5, 7, &, or 10 of Appendix (%

3. To determine the resistance factor for fu/l fow in a
pipe or pipe-arch, select the appropriate figure, 7, 8, or 9 to
obtain f, or 10, 11, 12, or 13 to obtain » and read the resist-
ance factor from the full flow curve. Use the curve that in-
cludes bolt effects for structural plate pipe. For the long-
cycle corrugations, 224- by 4-inch and 6- by 1-inch, use the
most. nearly appropriate ¢/7/*° curve, or interpolate.

4. Tf an estimate of the resistance factor for three-
quarters full flow, 4//} = 0.7-0.9, will serve for the problem
under consideration, read the resistance factor from the
curve for d/D = 0.7-0.9 of the appropriate chart, using a
procedure similar to that of step 3.

5. When the depth of flow can be estimated or a series of
depths are to be used, as in a non-uniform flow computation,
select the desired relative depths of flow, in terms of d/D
for pipes or d/D. for pipe-arches.

6. For relative depths, /D or /D, from 1.0 to 0.9 and
from 0.7 to 0.5, read f or » from the appropriate chart by
interpolating between the depth curves at the pipe diameter
or at D, for pipe-arches. Use straight-line interpolation,



downward from 1.0 to 0.9 and upward from 0.7 to 0.5 (the
full flow eurves also represent the resistance at d = 0.5D,
very closely for the short-cycle corrugations and approxi-
mately for long-cycle corrugations).

7. For 3- by 1-, 6- by 2- and 9- by 2/4-inch corrugations,
step 6 requires only the interpolation described, and the
effects of bolts submerged in the partly full flow are in-
cluded by using the curves for conduits with bolts.

8. For 2%- by 1%4- and 6- by 1-inch corrugations, step 6
requires interpolation for relative depth between the ¢/D®*
curves, full and partly full, that are most nearly represen-
tative of the discharge rate. For intermediate flow rates,
the depth interpolation can first be made at ¢ equals 2.0 and
4.0 D*s, A second interpolation can then be made for the
partitular discharge rate. The two interpolations for flow
rate and relative depth can be performed in either sequence.

Chart Use for Resistance in Full to One-Half Full Flow

The following examples demonstrate the use of figures
7-13 to determine resistance factors for circular or pipe-
arch corrugated metal conduits at flow depths from full to
one-half full. Where the independent resistance determina-
tions of Appendix D indicate a significant error in the
simple interpolation processes used, the magnitude of that
error is stated.

1.—Circular O.M.P., vegistance affected by relative rough-
ness only.

Given: Six-foot (actual diameter) C.M.P. with 3- by

1-inch ecorrugations.

Required: Resistance factors f and » for full flow and
partly full flow. Assume that the partly
full flow depth will vary between d/D =
0.7 and d/D = 0.9.

! n
a/nD 3- by 1-in. corrugations 3- by 1-in. corrugations
(Fig. 9) (Fig. 11)
1.00 0.0727 0.0287
0.9-0.7 0.0668 0.0284

For one-half full flow, f would be the same as for full
flow, 0.0727. For flow at d/D = 0.95 or at d/D = 0.60, f
would be halfway between the fnll and partly full curves,
equal to 0.0698, and » would be 0.0266. Since holt resistance
and Reynolds-number effects are absent in this conduit, the
derived values have little or no error.

The error in applying the full flow f to the partly full
flow condition of this example would be about 9 percent.

2—Circular structural plate C.M.P., resistance affected by
relative roughness and bolt effects.

Griven: Twelve-foot (nominal diameter) structural

plate C.M.P. with 6- by 2-inch corrugations.
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Required: Resistance factors f and n for full flow and
partly full flow at d/D = 0.75, 0.6, and 0.5.

From table C-3, actual diameter = 12.06 feet.

7 n
d/D 6- by 2-in. with bolts 8- by 2-in. with bolts
(Fig. 8) {Fig. 12)
1.00 0.0774 0.03095
0.75 0.0710 0.0308
0.60 10.0742 1 0.0308
0.50 0.0774 0.03085

* By straight line interpolation. From independent determinations
in Appendix D, the error in f caused by estimating bolt effeets is less
than 1 percent.

Application of the full flow, £, to the 0.75 full flow results
in an error of about 9 percent.

3—Circular C.M.P., resistance affected by relative rough-
ness and Reynolds-number effects (rate of discharge).
Given: Four-foot (actual diameter) C.M.P. with 224-
by Y2-inch corrugations. Flow estimated to be
64 cubic feet per second (c.fs.).
Pequired: Resistance factors f and n for full flow and
partly full flow at /D = 0.75, 0.6, and 0.5.

From table C-1, D?5 = 32,00.
64
Therefore D2 = ——_ =90,
» €/ 32.00 20
I n

2% - by Y-in. 224- by L4-in.

Q/D** =20 Q/D'* = 2.0
d/0 (Fig. T) (Fig. 10)
1.00 0.0875 0.0241
0.75 0.0618 0.0288
0.60 1 0.0646 1 0.02395
0.50 0.0875 0.0241

* By straight line interpolation. From independent determinations,
the errors in f caused by Reynolds-uumber effects are about 2.5 per-
cent at d/D = 0.60 and less than 5 percent at d/D = 0.50. A § percent
error in f results in about a 2.5 percent error in computing ¥V or .
(8ee Appendix D for the true values.)

If the full flow f value is applied at &/D = 0.75, a 9
percent error results,

4.—Corrugated metal structural plate pipe-arch, resistance
affected by relative roughness and bolt effects.

Giren: Structural plate corrugated metal pipe-arch
with 6- by 2-inch corrugations. Nominal size
12 feet 10 inches by 8 feet 4 inches. Corner

radius = 18 inches.
Requived: Resistance factors f and » for full flow and
partly full flow at d/D, = 0.75, 0.6, and (.5.

From table C-7, 2 = 2.461 feet.
Therefore, 1), = 4(2.46} = 9.84 feet (based on full flow).



7 n
da/D, 8- by 2-in. with bolts 6- by 2-in. with Dbolts
{Fig. 8) (Fig. 12)
1.00 0.0847 0.03135
0.75 0.0778 0.03095
0.60 *0.0812 10.03115
0.50 0.0847 0.03135

! By straight line interpolation. Error in f caused by estimating
bolt and shape effects is about 1 to 2 percent, from independent
determinations in Appendix D.

The error in applying the full flow f to flow at d = 0.75 D
is about 9 percent,

5.—~Corrugated metal pipe-arch, resistance affected by rela-
tive roughness and Beynolds-number effects.

(fiven: Corrugated metal pipe-arch with 224- by ;-

inch corrugations. Nominal size 36 by 22
inches. Flow = 25 c.fs.

Required: Resistance factors f and n for full flow and
partly full flow at d/D, = 0.75, 0.6, and 0.5.

From table C-5, R = 0.564 and BD;* = 7.566.

Therefore, D, = 4R = 4 (0.564) = 2.256 feet and
95
Q/BD} = = ;T = 3.3~ Q/D**
f n

234 - by La-in. 224. by ¥5-in.

Q/BD‘,"‘ =33 Q/BD}* = 3.3
d/D, (Fig. T) (Fig. 10)
1.00 0.0858 0.02465
0.75 0.0777 0.0242
0.60 *0.0818 £0.0244
0.50 0.0858 0.02465

! Interpolate between @/D** = 2.0 and Q/D** = 4.0.

*By a second straight line interpolation for relative depth. From
independent determinations, the errors in f caused by the combina-
tion of Reyoolds number and shape effects are about 2.5 percent at
d/D, = 0.60 and less than 5 percent at /D, = 0.50. (See Appen-
dix D).

The error in applying the full flow f to flow at d = 0.75 D
is more than 10 percent.

Resistance Factors for Conduits Flowing Less
Than One-Half Full

Short-cycle corrugations

The hydraulic resistance of C.M.P. and pipe-arches is
controlled primarily by the relative roughness, that is, the
relation of the corrugation depth to the hydraulic radius
of the flow area. As previously noted, this is evidenced by
figures 7-13, which exhibit rapidly increasing values of the
Darcy f or the Manning » as the pipe diameter decreases.
For conduits formed of the short-cycle corrugations, 3- by
1-inch, 6- by 2-inch, and 9- by 21%-inch, the relative rough-
ness is the only factor that determines resistance, provided
that hydraulic conditions (conduit size, corrugation depth,
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relative flow depth, and flow rate) are sufficient to produce
a wall Reynolds number within the constant f range. (See
figure 1.)

Therefore, for circular pipes of 3- by 1-inch corrugations
or of either of the two forms of structural plate, 6- by
2-inch and 9- by 2%;-inch, the resistance factor at any depth
can be determined in the following manner. First, compute
an effective diameter, 7)., equal to 4 times the hydraulie
radius of the flow prism at the required depth. Then, using
D, as the pipe diameter 7, read f from the appropriate full
flow curve of figure 8 or 9, or n from the equivalent full
flow curve of figure 11, 12 or 13. The same method 1s
applicable to pipe-arches, using the hydraulic radius
determined for the depth of flow in the pipe-arch.

This procedure is not recommended for relative depths of
less than 0.25 I} owing to the high relative roughnesses en-
countered, which are generally outside of the range of avail-
able data. (See figure 2.) Moreover, because of the extreme
deviation of the flow prism shape from the shape of a
circular conduit, the effective diameter concept (I, = 472)
for the very shallow depth may not be reliable,

As relative roughness alone determines the resistance
factor for a conduit constructed from one of the three short-
cycle corrugation forms mentioned above, it follows that the
method used for shallow flow depths can also be applied to
pipe or pipe-arches with flow depths from full to one-half
full. However, the procedure given previously to determine
resistance factors for conduits flowing full to one-half full
Is more advantageous 1n the higher depth range because the
hydraulic radius of each desired relative flow depth need
not be determined. The resistance factor can be read from
the appropriate figure at the actual pipe diameter, 1), or for
pipe-arches, at the equivalent diameter, D, = 4+&.11, using
a previously described straight-line interpolation procedure
for relative depths between the two curves for full flow
and d/D = 0.7-0.9.

Thus, for the more common designs involving flows deeper
than one-half full, either of the two methods can be used to
determine resistance factors for conduits with the three
forms of short-cycle corrugations: (1) interpolation between
the relative depth curves at the actual conduit diameter, or
effective diameter, or (2) computation of effective diameter
for each flow depth and use of only the curve for full flow.
Only the second method is applicable to conduits flowing
less than one-half full.

Of course, the second procedure, using ), equal to 4 times
the hydraulic radius of the flow prism, has a further limita-
tion when it is applied to the smaller conduit sizes. The
values of D, for some shallow depths of flow may be less
than the minimum diameter shown in fignres 8, 9, 11, 12,
or 13.

The assumption that conduits of 3- by 1-inch, 6- by 2-inch
and 9- by 214-inch corrugated metal are free of Reynolds-
number effects has been shown to be valid for normal drain-
age applications with flow rates above @ = 279%° These
flow rates result in a wall Reynolds number-to-k ratio,
N/ ke, greater than 30,000-40,000 (see table 2} in the range
in which f is constant. Through a combination of flow rate
and flow depth, small rates of flow at depths less than ane-
half full may occasionally produce Ng,/k values helow



30,000 in the declining portion of the f—Ng./k curves of
figure 1 for 6- by 2-inch structural plate C.M.P. However,
this is a rare oceurrence, as in most design applications the
flow rate will be high enough to produce an Ngz,./k above
30,000. The results obtained by assuming a constant f at a
lower Ng,./%k will be conservative, as they will be moderately
higher than the true f. Also, in checking minimum flow
conditions at shallow depths, extreme precision usually is
not necessary.

(zenerally, if the average flow velocity in the partly full
flow prism is more than 3.5 f.p.s., it is valid to assunie a
constant resistance coefficient for the short-cycle corruga-
tions, which can be derived from equation {2a)

New V. (2a)
k 2,828 v

by setting Ny,./% equal to 30,000 and v equal to 1.217 X 10-°
(for water at 60°F.), thus obtaining:

5V = (30,000) (2.828) (1217 X 10°%) = 1.03.

Then, for an f value of 0.12, the minimum veloeity producing
the required Ng,./k is 2.97 f.p.s.; whereas for an f value of
0.06, the minimum veloeity is 4.21 f.p.s. This represents the
range of minimum velocities, the average of which is about
3.5 f.ps.

Bolt resistance in the structural plate 6- by 2-inch and
9- by 2%-inch conduits flowing partly full ean be adequately
accounted for by assuming that the bolt resistance of the
partly full flow prism is the same as that of the equivalent
(D). = 4R) circular pipe—one with correspondingly fewer
bolts exposed to the flow, Thus, the total f or » can be read
directly from the full flow curves, with bolts, of figures 8,
9, 12, and 13.

Examples of shallow flow calculations for short-cycle corrugations

1L—Partly-full circular C.M.P., resistance affected by rela-
tire roughness only.
(Fiven: Six-foot (actual diameter} C.M.P. with 3- by
1-inch corrugations.
Required : Resistance factors f and » for partly-full
flow at &/0D = 0.50 and 0.30.

b4 n
d/D R/D Full low curve Full flow curve
(Table C-3) R= (R/Myp D, =4R (Fig. 9) (Fig. 11)
0.50 0.2500 1.500 6.00 10.0727 10.0287
0.30 0.1708 1.025 4.10 0.0872 0.0275

i These same results at d/D — 0.50 could be obtained by the interpolation
process described earlier.

Differences between the resistance factors produced by this
method and by the complete computation process described
in Appendix D are due to curve plotting and reading errors
alone. Fxcept for these small random errors, the results
from the two methods should be exactly the same for this
pipe in which resistance is affected only by relative rough-
ness.

If the flow rate, @, is at least 50 c.fs. at 4/77 = 0.50 or
25 e.fs. at /D = 0.30, the wall Reynolds number-to-A ratio
will be greater than 30,000, and the range of constant f
values will be attained. This flow rate is based onra minimum
velocity of 8.5 f.p.s. and the areas of the respective flow
prisms.

It is evident that the errors in applying the full flow re-
sistance factor to flow depths less than one-half full are
large and often unacceptable. In this example the full flow
f equals 0.0727, and if this is assumed to be the f for flow at
d/D = 0.30, the error is almost 20 percent.

2.—Partly-full cirevlar structural plate CM.P., resistance
affected by relative roughness and bolt effects.

Giren: Twelve-foot (nominal diameter) structnral
plate C.M.P. with 6- hy 2-inch eorrugations.
llequired: Resistance factors f and » for partly full

flow at /D = 0.50 and 0.30.

From table -3, actual diameter = 12.06 feet.

Total f Total n
Full flow curve Full low curve
a/D R/D with bolts with bolts
(Table C-2) R = (R/D)D De:4R {Fig. 8} (Fig. 12)
0.50 0.2500 3.015 12,06 100774 10.03095
0.30 0.1709 2.061 8.24 0.0929 0.03185

1 These same results at d/D == 0.30 could be obtained by the interpolation
process described earlier,

Differences between the resistance factors produced by
this method and the complete computation process described
in Appendix I} are due to errors in estimating bolt effects,
as well as to the graphical errors described in example 1.
Such errors in f amount to less than 0.5 percent at d/D =
0.30. Errors in n are negligible, as they are approximately
one-half of the corresponding errors in f.

If the flow rate is more than 200 c.fs. at d/D = 0.50, or
100 c.f.s. at /1) = 0.30, the constant f range, above Npw/k=
30,000, will be attained. These ¢ values are based on V=
3.5 fps.

B—Corrugated metal structural plate pipe-arch, resistance
affected by relative roughness and bolt effects.

(7iven: Structural plate corrugated metal pipe-arch
with 6- by 2-inch corrugations. Nominal size=
12 feet 10 inches by 8 feet 4 inches. Corner
radius = 18 inches.

Required: Resistance factors f and n for partly full

flow at d/D, = 0.50 and 0.30.
From table C-7, D, = 8.31 feet.

d/Da R/[}(x Total f Total n
Full flow curve Full flow curve
{Table C-9) R = (R/l)a)ﬂa Efe =4R with bolts with bolts
(Fig. 8) (Fig. 12)
0.50 0,306 2.543 10.17 0.0832 0.03125
0.30 0.211 1.753 7.01 0.0992 0.0321

The results from this simplified method are low by 2
percent at d/D, = 0.50 and by 4 percent at d/D, = 0.30, in
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terms of f. Errors in » are about one-half of this magnitude.
These errors are due to the relatively larger number of
longitudinal joints, and therefore bolts, submerged by
shallow flow depths in structural plate pipe-arches, as
opposed to circular pipes.

In this example, the results at ¢/}, = 0.50 difter from
those of the interpolation procedure described earlier for
flow depths one-half full and up. This is due to the non-
cireylar shape of the structure, meaning that the hydraulic
radius of the one-half full flow prism is not equal to the full
How hydraulic radius,

The flow must be at least 170 c.f.s. at ¢/, = 0.50 or 90
c.fs. at d/D, .30 to produce an Ngz./A greater than
30,000 in the constant f range. These flows are based on the
flow prisms of the partly full pipe-arch and a minimum
velocity of 3.5 f.p.s.

Long-cycle corrugations

For conduits formed of corrugated metal having long-
eyele corrugations, 224- by '4-inch and 6- by 1-inch, the
primary factor controlling resistance is again the relative
roughness. Because in any given condult the hydraulic
radius increases as depth decreases from full downward to
almost 0.750), the resistance factor will decrease in this
range of relative depths. As is shown by figure 5 or 6, for
a given flow rate, the change in wall Reynolds number and,
therefore, its effect on f is small in this range of depths.
Thus, the interpolation methods described earlier for obtain-
ing f from figure T, or » from figure 10, are reliable in this
range of depths. Trial determinations have shown that
errors from the use of figures 7 or 10 are also small for flow
depths down to 0.60.

For relative depths of flow less than 0.6, the wall Reynolds
number increases significantly owing to the higher velocities
for a given flow rate and decreased area. Thus, its effect
in reducing f below the value determined by relative rough-
ness alone becomes increasingly large. The overestimation of
fatd/D) = 0.5 through use of the previously described inter-
polation method using figure 7 approaches, and may exceed,
10 percent. An error of 10 percent in f or 5 percent in n is
not unacceptably large, considering the convenience of inter-
polating in figures 7 and 10, using the full flow curve to
represent resistance factors for one-half full flow.

A different method is required for depths less than one-
half full, one that can also be used to obtain a more precise
value of 7 at /D = 0.5. Because increasing the wall
Reynolds number decreases the value of f (from that of
figure 2 on the basis of relative roughness alone or from
the full-flow curves of figure 7 on the basis of effective
diameter, 7). = 41?), the previous methods are not applicable
to shallow relative depths of flow, In fact, the reliability of
the f in the range of relative depths from 0.6-0.5 can be
increased significantly by use of the following procedure for
shallow depths. As was noted, this method is essential for
relative depths less than 0.5D in conduits having the long-
eycle corrugations, 2%5- by Vi-inch and 6- by 1-inch.

Where resistance factors vary with wall Reynolds num-
ber as well as with relative roughness, as for the two cor-
rugation forms under consideration, diagrams of f against
Ny, must be constructed and f determined by a trial and

error procedure using equation (2b), as described in connec-
tion with figures 5 and 6. A detailed description of the
method used is given in Appendix D). A diagram of results
would be more complex than figure 5 or 6 because f first
decreases as d/[) decreases and then increases as d/I} drops
below about 0.75.

The difficulties of using such complex diagrams can be
avoided by resorting to a different type of chart. The
procedure deseribed in detail in Appendix D produces
figure 15 for 224- by Vi-inch corrugations and figure 16 for
6- by l-inch eorrugations.

The value of f for circular corrugated metal pipes having
one of the two long-cycle corrugation forms can be read
directly at the desired relative depth for the pipe diameters
shown, using the applicable ¢/D%% value, Note that lesser
flow rates are shown for the depths below 0.6/? than were
considered necessary in the figures applicable only to depths
from one-half full to full. Where the desired flow rate or
pipe size is not included in the figure, a value of f is obtained
by interpolation, first for /125 at the relative depth, and
then for the pipe diameter.

Darey f values for pipe-arch econduits can also be obtained
from these figures in a similar manner, using 4/, to enter
the relative depth scale and taking D, = 4R, as the
equivalent of the pipe diameter /2. A discharge value of
/B is used for selection of the @/D** curve, as de-
scribed 1 previous examples. The use of figure 15 or 16
will reveal that the full flow curves of figure 7 overestimate
the f for one-half full flow, in the interest of describing a
simple method.

If a value of the Manning » is desired, equation (8) can be
used to perform the conversion.

It should be apparent that curves similar to figures 15 and
16 could be constructed for any corrugation type, including
the short-cycle corrugations, and for any range of relative
depths. However, the method is most advantageous for the
long-cycle corrugations, which cause f to vary with changes
of Reynolds number, owing to their inherent calculation
complexities,

Examples of shallow flow calculations for long-cycle corrugations

L—Partly full circular C.M.P., resistance affected by re-
lative roughness and Reynolds-number effects.

Given.: Four-foot (actual diameter) C.M.P. with 224-
by 14-inch corrugations. Flow estimated to be
16 c.f.s.
Fequired. Resistance factors f and n for partly-full
flow at /0 = 0.50 and 0.30.
From table C-1, 75 = 32.00.
16
Therefore, /D% = —— = 0.5,
vefore, @/ g - 0
f n
a/ (Fig. 15) (Bquation (8))
0.50 0.0665 0.0239
0.30 0.0794 0.0245
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These values are the same as the results from the complete
computation process of Appendix D.

2.—Corrugated metal pipe-arch, resistance affected by rela-
tHre roughness and Reynolds-number effects.

Corrugated metal pipe-arch with 224- by 1%-
inch corrugations. Nominal size 36 by 22
inches. Estimated flow is 5 c.f.s.
Resistance factors f and o for partly-full
flow at d/D, = .50 and 0.30.

From table ('-5.
Nominal size D, L
36 by 22 in. 1.85 0.564
D, = 4R = 4(0.564) = 2.26 feet.

0 = b ofs: Q/BDS = = = 0.66,

7.57

(Fiven:

Requived :

Bl)ﬂ[,!-
7.566

27

Then, assuming the following parameters to be equivalent:

Circular pipe Pipe-arch
a/D a/Dg
.D D, = 4Hh.n
Q/[)2'5 Q/Bl)al,!-

the f values below are read from figure 15, interpolating
first for flow rate and then for conduit size, I,:

R/D, ! "
4/D_ (Table C-6)* K= (R/D D} Q/BD **  (Fig.18) (Equation (8))
0.50 0.319 0.580 0.68 0.08486 0249
0.30 0.322 0.411 0.68 0.1040 0.0258

i Needed to compute n frot equation (8).

Differences in f between this solution and the compiete
computation procedure of Appendix D are about 4 percent.
Such errors are due to the fact that, in the shallow flow
depths, the areas and hydraulic radii of pipe-arches differ
significantly from the like properties of eircular sections.
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APPENDIX B — DEFINITIONS OF TERMS

A = area of flow, feet?
a = average projected area of an obstruction, such as a
bolt head or nut, normal to flow, feet?,
I = pipe-arch span, feet.
(", = coefficient of drag for structural plate bolts, esti-
mated to equal 1.1.
¢ = pitch of corrugation, feet.
D = pipe diameter, feet.
D, = pipe-arch rise, feet.
D, = equivalent circular pipe diameter, based on 4%, feet.
d = depth of flow, feet.
f = Darcy resistance factor,
g = gravitational acceleration = 32.16 feet/second?.
hy = friction head loss, feet.
k = depth of corrugation, feet.
= length of conduit, feet.
number of structural plate bolts per length L.
& = Pipe Reynolds number = V0 /v = 4V /.
Nyw = wall Reynolds number = »* /v
7 = Manning resistance factor.
P = perimeter of conduit, feet.
¢ = flow rate, feet?/second.

=Rt

31

R = hydraulic radius = A/P = P/4 for full flow in cir-
cular pipes, feet.

» = distance measured from a pipe axis outward, feet.

ro = radius of a circular pipe, feet.

&, = friction slope—-slope of total energy line, equal to
slope of the hydraulic grade line in pipes flowing full.

T = temperature, °F.

I = mean velocity, /A, feet/second.

v = local flow velocity at a point within a conduit, feet/

second,

+* = mean shear velocity, (#:5,9)°, feet/second,

w = specific weight of water = 6237 pounds/foot? at
60°F.

y = distance measured from a conduit wall inward, feet.
For C.M.P., the origin is at a corrugation crest.

Af = incremental Darcy resistance factor resulting from
structural plate bolts.

v = kinematic viscosity = 1.217 X 10 -5 feet?/second for
water at 60°F.

p = mass density of water = w/g = 1.939 pound second?/
feett for water at 60°F,

T, = unit shear stress in a fluid at the conduit wall, peund/
feet?.
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APPENDIX C— DIMENSIONAL, GEOMETRIC, AND HYDRAULIC FACTORS FOR CORRUGATED
METAL CONDUITS

This appendix contains tables of geometric and hydraulic Table C—?E.—Dimensionlsi and l;” values ffoln; g- by 2-i;cl_; structural
. . . - .
properties for circular and pipe-arch corrugated metal con- plate corrugaled circular pipes, full-How condition
duits in terms of the actual dimensions rather than the Nominal True P‘I',’:r”
nominal ones, Manufacturing standards govern actual di- diameter diameter ring s
mensions, and small tolerances are to be allowed and should Foet Foot Number
be expected. Information on some corrugation types and ?Ag ;.Zg : gg.?z
conduit shapes covered in the main text are not included an 504 p 3509
here for one of two reasons. First, actual dimensions for 6.5 .45 4 105.66
: R . h : . l d 3. b 7.0 6.87 4 128.26
some conduits, such as 6- by l-inch pipe-arches and 3- by 75 148 M 1530
8.0 7.68 8 179.9
8.5 8.49 6 210.0
2.0 9.00 6 243.0
Table C-1.—D2.% values for a range of pipe diameters 8.5 8.51 [3 2788
True True s 10.0 10.02 6 3178
diameter dinmeter pEe 10.5 10.53 6 358.8
11.0 11.04 8 405.0
Inchces Feet 115 11.55 8 453.4
10 1.0 1.000 12.0 12.06 8 505.1
15 15 1.747 125 12.57 8 560.2
18 1.5 2.756 13.0 13.08 8 618.8
21 1.75 4.051 13.5 13.58 8 679.6
24 2.0 5.657 14.0 14.09 8 7452
50 25 .852 14.5 14.60 10 8145
a6 3.0 15.50 15.0 15.11 10 887.5
EL 3.5 25902 15.5 15.62 10 864.3
48 4.0 32,00 18.0 16.13 10 10449
54 4 1208 18.5 16.64 10 1130.0
680 5.0 55.00 17.0 17.15 10 1218.0
66 e 70.94 175 17.66 10 1310.8
72 6.0 88.18 18.0 18.17 12 1407.0
78 8.5 107.72 185 18.67 12 1506.0
54 7.0 120.64 18.0 19.18 12 1611.0
90 7.5 154.0 18.5 19.69 12 1720.0
96 8.0 181.0 20.0 20.21 12 1836.0
102 &5 210.6 205 20.72 12 1954.0
108 9.0 2.43.0 21.0 21.22 12 2074.0
114 0.5 2782
120 10.0 318.2

Table C-4.—Dimensions and D*" values for 9- by 2¥;-inch struc-
tural plate corrugated circular pipes, full flow condition

Table C-2,—Geometric factors for circular conduits,
full or partly full

[d = Depth of flow, D — Pipe diameter, R = Hydraulic radius, and Nominal True Plates par
4 = Area of flow] diameter diameter ring Das

2 R 4 a R A Feet Feet Number
- - 78 805 H 1264
3 B - B
p p D P L all 75 T4 3 1510
1.00 02506 0.7854 0.50 0.2500  0.3927 8o oS H 1788
0.95 0.2865 0.7707 0.45 0.2331 0.3428 9.0 8.97 3 241.0
0.90 0.2080 0.7445 0.40 0.2142 0.2934 9.5 9.48 2 276.7
0.85 03033  0.7115 0.35 0.1985  0.2440 oL oo 3 8154
0.80 0.3042 0.6736 0.30 0.1709 0.1982 116 1101 3 1022
115 11,52 4 4504
0.75 0.3017 0.6319 0.25 0.1466 0.1535 122 1204 3 o080
0.70 0.2062 0.5872 0.20 0.1206 0.1118 1350 1508 4 8152
0.65 0.2882 0.5404 0.15 0.0929 0.0739 135 1357 4 678.3
0.60 0.2776 0.4920 0.10 0.0635 0.0409 14.0 14.08 4 743.8
0.55 02640  0.4426 0.05 00325 00147 | ] 133 H 813.1
15.0 15.10 5 886.0
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Table C—5.—Dimensions and hydraulic properties of 2%. by la-
inch corrugated metal pipe-arches, full-flow condition

Nominal =ize True size
Hydraulic
Spuﬁ Rise Span Rise radius Area BD 15
B n B 2 R A “
inches Inches Feet Feet Feel Feetd
18 11 1.51 0.92 0.282 1.11 1.338
! o2 13 1.81 1.11 0.338 1.59 2.106
25 16 211 1.20 0.394 2.17 3.099
| 28 18 2.4t 1.48 0.451 2.83 4.329
! 36 22 3.01 1.85 0.564 4.42 7.566
: 43 27 3.61 2022 0.676 /.37 11.53
50 31 4.22 2.59 0.783 8.67 17.53
o8 5333 4. 82 2.06 0.902 11.3 24.49
65 40 H.42 3.33 1.014 14.3 32.88
72 44 6.02 370 1.127 17.7 42.78
: 78 4% 6.62 4.06 1.2440 21.4 5427
| ®5 54 7.28 4.43 1.352 25.5 67.48 |
Table C—6.— Geometric factors for 2%. by lé-inch corrugated

metal pipe-arches, full or partly full flow—mean values
for all standard sizes
[d = Depth of flow, D. = Rise of pipe-arch, K = Hydraulic radius,

A — Area of flow, and B = Span of pipe-arch]

1-inch pipe-arches, and 9- by 2V4-inch structural plate pipe-
arches, flowing partly full, are not available at present.
Use of nominal dimensions given in manufacturers’
catalogs for these conduits probably will produce no
significant errors in the determination of resistance coefli-
cients. Secondly, some cireular conduits, notably the riveted
224- by Y;-inch, 3- by 1-inch, and 6- by 1-inch C.M.P., have
actnal diameters equal to the nominal diameters. For these
conduits, standard tables and formulas can be used to
determine geometric and hydraulic properties. (See tables
C-1 and €-2.)

The D?# values for circular pipes and BD,** values for
pipe-arches, presented in the accompanying tables, are for
use i computing conduit flow factors in terms of either
@/D* or Q/8 DS°. This flow factor is required to deter-
mine resistance coefficients for the 224- by 15-inch and 6- by
1-inch corrugated metal conduits. Notice that the flow factor
would be dimensionless if divided by ¢°%, a constant.

Pipe-arches, in general, are not geometrically similar, and
the area and hydraulic radius of each pipe-arch section,
flowing full or partly full, must be determined individually

d R 4 d R 4 from its dimensions, However, it has been found that for
D D ¥ D D
D, n, B D D, A B D,
1.00 0.50 0.318 0.459
r B 0 2 . . -
232 gj(; 83?? g‘gé‘; Table C-8.—Dimensions and hydraulic properties of 6- by 2.inch
0.85 ¢.35 0.252 0.315 structural plate corrugated metal pipe-arches with 31-inech
0.80 0.30 0.222 0.264 corner radius, full-flow condition
0.75 0.25 0,189 0,214 Nominul size Hydraulte
0,76 0.20 0.154 0.165 Section ———————————{ Plates Ris radius
0.65 0.15 0.117 0117 Set Rise (D | . se
060 010 0076 0.069 No. - [Span (5) Rise (D)) per - Sfan b, BoOAFY ppos
0.55 0.05 0.037 0,028 L a
Ift.—in. ft—in. Number Feet Feet Feet Feet?
1 13-3 P-4 8 13.28  9.36  2.715 $8.30
2 13-6 9-6 ] 13.52 9,53  2.764  102.00
3 14-0 9-8 B 13.97 9,68 2.811  106.00
4 14-2 9-10 8 14.22 9.87  2.857  110.88
5 14-5 10-0 8 1440  10.04 2927 11528
6 14-11 10-2 9 14.88 10,18 2,867 119.6
. 7 15-4 104 {9 15.35 1084 8031 1240
—7.—Di i i ties of 6- by 2-inc
Tablfz C-7. ll)n]nensnons and :Ydm“]hc _propel‘hleh of i, 183:“ l: s 15.7 108 10 1558 1053 2003 120.0
structural plate cormga}e meta plpe-arg _es wit -171C 9 15-10 10-8 10 15.80 10.71 a.130 1338
corner radius, full-flow condition 10 16-3 10-10 10 16.28  10.85 3187  138.0
11 16-6 11-0 10 1650  11.03 3242 1430
Nominal size Hydraulle 12 17-0 11-2 ; 10 16.97 11.18 3.286 148.0
Sectionl Plates Rise i 13 17-2 11-4 10 17.18 1136 3348 1531
No. [Span (B} Rise (I} )| ver Span radiis  Areg  pp o1
2’| ring B a R a - 14 17-5 11-8 10 17.40 1154 3400 1585
. 15 17-11 11-8 10 17.88 11.68 3.446 1834
Ht—in. J]t.—fn. Number Feet Feet Feet Feet? 14 18-1 11-10 10 1810 11.87 3,492 168.0
1 6-1 4-7 5 808 458 1.299 2209 58.60 17 18-7 12-0 10 18568  12.01 3558 174.0
2 At 44 5 6.31 476 1353 24.00 8577 18 18-9 1222 i10 1878 1220 3400 1790
3 60 4-11 3 8,77 4.91 1.405 26.14 73.668 19 18-3 12-4 10 19.28 12.34 3.846 184.7
4 7-0 51 5 7.02 5.08 1460  28.3% 8059
20 | 19-6 12-6 11 19.50 1252 3606 1900
5 78 5-3 ¢ 7.25 527 1515 20.60 8772 21 19-8 12-8 11 1970 1271 3755 1962
6 7-8 5-5 I 7.70 542 1567 4992 97.17 22 18-11 12-10 11 19.86 1289 3.818 2024
7 7-11 5-7 6 7.93 5.60 1622 35.28  103.07
8 8-2 5-9 6 8.15 598 1677 37.95 113.28 23 20-5 13-0 12 2040 1303 3.868  207.8
24 20-7 13-2 12 20.58  13.22  3.919 2140
9 87 5-11 7 8.62 592 1726 4040 1241
10 B-10 6-1 7 8.83 811 1.781 4310 1333
11 9-4 6-3 7 9.32 £.26  1.832 45.83 146.0
12 9-6 6-5 7 9.52 644  1.887 48,70 155.6
{2 12:2 2:(7) g 12‘7’% 2??‘, }gég 2}?{ ]1‘2(');‘, Table C-9.—Geometric factors for 6- by 2-inch structural plate
15 10-8 6 11 7 10,70 6.91  2.037 5746 194.3 corrugated metal pipe-arches with 18-inch or 31l-inch corner
16 10-11 71 7 16,92 7.09 ?-093 60.70 Q‘O)g’i i radius, full er partly full low—mean values for
17 11-5 -3 7 11.40 7.24 2,14 63,87 2822, all sizes, both corner radii
18 11-7 -5 ] 11.62 742 2146 87.23 2348 [d = Depth of flow, D. = Rise of pipc-arch, R — Hydraulic radius,
19 11-10 -7 g 11.82 7.61  2.250 70.68 248.1 A — Area of flow,and B = Span of pipe-arch]
20 12-4 7-9 & 12.39 775 2298 7405 265.8
21 12-6 7-11 8 1252 7.83 2.352 77.84 279.6 a R 4 d R 1
22 12-8 f-1 8 12,70 812 2406 81.34 2039 - il -
23 12-10 §-4 ] 12.87 8§31 2461 85.20 308.2 D, D, 5D D, D, BD
24 13-5 R-5 9 13.40 8.44 2507 88.74 3286 —_
25 13-11 87 9 13.93 858 2.555 9255 350.1 1.00 0.294 0.788 0.50 0.306 0.443
28 14-1 89 9 14.12 .77 2,608 96.53  366.7 0.95 0.336 0.775 0.45 0.286 0.393
27 14 3 811 9 14.28 8.96  2.664  100.73 3830 0.80 0.349 0.754 0.40 0.264 05344
28 14-10 91 9 14.82 910 2713 104.75  406.8 0.85 0.356 0.726 0.39 0.239 0.29%
29 15-4 9-3 9 15.33 023 2758 10865 429.8 0.80 0.358 0.693 0.30 0.211 0.246
30 15-6 G-5 10 15.53 942 2813 1131 4490 0.75 0.357 0.657 0.25 0.178 0.197 ‘
31 15-8 9-7 10 15.70 9.61 2.866 1175 467.7 0.70 0.353 (618 0.20 0.144 0.145
a2 15-10 H-10 10 15.87 9.80 2922 1222 4864 0.65 0.345 0.577 0.15 0.107 odoi
33 16-3 9-11 10 16.42 $.93 2968 1264  513.8 6.60 0.338 0.534 0.10 0.008 0.056
| 34 | 187 101 10 1658 1012 3.023 1312 5337 0.58 0.521 0-489 0.0% 0.030 0020 |




all pipe-arch sections, the dimensionless ratios for these
properties, 7/, and 4/B D, at a given relative depth,
d/D,, deviate little from an average value. Mean values of
these dimensionless ratios for 225- by Ui-inch pipe-arches
are given in table ('-6 and similar average ratios for 6- by
2-inch structural plate pipe-arches are given in table C-9.
Table (-9 is to be used for both the 18-inch-corner-radius
and 31-inch-corner-radius 6- by 2-inch pipe-arches, as the
averages of the £/, and A/B D, ratios for conduits of
both corner radii are about equal at any given relative depth
of flow. The 6- by 2-inch structural plate pipe-arches with
18-inch corner radii comprise a large range of sizes and thus
deviate from the mean value more than the arches with 31-
inch corner radii. The errors involved in using means are
still tess than § percent for determination of 4 or & from
full flow down to a relative depth of 0,25.

Similar average dimensionless ratios &/0, and A/B D,
were computed from available data for 9 by 2l4-inch
structural plate corrugated pipe-arches with 28.8 inch corner
radius flowing partly full. The values so determined at
various relative depths 4/7) are nearly identical with those
of table (-9 for 6- by 2-inch arches with the two different
corner radil. The values of table (-9 can be used for deter-
mination of resistance factors without introducing significant
8ITOT.
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Table €C-10.—Dimensions and hydraulic properties of 9- by 214-
inch structural plate corrugated metal pipe-arches with
28.8-inch cormer radius, full-flow condition

Nominal size
Secti Plates g Rise Hyddr?ullc A
ection per pan radlus rea 1.5
0. 3pan (B) Rlse (na) ring B Da R 4 BD”
Jt.—in. ft—in. |Number Feet Feet Feet Feet®
1 5-11 54 2 5.91 5.32 1415 2518 7252
2 6-3 5-5 2 6.28 0.46 1,472 27.837 80.13
3 6-8 5-7 2 6.65 9.80 1.533 29.73 88.11
4 6-11 5-8 2 $.96 5.76 1.580 32.11 04.19
5 7-4 3-11 2 7.34 3.91 1.646 3455 10548
6 7-8 6-1 2 7.85 6.08 1.704 37.13 114.67
7 8-0 -2 3 8.04 6.18 1.760 39.75 1238
8 84 64 3 8.33 6.34 1.816 4248 1329
b} 8-7 6-6 a 8.84 6.54 1.874 45.35 1445
10 8-0 68 3 9.04 6,64 1,924 48.09 154.7
11 0-4 6-10 3 9.32 6.82 1,982 0113 166.0
12 9-9 6-11 3 .73 6.94 2.026 53.80 1779
13 10-0 T-1 3 10.03 7.11 2.08% 97.13 19¢.2
14 10-5§ 7-3 3 10.45 7.24 2.141 80.38 203.6
15 10- 7-5 3 10.73 7.41 2.183 83.61 2184
16 11-2 -6 3 11.15 7.54 2.243 B68.85 2308
17 11-5 -8 3 11.44 7.71 2.298 70,20 2448
18 11-8 7-10 3 11.69 7.84 2.360 7414 2586
19 12-2 R-0 3 12.15 8.01 2.362 T7.08 2754
2¢ ;12-5 8-2 3 12.40 8.15 24581 5000 2885
21 12-10 83 4 12.91 .29 2517 85.11 3137
22 13-1 8-5 4 13.09 R.42 2.541 RT.07 4108
23 18- 7 8-7 4 13.57 8.58 2.601 9213 3410
24 13 10 89 4 13.81 RT3 2.657 86.23 1562
25 1434 8-10 4 14.28 8. 88 2.608 #9.60 ATT.8
28 14-6 9-0 4 14.55 8.06 2.760 104.4 396.8
27 14-9 -2 4 14.77 9.16 2.700 107.8 400.4
28 15-3 94 4 15.20 9.26 2,838 111.9 4283
29 |154: 96 4 15.52 9.52 Z2.916 117.3 4553.8
30 116-0 -7 4 15,87 9.64 2,954 121.2 4784
31 |16-2 H-1 4 14.22 B.80 3.005 125.9 49746
32 (168 911 4 16.70 0.02 3.045 129.8 8217
33 16-11 10-1 4 16.00 10,04 3.080 133.8 nav.g
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APPENDIX D — COMPREHENSIVE COMPUTATION PROCEDURE FOR PRECISE DETERMINATIONS
OF RESISTANCE COEFFICIENTS IN CORRUGATED METAL CONDUITS

The complete calculation process used to derive the flow
resistance curves of figures 7-13 and 15-16 of the main text
is presented here together with examples of the process.
Usually the approximate procedures set forth in the main
text will provide resistance coefficients of sufficient precision
with less effort, but at times it may be desirable to obtain
the most precise results possible for conditions—size, rela-
tive depth, flow rate—not specifically given in the main text
or for extreme conditions of conduit size, flow rate, or flow
depth. As shown in the main text, errors in the approximate
methods are largest for the extreme conditions, such as for
the Iargest or smallest conduit available or for shallow flow
depths. For these determinations, it will be necessary to
follow the methods described here.

The initial steps of the caleulation procedure are the same
both for conduit corrngation forms affected by Reynolds
number, which include 2%;- by Y-inch and 6- by I-inch
corrugations, aud for those free of Reynolds-number effects,
which include 3- by 1-inch, 6- by 2-inch, and 9- by 2V4-inch
corrugations, However, the corrugation types affected by
Reynolds number require additional operations to adjust
their resistance coefficients for these effects.

Bolt resistance must also be considered in the structural
plate conduits, All structural plate condnits dealt with in
this report are assembled of corrugated metal that has cor-
rugations free of Reynolds-number effects. The number of
bolts exposed to flow per linear foot of conduit full or partly
full, can be obtained readily from manufacturers’ design
mannals in which the structural plate sizes nsed to fabricate
the conduits are given.

As indicated in the main-text section Bolt Resistance in
Ntruetural Plate Corvugated Pipes, the number of longi-
tudinal joints submerged by a given relative depth of flow
in a circular structural plate (LM.P. depends on the orienta-
tion of the pipe und the widths of the plates used to
assemble the pipe. For simplicity, it was assumed that the
longitudinal joints were spaced evenly about the circumfer-
ence of the pipe. Also, when a given depth of flow might or
might not submerge one of the longitudinal joints, depend-
ing on orientation, an average number of joints was used,
resulting in a fractional number of seams. These fractional
seams are seen in example 2 of this appendix.

Of course, in pipewnrches in which joint positioning is
fixed, the number of longitudinal seams submerged by a
certain flow depth is known. Also, if the actual positioning
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of the joints in a circular pipe is known, bolt resistance
effects can be estimated more precisely,

The steps required to determine the resistance coefficients
for full or partly full flow in conduits having 3- by 1l-inch,
6- by 2-inch, or 9- by 2V5-ineh corrugations (no Reynolds-
nuniber effects) are as follows:

1. Determine the effective diameter, 22, of the conduit in
feet. For full circular pipes, this is merely the true diam-
eter. For partly full cireular pipes or for pipe-arches, full
or partly full, 77, equals four times the hydraulic radius of
the flow prism,

2. Determine the inverse of the relative roughness, D,/k,
where % 1s the particular corrugation depth in feet.

3. Enter figure 2 with the J),/k ratio and read f from the
curve for the appropriate corrugation type. This is the peak
f value, which is the total f for 3- by 1-inch corrugations
and the wall #, excluding bolt resistance, for the 6- by 2-inch
and 9- by 2V5-inch structural plate corrugations.

4. Determine the bolt resistance, Af, for the structural
plate pipe or pipe-arch, based on the number of crest bolts
{do not include bolt heads or nuts in inside troughs of cor-
rugations) submerged by the particular relative depth,
using either equation {7a) or (7b). The sum of the wall f
from step 8 and bolt resistance is the total f for the struc-
tural plate conduits.

5. Convert f to n by nse of equation (8), if desired. The
need for this step can he eliminated by using the Darcy
equation in the form of equation (10) to compute the mean
velocity of flow:

16.04

_]cn.T

‘[7

[l)ﬂ_{; ‘qﬂ_ﬂ

rather than the Manning equation. Note that in the above
equation, the square root of I appears rather than the 24
power of B as in the Manning equation, thus simplifying
the design calculations to a degree.

The procedure for determination of the resistance coeffi-
cients for full or partly full flow in the conduit types
affected by Reynolds number is similar to that for the other
short-corrngation conduit types, but additional steps are
required to account for Reynolds-number effects, which in
general, cause a decrease in the resistance coefficlent:



1. Determine D, (same as for short corrugations).

2, Compute /7./k (same as for short corrugations).

3. Enter fipure 2 with D,/k and read the peak f value from
the appropriate curve (same as for short corrugations).

4. The peak f from step 3 must now be adjusted for
Reynolds-number effects. On a tigure similar to figure 5 for
224-by Y-Inch corrmgations, or to figure 6 for 6- by 1-inch
corrngations, draw a curve for the one or more relative
depths of flow involved, parallel to the curves for the
various pipe diameters with its peak 7 value, as computed
in step 3, at Npo/k = 30,000,

5. Based on equation (2a), non-circular conduits, or equa-
tion (2b), circylar conduits, determine the relation between
Nyw/ke and f. (¢, conduit size, relative depth, 4, and v are
either known or have been estimated).

6. By a trial and error procedure (demonstrated in the
following exanples) using the relation derived in step 3,
determine the f and .Vg./k values that intersect on the
particular relative depth curve constructed in step 4. This
is the desired f wvalue for the specific corrugation type,
conduit shape, flow rate, and depth of flow.

7. Convert f ton by use of equation (&), if desired. Again
the moditied form of the Davey equation (equation (10) of
the main text) can be used in the design calenlations rather
than the Manning equation, thus eliminating the need for
this step.

The trial and error procedure to determine resistance
coeflicients for conduits of the corrugation types affected by
Reynolds number (224- by 4-inch and 6- by l-inch) is
tedious and time consuming, as will be illustrated in the
following examples, For this reason, the two graphs, figures
15 and 16 of the main text, were developed for circular
pipes having these corrugation types using the precise cal-
culation methods. Figure 15 is for 22;- by V:-inch corruga-
tions and figure 16 for 6- by 1l-inch corrugations. In both
figures, the resistance coefficient. is presented as a function
of flow rate, @/0%% and relative depth, d/D, for the range
of circular conduit sizes commonly available. Uise of these
curves was ciscussed in the last section of the main text.

Examples of determinations of the resistance coefficients of C.M.P.
using the comprehensive computation procedure

1—Circular C.M.P., resistance affected by relative rough-
ness only.

Six-foot (actual diameter) C.M.P. with 3- by
1-inch corrugations (& = 1 inch = 0.0833 feet).
Required: Resistance coefficients f and » at a range of
relative depths.

Flven;

7
R/D. (Fig. 2, n
4/D (Table ¢-2) R=(R/D}D D =4R DIk curve 1) ILguation (8)
1.00 0.2500 1.500 8.00 72.0 0.0727 0.0287
0.75 0.3017 1.810 7.24 86.9 0.0668 0.0264
0.60 0.2776 1.666 6.66 79.9 0.0692 00265
0.50 0.2500 1.500 6.00 72.0 0.0727 0.0267
0.30 0.1709 1.025 4.10 49.2 0.0871 0.0274
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2 —Circular structurel plate C.M.P., resistance affected by
relative roughness and bolt effects.

Twelve-foot (nominal diameter) structural
plate C\M.P. with 6- by 2-inch corrugations
(% = 2 inches = 0.1667 feet).

Pequired: Resistance coeflicients f and » at a range of
relative depths,

(Firen .

From table (-3, actual diameter = 12.06 feet, 8 plates per
ring; assume equal spacing of longitudinal joints around
cirenmference.

!
(Mg, 2.
R/D curve 1.
d/D (Table C-2) R =(R/M)D 118:43 He_/k no bolts)
1.40 0.2300 3013 12.06 T34 0.0727
0.75 0.3017 3.638 14.55 87.3 0.0666
0.60 0.2774 3348 1534 80,3 006591
0.0 0.2500 3015 12.086 2.4 0727
0.30 0.1709 2.061 K24 9.4 0.0869
Bolt resistance (Af) computations:
Longitudinal
NOUMS Longitudiny] Circumferential Total ASDE
d/n submerged ' bolts 12 £t boltx/102 ft. bolts/102 ft.1 (Table C-2}
1.00 S0 1.642 N2 2,152 0.7854
0.75 0.5 1.122 317 1.466 0HE6319
0.60 R a1y 294 1.212 0.4020
.50 4.0 w16 260 1,070 0.3927
0.50 3.0 612 102 S04 0.1982
I Determined from mannfacturer's design manaal.
2 Counld be 5 or 6, depending on orientntion of pipe.
3Could be 4 or 5, depending on orientation.
From equation (7h) of the main text:
(L17y (D) Ly
Where,
OD = 1.1.

a = 0.0070 feet

N = number of bolrs per 102-foot length (see above).
D) = 1206 feet (table C-3).
L =102 feet (12 8-foot-long plates plus one 8-foot-long

plate, 13 circum ferential joints).
f = Darcy f excluding bolts.

Total »
a/b I (No bolts) At (Bolts) Total f (Equation (8))
1.00 0.0727 0.0047 0.0774 0.0310
0.75 0.0666 0.0044 0.0710 0.0306
0.60 0.0601 0.0045 0.0736 0.0307
0.50 0.0727 0.0047 0.0774 0.0309
0.30 0.0864 0.0057 0.0928 0.0317

The main complicarion in this example is the determina-
tion of holt resistance (af), which is only a small percentage
of the total f.



3—Circular O.M.P., resistance offected by relative rougness
and Reynolds-number effects.
Given: Four-foot (actual diameter) C.M.P. with 224-
by Y;-inch corrugations (k& = 15 inch = 0.0417
feet).
Required: Resistance coefficients 7 and » at the follow-
ing relative depths and flow rates:

é/D Q (c18.) (Q/D*®y?
1.00 64 20
0.75 64 2.0
0.60 64 2.0
0.50 84, 16 2.0, 6.5
0.30 16 0.5
! From table C-1, D** = 32.00.
Peak f
R/D (Flg. 2.
asn (Table C-2)  R=(R/D)D D, =4R D _/k curve 2)
1.00 0.2500 1.000 400 96.0 0.0679
0.75 0.3017 1.207 4.83 115.9 0.0629
0.60 0.2776 1110 4.44 106.6 0.0849
0.50 0.2500 1.000 4.00 96.0 0.0670
0.30 0.1708 0.684 2.74 65.5 0.0799
Reynolds-number effects must now be considered:
[Vﬂ’u: _ (f)O.S (0/1)25) ([))05 (gb)
ke 2828 (A/D?)y »  TTTTTTTTTTTTRTTTTTT
D = 4.0 fest.
v = 1217 X 10-5 feet*/second (at 60°F)
4A/D? N,k
2.5 R
a/D o/be (Trble C-2) {Equatlon (2b))
1.00 2.0 0.7854 (148 X 10%)ps
0.75 2.0 0.6319 (1.84 % 10505
0.80 2.0 0.4920 (2.36 % 105) o
0.50 2.0 0.3927 (296 X 10%) g0
0.50 0.5 0.3927 (T40 % 100 p
0.30 0.5 0.1982 (147 X 108) 0

Next, on a figure similar to figure 5, curves must be drawn
parallel to the curves for the different pipe diameters and
with their peak f values positioned at Ns./k = 30,000, There
should be one curve for each relative depth, as each relative
depth has a different peak f based on relative roughness.
This is demonstrated in figure D-1. Then, a trial and error
procedure is performed to determine the 7 value at each
relative depth that satisfies the above relations with Ng./k
and intersects on the appropriate curve in figure D-1. For
example, at 4/} = 0.60, the peak f value = 0.0649 and
New/k = (2.36 % 10%) fo5 for @/D?5 = 2.0.

Trial Estimated Estimated True*
Npo'k s 7 U

1 44 x 10 0.1864 0.0347 < 0.0642

2 6.0 x 10 0.2542 0.0646 > 0.0629

3 5.93 x 10* 0.2513 0.0631 -1 0.0830

! From curve with peak f — 0.0649 on figure D--1, at the estimated
Nypo/k value,
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By repetition of the same procedure, the following f
values are determined:

n
a/D Q/D** 7 (Equation (8))
1.00 2.0 0.0675 0.0241
0.75 2.0 0.0620 0.0238
0.60 20 0.0830 0.0236
0.50 2.0 0.0645 0.0235
0.50 05 0.0665 0.0239
0.30 0.5 0.0794 0.0245

The above trial and error procedure could also be per-
formed hy estimating the f value, computing the N/ and
comparing the point with the appropriate curve in figure
D-1. In aetnality, the process is a series of comparisons, in
which the results of each preceding step are used to adjust
the next estimated values.

4.—Corrugated metal structural plate pipe-arch, resistance
affected by relative roughness and bolt effects.

(Fiven: Structural plate corrugated metal pipe-arch
with 6- by 2-inch corrugations (& = 0.1667
feet). Nominal size = 12 feet 10 inches by 8
feet 4 inches, Corner radius = 18 inches,
Fequired: Resistance coefticients f and » at a range of

relative depths,

From table C-7:

Section Plates -
No. Nominal size perring B b, B 4  BDY
23 12 ft. 10 in. by 8 ft. 4 in. 8 12.87 831 2461 8520 3083

BD, = (12.87) (8.31) = 106.9

R/Da A/BDa
d/D_ (Table C-9) (Table C-9) R = (R/D )D A= (4/BD )BD D =4R
a a a T a L4
1.00 0.204 0.788 12.443 184.24 1977
0.75 0.357 0.657 2.987 70.23 11.87
0.80 0.335 0.534 2.784 57.08 11,14
0.30 0.208 0.443 2.543 47.38 10.17
0.30 0.211 0.248 1.753 26.30 7.01

'To demonstrate that the average ratios presented In table C-9 are not
exactly correct, but close. For full flow, true values should be used; therefore
R = 2461, 4 = 85.20, and De = 9.84.

!

(Fig. 2,

curve 1, Fa¥s Total Total n
d/D'l DG Dc/k no bolts) Bolts 1 7 (Equation (8))
1.00 9.84 50.0 0.0798 0.0058 0.0858 0.0315
0.75 11.87 712 0.0730 0.0050 0.078¢ 0.0308
©.60 11.14 86.8 0.0752 0.0058 0.0810 0.0313
0.50 10.17 61.0 0.0788 0.0064 0.0850 0.0315
0.30 7.01 42.1 0.0938 0.0092 0.1031 0.0328

! Bolt resistance (AJf) caleulations follow.
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Figure D-1.— Wall Reynolds number divided by corrugation depth plotted ugainst Darcy | —for example determinations
of resistance coefficients of corrugated metal pipe.



Bolt resistance (Af) computations:

Long. seams Longitudinal Circamferential

d/l)a submerged ! bolts/102 1.1 bolts/102 {t.} Total bolts/102 ft.!
1.00 8 1,632 572 2,204
0.7% 5 1,020 380 1,410
0.60 5 1,020 351 1,371
0.50 5 1,020 312 1,332
0.30 5 1,020 260 1,280

1 Determined from manufacturer's design manual.

From equation (7b) of the main text:

1512 (Cp) (N) (a) (B) (f)

Af (Bolts) = ARIA

-—_from (Tb)

Where,

Cp=1.1.

N = No, of bolts submerged/length L.

a = 0.0070 feet?,

f = f (nobolts).

L = length studied, feet = 102 feet (12 8-foot-long plates
plus one 6-foot-long plate, 13 circumferential joints).

Af (Bolts) = 0.001142 (N) (&) (F)/A

d/Da N R 7 (pno holts) A Al {bolts}
1.00 2,204 2461 0.0788 85.20 0.0058
0.75 1.410 2,967 0.0730 70.23 0.0050
0.60 1.371 2784 0.0752 37.08 0,0058
0.50 1,332 2.543 0.0786 47.36 .00684
1,280 1.753 0.0439 26.30 0.0092

0.30

The main difficulty in this example is the computation of
bolt resistance effects, Notice that these effects become quite
large (about 9 percent) in the shallow depths owing to
the large number of seams submerged by these depths in
structural plate pipe-arches as eompared with structural
plate circular pipes.

bo—Corrugated metal pipe-arch, resistmice affected by rela-
Hee roughness and Reynolds-number effects.

Given: Corrugated metal pipe-arch with 225- by s-

inch eorrugations (4 = 0.0417 feet). Nominal

size = 36 by 22 inches).

Lequired: Resistance coeflicients f and » at the follow-
ing relative depths and flow rates:

a/D, @(ctls.) Q/BD '
1.00 25 33
075 25 3.8
0.60 25 3.3
0.50 25, 5 33, 0.66
0.30 5 0.66
From table C-b:
Nominal Size B n, BD, R A BD}®
36 in. by 22 in. 301 185 557 0564 442  1.566

/D, A/BD,
d4/D_(Teble C-6) (TebleC-8) R=(R/D)D_ A={A/BD)BD D =4E
1.00 _— I 0.564 4,42 2.26
0.75 0.370 0.668 0.684 3.72 2.74
0.60 0.348 0,549 0.644 3.08 2.58
0.50 0.31% 0.459 0.590 2.56 2,36
0.30 0.222 0.264 0.411 1.47 1.64
Peak f
(Fig. 2,
n:!/l)'1 i Q De Dtlk curve 2) N}zw/k
1.00 25 2.26 54.2 0.0871 (1.64 X 10%)fo8
0.75 25 2.74 65.8 0.0799 {1.85 X 105} o8
0.80 25 2.58 61.9 0.0822 (2.37 % 108) o8
0.50 25 2.36 56.6 0.0855 (2,84 X 103} 8
.50 5 2.36 56.6 0.0855 (5.87 X 10808
0.30 5 1.64 30.4 0.1010 (0.88 X 104) o8

Reynolds-number effects:

A?Rm — (f)O,& ((1))
2 2,828 (v) (4)

v = 1.217 X 10-% feet?/second for water at 60°F,

On a figure similar to figure 5, curves for each relative
depth must be drawn parallel to the curves for the various
diameters with their peak f values positioned at Ngo/k =
30,000, This is shown in figure D-1 in which one such curve
is drawn for each relative depth of flow.

Then, a trial and error procedure is used to determine the
f value that satisfles the above relationship between f and
Npo/k and intersects on the appropriate depth curve in
figure D-1. For example, at 4/ = 0.60 with a flow of 25
ofs, Vew/k = {2,837 X 10°) "> and the peak f = 0.0822.

Estimated istimated True
.

Trinl Nkw/k 7 7 n
1 8 x 104 0.2532 0.0841 < 0.0802
2 T % 104 06.2954 0.0873 > 0.0785
3 6.7 X 10t 0.2827 0.079% ~ 0.0798

*From curve with at the estimated

Nkw/k value.

peark f = 0.0822 on figure D-1,

By repetition of the same procedure, the following f
values are derived, and # is computed from f:

n
d/D Q b (Equation (8))
1.00 25 0.0861 0.0246
0.75 25 0.0784 0.0243
0.60 35 0.0798 0.0243
0.50 25 0.0818 0.0242
0.50 b 0.0830 0.0244
.30 5 0,1009 0.0254
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APPENDIX E — APPRAISAL OF MODEL TESTS OF CORRUGATED METAL PIPES

As reported in Technieal Report No. 2-715 by the Water-
ways Experiment Station (WES), Corps of Engineers (6},
the investigations to determine the hydraulic resistance of
structural plate corrugated steel pipe were sponsored jointly
by the Office of Chief Engineers, U.S. Army, and the Bureau
of Public Roads (BPR), Department of Transportation’.
Representatives of both agencies evaluated the laboratory
work as it progressed and proposed various methods of
analysis for consideration by the author, Mr. John L. Grace,
Jr., and by others of the WES laboratory technical staff.

The results of hydraulic .ests in a 1.25-foot-diameter fiber
glass model of a 5-foot-diameter standard C.M.P. with 224-
by V;-inch corrugations are described in the WES report.
These initial tests were performed to establish that such
models, sealed at 1:4, were satisfactory for determining
hydraulic resistance in the prototypes. On page 24 of the
report, it is coneluded that corrugated metal pipes can be
adequately simulated by geometrically similar fiber glass
models.

In plate 34 of the WES report, a peak f value of 0.088 is
given for the 1.25-foot-diameter standard C.M.P. model,
whereas a peak f value of 0.064 was obtained from a full-
sized test series on a 4.95-foot diameter pipe (7). (See figure
1 of this report.) At least in part, this 6 percent error is due
to the greater relative roughness of the model and to the
shorter radius of the corrugation crests, as indicated in plate
1 of the WES report. Larger models, such as the 1:2.2
scale model of a 5-foot diameter structural-plate pipe with
2-inch-deep corrugations, facilitate more accurate reproduc-
tions of the prototype corrugations, Also, larger corruga-
tions are less difficult to model, even at the same scale ratio,

The experimental procedures used for the 2.27-foot-
diameter model of a 5-foot-diameter structural plate C.M.P.
with 6- by 2-inch corrugations differed somewhat from
those for the 1.25-foot-diameter model of a 10-foot-diameter
structural plate C.M.P. The total flow rate in the 2.27-foot
model was obtained solely from point velocity measure-
ments that were applied to a series of annular rings, with-
out the ndvantage of independent venturi meter-flow meas-
urements that were available for the smaller 1.25-foot-
diameter model. The flow rate computations for the 2.27-
foot model were independently verified by BPR personnel
who obtained very good confirmations,

‘Two conclusions in the WES report (§) pertaining to
6- by 2-inch structural plate C.MP. seemed to require

! When these investigations were conducted, Public Roads was a Bureau of
the Department of Commerce.
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verification. First, it was stated on page 13 that the resist-
ance coefficient, f, is constant over some range of wall
Reynolds numbers larger than 8,000 (plate 23, of the WES
report), Secondly, it was concluded that a common veloeity-
distribution equation, relating the local flow velocity to
distance from the pipe wall, had been obtained for the
range of wall Reynolds numbers in which f was assumed
to be constant. This common velocity-distribution equation
would be applicable to models of any scale having 3 to 1
corrugation pitch-to-depth ratios, and therefore, to proto-
type pipes of any diameter with the same corrugation form.

Regarding the first conclusion, it was definitely established
in plates 22 and 23 of the WEKS report that resistance
factors, f, determined from tests of the 2.27-foot model of
the 5-foot-diameter structural plate C.ALP., do not continue
into the higher range of Reynolds numbers the same rising
trends established in the lower Reynolds number range.
From these plates, there appears to be a tendency for the
resistance factor of the 5-foot-pipe model to become constant
beyond some Reynolds number, or wall Reynolds number.
The available flow capacity did not permit extension of the
tests on the 1.25-foot model of the 10-foot pipe into a
similarly high range of wall Reynolds numbers. For the 5-
foot pipe model, a peaking of f followed by a decline as the
Reynolds number rises may be obscured by the spread of
data points in the wall Reynolds number range above 8,000,
although a peak and decline was definitely established for
pipes with 224- by V;-inch corrugations. However, a suffi-
ciently high Reynolds number was not attained in the tests
to establish this fact. Therefore, for conservative design
requirements, a constant § value should be assumed to repre-
sent the data in the upper Reynolds number range, pending
possible future determinations of lesser f values at higher
velocities of flow.

Three factors support the validity of assuming the con-
stant f value. First, the data spread for the 5-foot pipe
model could be represented by a straight line as well as by
a shightly curved line. In part, the data spread could have
been caused by the fact that some data points were based
on test runs in which the velocity distribution was measured
only in two quadrants of the model pipe, whereas, all other
data were derived from traverses in four quadrants. Most
of the points representing lower than average f values were
from the two quadrant scans.

Secondly, if the line should in fact be curved, the varia-
tion of f in this peaking area is small over a wide Reynolds
number range, and therefore, a straight line should he a
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satisfactory average approximation. An average value is
probably an adequate representation, considering the data
scatter in the high ¥z, range.

T.astly, the range of wall Reynolds numbers, in which f is
assunied constant, encloses the full-flow discharge rates of
@/D** =20 and 4.0. These are the discharges of most
interest in highway drainage, as explained in the main text
under the heading Methods of Estimating Resistance
Factors for Untested Corrugation Types.

The straight line representations of f, at wall Reynolds
numbers larger than 8,000, shown in plates 22 and 23 of the
WES report for the three modeled pipe sizes, 5 feet, 10 feet,
and 20 feet, were derived from an integration of the form
of the velocity distribution equation advocated by equation
20, p. 16, of the WES report. A discussion of the velocity
distribution equations formulated by both the WES and
BPR follows,

Velocity Distribution in 6- by 2-inch Structural
Plate C.M.P.

The local velocity traverses made in the model of the
5-foot structural plate C.M.P. in the range of assumed con-
stant f values, above & wall Reynolds number of 7,000-8,000,
permit the derivation of velocity distribution equations.
These equations relate the local point velocities, », to
distances from the pipe wall, . The local velocity is ex-
pressed as a ratio of the shear velocity, v*, and the distances
from the pipe wall are in terms of the corrugation depth,
k, for C.M.P. Thus, the velocity distribution equation for
conduits in which resistance is affected primarily by wall
roughness, are of the general form:

poiall function of (%),

In the main text, the shear velocity »* was defined as be-
ing equal to (RS,g)%%. More generally, v* is a function of
the unit shear in the fluid at the condit wall, ., and the mass
density of the fluid, p. The following development,

*=io.5=£20.5=gu,ALS!0.5 _ 0.5
e I o B G 5 IR

where w is the specific weight of water, P is the perimeter
of the conduit, and the other terms are as previously defined,
demonstrates the relationships involved in 2*,

The subsequent integration of the velocity distribution
equations over the circular flow prism produces a relation
between the total flow in the cenduit, @, and the relative
roughness, in terms of the pipe diameter, radius, or hy-
draulic radius and corrugation depth. The resultant integra-
tion can be manipulated into the form,

e _V _ . . .
- rii il function of conduit relative roughness.
As ¥ = (RS,g)*%,and 8, = L Vo $ of th
Asv 19)** and Sy = 37 see page § of the
main text),
V V _ ‘[7(8)0.5 ROJ gO.3

=\/§ ______ (E-1)

¥ = ([l)Slg)o_a T RS g°s fo.s 1%
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The above derivation of the resistance factor from the
velocity distribution equation is a commonly used method
of fluid mechanics, and in most textbooks is applied to the
equations for smooth and rough pipe velocity distribution,

There seem to be three regions of velocity distribution
indicated by measurements in 6- by 2-inch structural plate
C.M.P. (Plate 24 of the WES report), which are identified
on page 14 of the WES report as: (a) threshold velocities
(near the wall), (b) basic velocities (main body of flow),
and (c) central velocities (near the axis of the pipe).

It was determined that velocity distribution measure-
ments of the basic velocities from the 3-foot pipe model, in
the range of constant resistance above Ng, = 8,000, could
be well represented either by a power equation:

(5

or by a semi-logarithmnic (exponential) equation:

b log (%) + s

P
n* »

v
*

where p, m, b, and ¢, are slope and intercept constants, This
is generally true for these equation forms, as best-fit
analyses usually indicate that when one forin fits the
particular data well, the other will also fit reasonably well.

The WES chose power equations to represent the data
in the three regions of flow, and these equations and their
curves are shown in figure E-1. The data points plotted in
figure E-1 are the same as those in plate 24 of the WES
report, except that the point velocities obtained from meas-
urements in fewer than four quadrants are eliminated. The
WES equation for the central velocity region indicates that
the central region effect of reducing the local velocity
extends outward from the axis a constant distance of one-
half the pipe radius, regardless of relative roughness.

It was the opinion of BPR personnel that the semi-
logarithmie form of the velocity distribution equation would

provide a better data fit over a larger part of the velocity
distribution data than the power form. Also trial determina-

tions indicated that the best fit would be obtained by con-
sidering the origin of the curve to be at the mid-depth of
the corrugation, rather than at the crest, The resultant
equation and its curve, also shown in figure E-1, traces the
data frem a point at a distance of twice the corrugation
depth from the crest to a point at a distance from the pipe
axis that depends on relative roughness.

Near the conduit wall and in the vicinity of the pipe axis,
it was recognized that the velocity distribution data deviated
from the BPR velocity distribution equation for the basic
region. Near the wall, the velocities are higher than indi-
cated by the formula, whereas in the central region, they
are lower. However, the effect on the total flow would be
small and use of a single equation to represent the majority
of the data is advantageous. The total ¢, and thus the mean
veloeity, derived by integrating the BPR semi-logarithmic
velocity distribution equation for the basic region over the
circular area bounded by the corrugation crest, should there-
fore be adjusted by an increment near the wall and by a
decrement near the pipe center. The magnitude of the in-
erement and decrement was determined to be related to



) Table E-1.—Structural Plate Corrugated Pipe Resistance Factors
[Comparison of Waterways Experiment Station (WES) values and Bureau of Public Roads (BPR) values, as
computed by the equations shown]

WES v vE o \H x
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: = = —1 7 — + 6. F— g+ 1| aa e . (E-3)
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13.08 78.4 90043 | ___.__ | s 0.0700 0.0743
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10 plates per rin
P 14.pe & BT7.68 00044 | ____.. | _a__o 0.0668 0.0710
15.11 90.6 0.0042 0.0658 0.0698 0.0856 00698
16.13 YHR 0.0039 0.0915 0.0674 0.0636 0.0875
17.15 102.9 0.0037 0,0617 0.0654 0.0619 0.0656
17.66 108.0 00035 | ..o 1 _oo_- 0.0611 0.0646
12 platex per ring:
18.17 109.0 0.6039 0.0600 0.0639 0.0604 00643
19.18 115.1 0.0037 0.0584 0.0621 0.0591 0.0628
20.21 121.2 0.0035 0.0570 0.0605 0.0577 0.0612
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relative roughness, and in terms of the ratio of mean
velocity to shear velocity, to equal approximately +6.0 /70
and —(L6 k/F), respectively. These corrections can be in-
corporated in the integrated equation for mean velocity to
produce the adjusted BPR equation E-3, shown at the top
of table E-1.

The final form of the WES equation, relating the resist-
ance factor (or ratio of mean velocity to shear velocity, as
shown by equation E-2) to the conduit relative roughness,
is also presented at the top of table E-1. In both the BPR
and WES formulas bolt effects are excluded.

A comparison of the results of the two methods in the
columns of f values with no bolts reveals that differences
between the two procedures are negligible. The nearly
identical results obtained by the two methods is considered
to reinforce the conclusion that experimental data based
primarily on the model of a 5-foot-diameter pipe is adequate
to prediect resistance factors for full size pipes.

According to the velocity distribution measurements from
the 5-foot-pipe model at wall Reynolds numbers near, but
below, the peak f location (below 8,000), there was no
abrupt change in the measurements, and the equations and
curves above the peak also fitted well into the data just
below the peak. Therefore, it follows that if the same
velocity distribution equations apply to larger pipe sizes,
the equations should fit the 10-foot-pipe model data at the
highest obtainable wall Reynolds numbers, which appear
to be just below the peak f. This, in fact, is shown by the
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velocity distribution data for the 10-foot-pipe model in
figure E-1. The BPR semi-logarithmic equation fits the data
from both models about equally well, except for a slight
deviation from the 10-foot model results at a distance from
the corrugation crest of one to two times the corrugation
depth.

The velocity distribution equations, as well as the resist-
ance factor equations derived from them, are thus good
representations of the peak, or constant, range of f values
for both structural plate C.M.P. models and, therefore,
apply to a range of prototype conduit sizes. The constant f
values shown in figure 1 of the main text for 6- by 2-inch
structural plate C.M. P, result from BPR equation E-3,
shown at the top of table E-1.

Correlation With Other Hydraulic Results

In both figure 1 of this report and plate 23 of the WES
report, the horizontal lines representing the constant f
values intercept the rising portion of the f—&g, (or
Ngew/k) plots near a common Np, value. This phenomenon
has been observed in other types of pipe that can be broadly
classified as rough—having projections of various shapes
that protrude from the walls and pierce or otherwise disrupt
the laminar sublayer present in smooth flow.

The Nikuradse resistance experiments, conducted on pipes
roughened with uniform sand grains, and reported by Rouse
(16), reach a uniform rough pipe f at a constant value of
Nefh/ (r./k), for all relative roughnesses. (N is the pipe



Reynolds number, ¥ /v.) This factor can be shown to be
directly related to the wall Reynolds number as follows:

Nef _
ro/ ke

D f*
v e A

1R % _ oI 4k
v 2Rk v

From equation (2a) of the main text:

_ i f% ]l.
Vo = 5hom v
e _oyes N f%
Therefore: Ng, = 0.177 7

Nikuradse's experiments were conducted on = series of
Pipe sizes and sand grain diameters. However, if the grain
size had been held constant and only the diameter changed,
the 4 in the above equations could have been transposed to
form the Ng,/& ratio used in the main text, Similarly, in
corrugated pipe of a given corrugation form, the corruga-
tion depth is constant and the range of pipe diameters
produces a change in relative roughness.

Just as the Nikuradse rough-pipe experiments resulted
in an f that peaked at a common wall Reynolds number, the
wall Reynolds number in (.M.P. also brings the peak f
location to a common value, as can be seen by comparing
plates 33 and 34 of the WES report for standard 225- by
Vo-inch CALP. In plate 33, a plot of f against the pipe, or
central, Reynolds number shows that the peak f location
oceurs ut higher X valies as the relative roughness (/D)
decreases. In plate 34 however, in all test results except
those for the small diuneters with their high relative rough-
nesses and erratic data, the peak j falls within a narrow
range of N, values. A similar situation is also apparent in
figure 1 of the main text, where the majority of the peak
f values fall within an Ag./& range of 30,000-40,000.

Because the rongh pipe in the Nikuradse tests and the
standard 224- by Y;-inch C.ALTP. in the various other tests
reached their peak, or constant, f values at a common N,
or Nge/k value for all sizes of each type of pipe, it can be
concluded that the 6- by 2-inch structural plate C.M.P. of
any diameter shonld reach its peak, or constant, f at a
common Ng,/k.

The horizontal lines in plate 23 of the WES report and
in figure 1 of this report represent constant f values for 6-
by 2-inch structural plate C.M.P. The intersections of these
lines with the projections of the rising f—A~ g, curves for
lower flow rates occur at nearly the same Ny, for the 10-
and 20-foot pipe models as for the 5-feot pipe model. Tt
must be remembered that the horizontal lines represent f
values resulting from integrations of the velocity distribu-
tion equations. The rising portion of each f—ANg, curve is
at a rather flat slope, and any significant change in the
vertical position (f) of the corresponding horizontal line
would shift the intercept of the two lines a considerable
distance and change the wall Reynolds number accordingly.
In other words, if the velocity distribution equations
derived earlier would not produce an appropriate f, the
peaks would not occur at common Ngz, values, and the
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hydraulic results from other conduits generally classified as
reugh would be contradicted. The occurrence of the peaks
at common A, values verifies the validity of applying the
velocity distribution equations to a range of model sizes,
and thus, to a range of prototype pipe diameters.

Velocity Distribution Measurements in Standard C.M.P.

The velocity distribution equations derived from models
of 6- by 2-inch structural plate C.ALP., can be further
validated by comparing them with some similar equations
derived by BPR personnel from the results of tests con-
ducted by the North Pacific Division Hydraulic Laboratory
(1) on standard 224- by Ui-inch CM.P. The equations
applicable to standard CLML.P. are based on velocity distribu-
tion measurements near the peak f values, and were de-
veloped mdependently from the equations for 6- by 2-inch
structural plate C.MLP. Only the equations for the most
Important region of basic velocities, which cover the major
part of the pipe area, will be compared. As would be
expected, the velocity distributions produced by the two
corrugation forms do change near the wall, but the resultant
f differences are of secondary importance.

In the region from a height above the corrugation crests
of 4.5 times the corrugation depth, the following equation
from the North Pacific Division Hydraulic Laboratory data
was found to fit fairly well:

S = H00 644 logm(% + (h) _________________

For comparison, the equation advocated by the BPR for
the basic velocity region in the 6- by 2-inch structural plate
CM.P. (figure E-1) is:

I*—* = 435 + 6.33 logu

(%’ + 0.5) _________________

The similarities of the slopes, 6.44 and 6.33, and of the
intercepts, 4.00 and 4.35, of the two equations are apparent.

There is enough spread in the velocity distribution data
from the standard 224- by Y-inch C.MLP. tests to justify
some adjustment of equation E—4. The slope term can be
meodified to mateh that of the structural plate C.M.P. equa-
tion, 6.33, thus producing the following revised equation for
standard C.M.P.

log,s (—I/- + 0.5)

2 )
o 4.09 + 6.33 T

If the threshold and central velocity deviations are
neglected, intergrations of equations E-5 and E-6 and their
subsequent solutions to obtain f over a range of relative
roughnesses, demonstrate the fact that the larger intercept
term in equation E-5, conpled with an equal slope term,
will result in a lower f than that produced by equation E-§,
and that the average difference over a range of relative
roughnesses 1s close to the 0.004 value suggested in the main
text (see fig. 4). The absohite f values that would be derived
by this simplified procedure are higher, at a given relative
roughness, than the peak f values plotted in figure 2. How-
ever, inclusion of the local velocity increment near the wall
in the veloeity distribution integrations would tend to re-



duce the absolute values to levels that would be at or near
the values shown in figure 2.

The marked similarity between the velocity distribution
equations for the two different corrugation forms emphasizes
the fact that relative ronghness is the prime factor in the
hydraulic resistance of corrugated metal pipe. This similar-
ity also supports the validity of the veloeity distribution and
resistance equations, within the constant f range, derived
for 6- by 2-inch structural plate C.MLP. from the WES
model results.

Conclusions

In the 6- by 2-inch structural plate corrugated pipes, it
1s satisfactory to asswmne that the f reaches a peak, after
which if remains constant as the Revnolds munber or wall
Reynolds nuwmber is increased. If the f for this pipe does,
in fact, peak and then decrease, the error caused by assum-
ing a constant f is negligible, unless very high flow rates—
higher than 6.0 /)**— are to be encountered. For such flow
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rates, a constant f would produce a conservative result, in
terms of conduit capacity or required slope.

In general, the wall Reynolds numbers on either end of
the assumed constant, f range, for which data are available
from the WES study, include the normal discharge rates
found in highway drainage—from about 2 D?*® to 4 D32,

Suflicient evidence exists to support the general applica-
tion of the velocity distribution equations from the WES
model study to prototype 6- by 2-inch structural plate
CALP. in the upper range of Reynolds numbers. Because
they apply to such prototype pipes, integrations of these
equations will yield wall resistance values. The total re-
sistance factor then can be obtained by adding a bolt
resistance increment to the wall resistance factor.

Results of these models tests on - by 2-inch structural
plate C.MLP., coupled with results from the more abundant
tests on standard 225- by Vs-inch CMLP., provide a solid
basis for the estimation of resistance coefficients for any
corrugation form, conduit shape, flow depth, or flow rate,
as presented in the main text of this paper.
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