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INTRODUCTION

This bulletin presents the results of a series of experiments on the
flow of water through bends in 6-inch circular pipe with various
amounts of total curveture, on 80° bends of hyperbolic and elliptical
cross section, on & 90° bend of circular eross section with varying
radius of curvature, and on a 90° miter bend.  The research included
cases with uniform and with nonuniform velocity distribution in the
pi% approaching the bend.?

esigners of pumping plants and hydroelectric plants are constantly
endesvoring to incresse the efficiencies of plant operation. Any
change in design that reduces the loss of head in the pipes and bends
means increased efficiency. A bend scts as en obstruction to flow,
causing loss of head, both in open and in closed conduits. Certain
types of bends cause internsl changes in velocity to such a degree
thet the capacity of the bends as hydraulic conduits is reduced con-
! Recelved {or publication Apr, 12, 1987,
* Expariments o 180° bends of squnre sod reclangular eross section bave heon previousiy reported,

T. 8. Dept. A.Fr. Tech. Bull. 520, Flaw of Water Arcund 136-degres Hends.)
¥ The investigation wos carried op at the hydrautics laborutory of Lhe University of Tows.

(Bee

Shermun M.
Woodward acted as consultant during the investigution. Thelile Floyd A. Nagler, and Fredarie I'. Mavis,
he::id %{ the dapartient of mochanles and hydrandics, sdvised with regard to the tnsthot! of conputntions
ond the repott.

151350°—37—1 1




2 TECHNICAL BULLETIN §77, U. 8 DEPT. OF AGRICULTULE

siderably. As a rule, disturbed flow means inefficient flow, and the
meximum usefulness of the entire cross section of the channel is not
realized.

The studies bere reported have developed new data on velocity and
pressure changes in bends and in the tangents adjacent. The data
will be useful to designers of new plants and to engineers engaged in
making efficiency tests of irrigation pumping plants because they
show the effects that may be expected when piezometer connections
are made at different points on a pipe. The data also demonstrate
the necessity of taking into consideration the disturbing eflects of
bends upon the performance of the dowmnstream tangents. Such
conditions are often encountered in penstock and spiral casings
approaching water turbines as well as in draft-tube conduits of the
elbow type. |

'The investigation described herein was undertaken for the purpose
of exploring the changes in pressure and wvelocity in different parts of
the flowing stream, as the water undergoes the transition from motion
along o straight path to motion around a curve and the opposite
transition back to straight-line motion. The conditions disclosed in
this study may be considered as reprezenting what always occurs
when water flows in a bend or o erooked channel, or when it meets a
bridge pier or other form of obstruction. A knowledge of these
changes is fundomental to an understanding of the effects, harmful
or otherwise, of crooked and obstructed channels on the flow of water,
and to o defermination of the best means for diminishing any ob]cc-
tionable or troublesome effects.

SCOFPE OF THE INYESTIGATION

The investigation was planned to cover measurement of (1) velocity
distribution in the bend and in approach and discharge tangents, (2)
pressure changes at various sections in the bend. and the tangents, (3)
energy changes as the water passes around the bend, (4) loss of head
due to the bend, (5) directions of the filaments of flow as the water
moves around the bend, and (G) {riction losses occurring in the
approach and discharge tangents.}

The experiments weore conducted on bends of 6-inch pipe, the bends
and the approach and discharge fangents being of transparent cellu-
loid. The bends tested comprised round pipe bent to circular ares
of 45°, (pl. 1, A) 80°, and 180° continuous curvature {pl. 2, B}, 180°
with curvature once reversed (pl. 1, B), 270° with curvature twice
reversed (pl. 2, 4), three special-shape 90° {pl. 1, ) bends, and a 90°
miter bend (pl. 2, O).

Determinations of loss of head were made on all the bends, with
mean velocities of 2, 4, 5, 6, .‘, 8, 10, 12, and 14 feet per second and
uniform velocity distribution @ in the approach tangent, by piezom-
eter measurements of peripheral pressures. Chanaes in velocity
distribution were studied with mean velocities of 5, 8, “and 12 feet per
second by means of pitot-tube traverses.

{Frapk W, Edwards, . P. Evans, Jr., O, T, Baldwin, G, A. Marsien, Rolond A. Kampmoier, Ross N,
Brudenetl, Coui! II. Morris, Edward Soucek, Charles W. Kinney, Carlos Kampmeier, L. B, Wwmer,
tHhaIEPS\:Sasny. Kuoneth M. Smich, Apdreas Lukseh, Arthoar 1ppen, and Edwin ‘1'homas assisted in moking

¢ Uniform voloeity disiribution, in this bolletin, inouns velocily distributions us lor uodistarbed flow in
straight pipe, approximutely sy mstries) nbout Lhe conter line of the nipa,
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FLOW OF WATER iN B-INCH PIPE BENDS.
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The effect of nonuniform velocity distribution in the approach
tangent was studied, &t & mean velocity of 8 feet per second. High
volocity was induced first at the top of the pipe, then toward the inner
side of the bend, then at the bottom, and lastly toward the outer side
of the bend. The high velocity slong one side of the approach tan-
gent was three to four times the low velocity along the opposite side.

BENDS TESTED

The “standard” 90° bend was of uniform cross section approxi-
mately 6 inches inside diameter, and the radius of curvature of the
center line was 8% inches. The length of the center line thus was
12.96 inches, and the cross-section area 28,27 square inches. The 45°
bend was like half the standard bend; the 180° and 270° bends were
made of two and three standard bends (pl. 1 and 2.}

The three special-shape bends® fire shown in plate 1, C, and their
general characteristics are given in table 1. All were 6 inches in
diameter and eireular in cross section at the ends. Type M gradually
changed to an oval section ai midlength with major axis 9.87 inches
and minor axis 6 inches (fig. 36). In transverse view, the inner and
cuter boundary curves were hyperbolas, Type N had o constant.
curvature radius of 15 inches. The cross section gradually changed
to elliptical at midiength, with major axis 10 inches and minor axis
3.60 inches, mainfaining a constant cross sectional area (fig. 43).
Type W was of circular cross section throughout,-but increased to
approximately 7 inches diameter at midlength (fig. 50). The radius
of curvature decreased from infinity at the poinis of tangency to 5
inches at midlength.

The miter bend was made by joining directly two straicht pieces
of pipe cut obliquely, with no intervening curved scction. Its length
on the center line was 16} inches, so when it was placed upon the
standard bend the ends of the two bends coincided.

TaBLE 1.—Characteristics of special-shape 0° bends

Radius of
curvature
of center
Hna st
voriex

Cross-sec-
Homtt tion nros
a{ vartoy

Leogih on
condur ling

Sture

Fuehes Inches
i) iz

Tipo Bl 17. g
B L T S . L2 236 15
Twpn W 48. o4 ]

PATOCKMONE, O, A, FLOW CHALACTEMSTICS 1N ELIOW DRAFT TUBRS. Arper. Sag. Civ. Engin. Iroc., 83:
{251]-280, Hius. 1937, Soop. 200, )
* Professor Mockmore designated types M, N, and W as minmbors 2, 4, sod 3, rospectively,

The tests included 50 feet of straight celluloid pipe with which was
determined the loss of head in straight pipe of the same kind as used
for the bends, and whieh was utilized also for approach and discharge
tangents in testing the bends,

 Thoso bends had Dasn ‘mado by Obarles A. Mockinoro for his specind studies en draft tubes, and ware
loanod for use in Lhis investigation,
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The standard bends and about 30 feet of the straight celluloid pipe
were obtained by purchase, and somne 20 feet of the straight pipe was
mede in the laboratory. As s resuit of the continued drying out of
the solvent used in making the celluloid, there was some slow shrinkage
in the pipe diameter, but the amount in most cases did not exceed
three tll:irt.y—seconds of an inch and the variation was measured and
allowed for in making the hydraulic computations.

TEST PROCEDURE

The quantities of discharge giving the velocities of 2 to 14 feet per
second were approximately 0.4 to 2.8 cubie feet per second. Dunng
the progress of each test continuous measurements were taken of the
hea(f on the weir, and the mean value was used in computing the mean
velocity for the test.

Velocity traverses and pressure determ: ations were made on the
bend at the beginning and end points and ai each intermediate 22%°
point; on the approach tangent at distances 0.5, 1.0, 3, 5, 10, 15, and
20 feet from the beginning of the hend; and on the discharge tangent
at distances 0.5, 1.0, 3, 5, 10, 15, 20, and 25 feet from the end of the
bend. At each of these sections there were eight piezometer connec-
tions, except that on bend types N and W there were but four connec-
tions on each circumference,

Measurements of velocities were made at 25 points in each cross
section of the bends and tangents. (See typical section, figs. 1 and
following.) Three check readings were always taken at the center of
the pipe in each cross section, and numerous checks were made at
other points. Frequently the original and check traverses were made
by different men with different pitot tubes. It is believed that ve-
locity readings obtained in the tangents are fairly accurate, but it is
realized that those in the bends may be appreciably in error. Even
though the velocity orifice of the pitot tube was held normal to the
cross section, in ihe bend, turbulent flow and secondary currents acted
on the pressure orifices in such manner that differential pressures
greater or less than the true values might be shown. The velocity
readings show that sometimes such errors actually occurred. They
undou%ted] y are one reason why points on the total-energy gradients,
particularly on the bends, are so inconsistent at some cross sections,

In each test, readings were taken on all piezometers, and all these
readings were referred to & common datum. Great care was taken to
see that all air was excluded from the hose lines connecting the pie-
zometer tubes with the nipples on the water pipes, and that all con-
nections were tight. The water in the piczometer tubes oscillated
considerably, as much as 0.10 foot or more during the higher discharges.
These oscillations, eaused by turbulent flow, made correct reading of
the pressures somewhat difficult, but probably the errors in these
readings seldom exceeded 0.01 or 0.02 foot, and then only for the larger
discharges. Numerous check readings were taken to eliminate appar-
ent inconsistencies or to assure that these inconsistencies continued
throughout the test.

A complete test for a single quantity of flow involved the recording
of some 230 piezometer readings and of the maximum velocity at from
. 500 to 1,000 different points, depending upon the amount of curvature
of the bend, and required seven men for about 8 hours, Check mea-
surements were taken on the diameters of the bends and pipe at various
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sections before and after each test, to determine the amount of any
change in diameter of the celluloid pipe. Levels on the tangents and
the bends were taken daily during the tests to check the elevations of
the plezometers.

The obstruction used to create nonuniforra velocity distribution in
the approach tangent consisted of a metal cylinder in which were
pleced rows of no. 9 wires, staggered one-half inch apart. 'The obstrue-
tion was 12 inches long, and was placed with the downstream end
about 4 feet upstream from the beginning of the bend. This ohstruc-
tion produced a velocity on one side of the pipe about four times that
on the other side.

The pitot tubes used in measuring velocity (pl. 2, ) were of the
combined type, Thoy were made and calibrated at the laboratory
especially for these tests. Each was so constructed that the area of
contraction of flow was a minimum, and was constant regardless of the
position of the orifice. The effect of the contraction was included in
the calibration of the tube.

The quantities of flow were measured by 90° V-noteh weir ¢ut in the
end of & steel tank 2} feet wide, 2 feet deep, and 8 feet long. The weir
was calibrated prior to the testing, by means of weighing tanks. The
upper end of the tank was connected to the discharge end of the test
pipe (pl. 1, 4). By means of several baffles, the turbulence was elim-
inated hefore the water passed into the weir chamber.

YELOCITY CHANGES IN THE BEND

The velocity-distribution data obtained are shown by contours in
fizures 1 to 63, except for omisston of the most distant sections on the
tangents and of some intermediate sections on the longer bends.
Sections on the bends are designated by their Jocations in degrees of
curvature from the beginning of the bend. Sections on the tangents
are designated by their distances in feet from the nearer end of the
bend, preceded by a minus sign (—) or plus sign (4-) to indicate respec-
tively approach or discharge tangent.  On the miter bend the ends are
designated as sections 0° and 90°, and the intermediate sections are
designated by distance from the intersection of tangents, measured
on the inner side of the bend. The sections are shown as viewed
when looking downstream.

It should be noted that the contour interval is not uniform through-
out the series of graphs, but care has been taken to show the maximum,
mininéum, and peripheral velecities in each section within 0.5 foot per
second.

The graphs are arranged in sets, seven for each bend, in the following
order: 45°, standard 90°, 180° continuous curvature, 180° reversed
curvature, 270°, type M, type N, type W, and rmiter bend. The
graphs in each set show, in order, conditions obtaining with uniform
velocity distribution in the epproach tangent and mean velocities of
5, 8, and 12 feet per second, and with four nonuniform approach-
velocity distributions and a mean veloeity of 8 feet per second.

WITH UNIFORM VELOCITY DISTRIBUTION IN APPROACH PIPE

As the weter approaches the bend, the filaments of flow along the
inner side of the bend are accelerated. It has been generally observed
that for a given discharge the velocity along the inner side of the bend
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increases as the radius of curvature decreases. Iixcept in the case of
certain special-shape bends, the thread of maximum velocity in the
bend gradually moves to the outer side as the water travels around
the bend.

For the 5-foot velocity with uniform or normal velocity distribution
in the approach pipe, sce figures 1, 8, 15, 22, 29, 36, 43, 50, and 57.
The velocity distributions at sections —0.5" and ~1’ for the different
bends are fairly uniform, the greatest variations being for the special-
shape bends and the miter bend. At station 0% the beginning of
the bend, there is a real decrease in velocity toward the outer side,
not very noticeable for the 45° bend but very apparent for the others.
At section 22%° there is a marked difference in velocity between the
inner and outer sides of the bends, the differences being practically
the same for the standard, the twe 180°, and the 270° bends. For
the special-shape bends the differences in velocity are not consistent
with those for the other bends, showing that the shape of the bend
has a real effect on the velocity distribution within it. For the 45°
bend, the difference is not so greet.

At section 45° there is a marked similarity in the velocity contourp
for the standard, the two 180°, and the 270° bends. For the special-
shape bends, as would be expected, the velocity contours are not simi-
lar, but there is still a marked difference between the inner and outer
sides of the bend. Even at section 67%° there is a similarity in velocity
distribution for the standard and the 180° continuous-curvature bends.

Similar velocity-distribution characteristics with the 8- and i2-foot
velocities are shown by the different bends, in figures 2 and 3, 9 and
10, ete.

With uniform velocity distribution in the approach tangent the
velocity distribution became nearly normal again in 3 to 5 feet down-
stream from the end-of the bend, as shown by the graphs.

WITH NONUNIFORM VELOCITY PISTRIBUTION IN APPROACH PIFE

The studies with nonuniform velocity distribution in the approach
pipe were made primarily to determine the effects that such distribu-
tion might have on the velocity conditions in bends. In a pipe lay-
out there may be two bends separated by a short tangent, so that
the disturbance of veloeity distribution caused by the first may per-
sist to the second, The bends may be so situated that the loss of
head in the second may be either less or more than in the first, even
though the same quentity of water is flowing through both and the
bends are of identical shape.

Tn most if not all tests reported in engineering literature on the
flow of water through bends, uniform velocity distribution prevailed
in the approach tangent. So far as the writer knows, no prior tests
have been conducted in which nonuniform velocity distribution ap-
proaching the bend was created in order to study its effects. '

With uniform velocity distribution in the approach tangent, the
water next the inner side of the bend normally speeds up. When -
the approach velocity along the inner side is greater than normal,
because of this addéd energy the filaments of water along the inner
side flow around the bend even faster than normally, winle the fila-
ments slong the outer side flow more slowly than normally. Hence
the difference in velocity between the inner and outer sides of the bend
is much greater than normal. This increased difference in velocity
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causes a greater difference in pressure between the inner and outer
sides of the bend, and a greater loss of head in the bend, than would
oceur with uniform approach flow.

Comparison of sections 0° in figures 2 and 4 shows the difference
in velocity distribution in the 45° bend between uniform and non-
uniform spproach-velocity conditions. The difference is even more
marked at section 224° At section 45° (fig. 4), the velocity alon
the inner side of the bend is still high even though the end of the ben
is reached. The velocities at these same sections in the 90° bend
show greater differences (figs. 9 and 11). In the 180° bend -of con-
tinuous curvature, the differences are still greater {figs, 16 and 18).
The flow in the special-shape bends shows similar charaeteristics,
as may be seen by compm'ing figure 37 with figure 39, 44 with 46,
and 51 with 53, In the 180° reverse-curve bend (figs. 23 and 25)
and in the 270° bend (figs. 30 and 32) there were no marked differences
i velocity distribution beyond about section 90°.

When initial high velocity prevailed toward the outer side of the
bend, the velocity conditions in the bends beeame very different.
Thas change of approach velocity also had & marked effect on both the
velocity distributions and the pressures in the bends. Comparisons
may be made between figures 2 and 5, 9 and 12, 16 and 19, 23 and 26,
30 and 33, 37 and 40, 44 and 47, 51 and 54, and 58 and 61.

When initial high velocity existed at the top of the approach pipe,
abnormal velocity distribution prevailed throughout the bend.
Comparison_of the velocity distribution at section 0° in figure 6
with normal distribution at the same section {(fig. 2), shows much
greater variation with the nonuniform approsch velocity. A marked
difference prevaied throughout the bend and even beyond, Figures
g and 13 show similar differences, snd so do the velocity disgrams
for the other bends,

With initial high velocity at the bottom of the approach tangent,
the flow in the bends showed departures from the flow with uniform
approach velocity generally similar to the departures shown when
the initial high velocity was at the top of the pipe.

PRESSURE CHANGES IN THE BEND

Transverse profiles of the peripheral pressures at the different
gections, as measured from a common datum, are shown above the
velocity cross sections in figures 1 to 63. The piezometer readings
are shown by circles and squures, civeles for the top and side pressures
und squares for the boltom pressures where those were different from
the top readings,

WITH UKIFORM VELOCITY DISTRIBUTION IN APPROACH J'IPE

Figures 1 to 63 show that, as the water moves through the bend,
the pressure is greatest near the outer side and is much less along the
innerside. Neglecting loss in friction, the total energy in any filament
of flow is constant; therefore, the greater the increase in velocity along
the inner side of the bend, the lower will the pressure drop there.
This is evident in u comparison of the first three graphs shown for
each bend. )

For the same bend, the greater the difference in velocity, the
greater the radiul difference in pressure, as may be sesn by comparing
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figures 1, 2, and 3; 8, 9, and 10; 15, 16, and 17; etc. Also, the greater
the velocity of flow through a given bend, the greater the possible
variation in pressures nﬁainst the top and bottom of the bend.
Figures 3, 10, and 17 have considerably more squeres, showing
bof.itom preasures different from top pressures, than do figures 1, 8,
and 15,

The variations in pressurs along the inner and outer sides of the
bends, at the horizontal diemeter, are shown for representative
velocities in figures 64 to 81. So far as practicable these graphs show
pressures for tests other than those shown in figures 1 to 63, but such
diagrams can be constructed from the data given in those figures.

igures 64 to 72 show that the differences in transverse pressure
were greater for the higher than for the lower velocities in the same
bend, and that for the same velocity of flow there was a very close

reement between the differences for all the bends except types M,
ﬁ, and W. The maximum differences in the three specia -shape
bends were less than those in the other bends, but the differences in
the miter bend were twice those in the standard bend.

With a given velocity, the difference in pressure at section 2214°
was the same for the standard bend, the two 180° bends, and. the 270°
bend. The differences at this section for the 45° bend were not quite
80 great, probably because this bend was much shorter. The pressure
differences at section 45° in the four bends, 90° to 270°, were practi-
cally the same as ab section 22%°. Beyond section 45°, this similarity
in pressure differences does not continue because of length and direc-
tion of curvature,

The pressure differences were maximum at sections 224%° and 45°
in the standard and 180° continuous-curvature bends. In both bends
of reversed curvature the maximum difference was at section 1359,
being slightly greater than the difference at section 45° which in the
270° bend was practically the same as that at section 225°.

For most bends, with velocities greater than 5 fest per second the
pressures along the inner side of the bend were less than at either end
of the bend. %‘hls drop in pressure was less, howsver, for the special-
shape than for the standard bend. The rise in pressure slong the
outfer sides of types M and W was somewhat greater than in the stand-
erd bend. In the hyperbolic type M bend the pressure on the inner
side was greater midway of the bend than at either end (fig. 69).
This condition was true with all velocities greater then 5 feet per
second, and with velocities greater than 12 feet per second the pressure
on the inner side became a foot or more greater than at eitll:er end.
Knowledge of this fact may be useful where it is desired to obtain a
gn(aiat.ar pressure on the inner side of the bend than will exist at either
end,

For bends of uniform cross section, with uniform radius of curvature
and uniform approach velocity, it appears that in general the difference
between the pressures on the inner and the outer sides is substantially
the same throughout the length of the bend except near the ends and,
in the case of reverse-curvature bends, near the points of reversal. The
amount of the difference varied with the velocity, In the bends with
cross section increased at midlength the pressure was raised through-
out the cross section by an amount corres onding to the reduction
in velocity head (figs. 69 and 71). When the radius of curvature of
the bend was decreased, the difference botween the two wall pressures
was correspondingly increased.
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WITH NONUNIFORM YELOCITY DISTR(BUTION IN APPROACH PIPE

In the 45° bend (fig. 73) the drop in pressure along the inner side
was greatest when the approach velocity wes high on that side, and
was least when the approach velocity was high on the outer side, even
less than obtained with uniform velocity distribution in the approach
pipe. High velocity at the to(gsand high velocity at the bottom of the
approach pipe gave pressure distributions in the bend that were very
much siike, although the high bottom velocity usually gave slightly

renter pressure differences between the inner and outsr sides,
%efore stated, this condition may be related to the secondary currents
set up within the bend. Comparison of the pressure differences for
the 90° and 180° continuous-curvature bends shows similar character-
isties, as do also the first 90° of both reverse-curvature bends. The
ressure rejations in the miter bend appear generally similar, but the
Eucf{uations and differences were about double those in the standard
end.

The pressure differences for the special-shape bends are unusually
interesting, and worthy of considerable study. These few tests seem
to show that it would be pessible to design a bend in which the pres-
sures along the inner side would have, at least for any particular
velocity, o definite relation fo the pressures at the beginning and end
of the gend.

SECONDARY CURRENTS

Secondary currents are csused in & bend by the differences in
centrifugal force of the filaments having different velocities, which
induce transverge flow in addition to the forward motion of the fluid.
These transverse currents usually become apparent first next to the
top and bottom of the pipe and inerease in strength as the water moves
around the bend.

Tests on bends in rectangular chanuels 7 showed that the type of
secondary current that prevails in a bend depends on the velocity
distribution in the approach tangent, When there was a high velocit
at the top and a low velocity at the bottom of the approach channel,
in & conduit bending to the right the secondary current was counter-
clockwise as viewed looking downstream; when the high velocity was
2t the bottom in the approach channel, the direction of the secondary
current was clockwise. When uniforma velocity distribution existed
in the approach tangent, two secondary currents were sef up in the
bend, one clockwise in the upper portion of the cross section and the
other counterclockwise in the lowur portion. It is believed that the
same condition holds true in round pipes.

The same tests showed that with high velocity toward the outer
side either one or two secondary eurrents might be set up within the
bend, depending upon its length and radius of curvature, When
high velocity exlsteg toward the inner side, the flow was so disturbed
that definite secondary currents werse difficult to detect. This con-
dition of flow, however, gives definitely the greatest loss of head in
pipe bends {figs. 91 to 99). Secondary currents exist slso in open-
channel bends, but usually there is only one, even with approximately
uniform velocity distribution in the channel approsching the bend.

The strength of the secondary currents in bends is greater in wide
chanuels than in narrow channels. Therefore the use of blade turns

t See footnote 2.
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in 90° elbows aiid guide vanes in quarter-turn draft tubes increases
the efliciency of those bends, by reducing the magnitude of the second-
ary currents. In general, the greater the velocity of flow, the more
pronounced are the sscondary currents, and any means that will
reduce these currents and creste a greater effective area of forward
flow will reduce the energy loss, a.nf hence improve tho officiency of

the conduit.
LOSS OF HEAD

The loss of head in a pipe bend results mostly from two causes: (1)
Bkin friction of the forward flowing water against the pipe walls, as in
straight pipe; and (2) internal friction of the induced or secondary
currents within end downstream from the bend. 'The nature of the
secondary currents and the energy loss resulting from them are influ-
enced appreciably IFFr the distribution of velocities in the approach
pipe to the bend. The loss of energy caused by the bend, more than
required for straight flow for an equal distance, is really the energy
required to bring the disorderly condition of flow back o normal
sireamline motion.

The loss of energy or head due to o bend may be expressed as—

width of ehiannel 172 (1)

inner radius 2y
Because the tests included special-shape bends having variable
radii, the losses due to the bends as determined by these experiments
have been expressed simply, as—

H,=K

V‘.’.’
I{b EK’ 2—9 (2)
in which the effects of size of pipe and radius of curvature of the bend
are incorporated in the coefficient K'.
The friction loss in 50.5 feet of straight 6-inch celluloid pipe was
determined for a wide range of velocities, and the friction loss per
foot of straight pipe was found to bhe .

e

;!;;,-"—'—0.0302 -2—9*

(3)

From the velocity measurements taken on the two tan%ents and

the bends at three quantities of flow, those giving mean velocities of
5, 8, and 12.1 {evt per second, the losses of head dus to the bend were
coruputed by the following method: :

The total energy was computed at various sections upstream from
the bend, and these values were then reduced to an equivalent of that
at the beginning of the bend. For example, the total energy at the
section —0.5' was determined from velocity and pressure measure-
ments ab that section, and the friction loss for 0.5 foot of straight pipe
was deduacted, to compute the total energy at section 0°. By tie same
method, the total energy at section 0° was caloulated from measure-
ments made at sections —1/, —3/, —5’, and —10’. When these
computations had been made, errors in mesgsurement at sny section
were easily seen, and radieally discordant values could be discarded.
The same methed was followed Lelow the bend, the total energy for
sections 4107, 4-15’, and +20’ being reduced to equivalents of that ot
section +25. The averages of these determinations for section 0°
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and for section --25" were then obtained, and the difference between
them was the total energy loss between sections 0° and +25’. The
net loss caused by the bend, exclusive of wall friction, was obtained by
deducting from this difference the friction for a length of straight pipe
equal to the distance from section 0° to section 425’ measured along
the center line of the pipe.

In the foregoing caleulations the velocity head for each section was
not computed directly from the total quantity flowing in the pipe,
but was computed as the average of determinations for parts weighted
according to quantity of flow. The cross section was divided into
unit areas, each of which was multiplied by its mean velocity to
obtain the nnit quantity of flow. Then the sum of the unit quantities
multiplied by their respective velocity heads {Thq) was divided by the
sum of the quantities (Z¢) to obtain the mean velocity head that was
used for the section. ’Iqhe result, however, was not much different
from the head computed from the mean velocity for the section,
except in the bends.

Loss of head was computed also from the tests in which ressure-
ments were made only of the peripheral pressures, these tests com-
prising velocities rapging from 2 to 14 feet per second. The methods
of compugation were the same as for the experiments in which velocities
were measured, except that the mean velocity head for each section
necessarily was caleulated divectly from the mean velocity for the
whole section.

Thus the actual loss of head due to the bend exclusive of friction was
determined for all the tests on each bend for each gquantity of flow.
These losses then were plotted as sbscissas against velocities as
ordinates, on logarithmic paper, and an equation for the loss in each
bend was determined.

The equations are as follows:

2
45° bend H,,=0.11%- {4)

2

Standard bend ‘ =0, »)
180° bend, continuous curvature =0.19; q {8)
180° bend, reverse curvature . . g- )
270° bend 405 (8)
Type M bend .15 )
Type N bend 135~ . (10)
ijpe W bend =0.175. « (11)

2
Miter bend =1.175; (12)

-

In eomparing the standard and the special-shape bends with respect
to loss of head as shown by the above formulas, it should be remem-
bered that the mean radius of the standard bend was only 8% inches
whereas that of the type M bend on its center line was approximately
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12 inches, that of the type N bend was 15 inches, and that of the type
W bend varied from 8.8 inches to infinity. If a 30° bend with a mean
radius of 15 inches could have been tested, its formula might have had
a lower coefficient than obtained for any of the special-shape bends.

Formulas for loss of head under conditions of nonuniforma velocity
distribution at the beginning of the bend were not developed, because
the variability of the ratio of high to low velocity in practice is too
great for such formulas to have any real use or value.

In order to make readily apparent the loss of head caused by a
bend, and the distance downstream through which it accumulates, the
datn are presented graphically in fizures 82 to 90 for uniform distri-
bution of veloeity in the approach tangent and in figures 91 to 99 for
nonuniform approach velocity. The total energy gradient is shown
from section —1.0° to the end of the discharge tangent, +25’. The
energy gradient for straight pipe is shown for comparison, by extend-
ing the gradient line determined from the measurements at all the
sections on the approach tangent. The vertical distance between the
two gradient lines gives the total accumulated loss to that section.

With o uniform distribution of veloecity in the approach tangent
(figs. 82 to 90), the lozs of head eaused by the bend incressed for about
5 f%aet. downstrenm from the bend. The end of this zone of increase is
the section at which the energy gradient for the bend becomes parallel
to the energy gradient for straight pipe.

This r&p}‘;ic method of determining the loss of head due to bends is
especiaﬁy useful in studying the effects of unequal velocity distribution
in the approach pipe (figs. 91 to 99). 'The tests on the 45° bend (fig.
91) show the loss of head with high velocity toward the inner side of the
bend as nearly 2.5 times that obtained with uniform velocity distribu-
tion in the approach pipe, whereas with the high velocity toward the
outer side, the loss was only about three-fourths that o%ta'med with
uniform velocity distribution. When high velocity existed at either
the top or the bottom of the pipe, the loss of head was from two to three
times that obtained with uniform velocity distribution. For the
standard bend (fig. 92) the high velocity toward the inner side caused a
loss more than three times that obtained with uniform velocity, high
velocity toward the outer side gave slightly greater loss than did the
uniform velocity, and high velocity at the top and at the bottom gave
losses 80 to 100 percent greater. These differences were obtained with
2 nonuniform velocity distribution having high and low velocities at
section 0° of about 12 and 4 feet, per second, respectively; with greater
ratios of nonuniformity, the differences in losses probably would be
greater.

1t eppears that for some bends the length of the dewnstream tangent,
25 feet, was not quite sufficient for measuring the total loss of head.
This is shown in ggures 84, 95, and 96 for the 180° reverse-curvature,
the 270°, and the type-M bends, particularly with high velocity at
either the top or the gottom of the approach pipe. For those bends
and such velocity distribution, a longer downstream tangent -would
have been desirable.

PIPE BENDS AS FLOW METERS?

It would seem that in many installations a pipe bend could be used
a8 & flow meter by measuring the difference in pressure between the

! Bee aiso the following publication: LaRsrorr, W. M. THE USE OF AN ELROW (N A TIPE LINE FOR DE-
TEEMINING THE RATE OF FLOW IN THE FIpE. Il,, Engin. Expt. 3ta. Bull. 289, 36 pp., us. 1936,
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outer and inner sides. That difierence may be as large as or even
lerger then that produced in a venturi meter or pitot tube, and, as in
those other measuring devices, it varies with the second power of the
velocity. The experiments indicate that the errors likely to be ir-
volved in using the bend for this purpose are no greater than those
expenienced with the other devices named. Where great accuracy is
desired, however, each bend should be calibrated individually in place.
Theoretically, the difference in pressures between the two sides of
bend is—
VB
Ubo‘—hr)m“ﬁ (13)

in which %, and k, are the pressures at the outer and inner sides of the
bend, V is the mean velocity at the section, B is the width of the see-
tion—ithe diameter, for round fpipe———, g is the ncceleration of gravity,
and R is the mean radius of curvature. Then, introducing a co-
?%ilcient to cover energy losses the mean velority may be expressed as
ollows:

V= qufz,u—li,f\/%? (14)

in which € is a coefficient depending upon the kind of pipe bend.
From equation {14) a simple formula for a single pipe bend may be
written as—

Q=G’1‘h9—ﬁ¢ (15)

in which @ is the discharge in cubic feet per second and ¢ is a constant
depending upon the dimensions and condifion of the bend.

FormuFa (15) would be convenient to use, because the pressure
difference can be guickly determined and the discharge then be ob-
teined by a simple calculation or be taken from an easily prepared
table. For the celluloid bends with mesn curvature radius of 8%
inches, differences in pressure at section 223:° have been plotted
against discharges (fig. 100). Those graphs show the same value of ¢’
for four of the bends, and a value but slightly different for the 45°
bend. For pressure differences at section 45°, the coefficients for the
90° to 270° bends differed butlittle (fig. 101). The equations obtained
for the special-shape bends are shown in figure 102. For those bends
the coefficients differed considerably, for pressure diflerences measured
at cither section 2214° or section 45°.

Pressure differences were measured on the 90° cest-iron bend nearest
the weir tank in the pipe connecting the celluloid pipe to the weir
tank (pl. 1, .4). This bend closely approximated the standard bend
in dimensions. The measurements were of necessity made at points
213%° and 383{° from the beginning of this bend. The pressure dif-
ferences plotted against discharges are shown in figure 103, and it will
be noted that the coefficient ¢’ for section 21 }4° has the same value as
was obtained for section 2214° on the standard bend (fig. 76},

The study of bends as flow meters did not include experiments with
ponunirorm velocity distribution in the approach tangent.
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CONCLUSIONS

The results of the experiments on fiow through pipe bends reported
in the foregoing pages seem to warrant the fol owing conclusions:

1. All bends act as obstructions fo flow, causing greater loss of head
than an equal length of straight pipe.

2. The velocities of the filaments along the inner side of the bend
are increased and those slong the outer side are decreesed from their
velocities in the tangent approaching the bend.

3. The loss or head increases with increase in length of the bend,
for pipe of equal size, equal radius of curvature, and like material and
condition, and is greatest for a bend in which the tangents are joined
without an intervening curved section. The ratios of the loss in head
caused by the other round-pipe bends to that caused by the 90°
standard bend were approximately, for the 45° hend, 0.75; for the
180° continuous-curvature bend, 1.25; for the 180° reverse-curvature
bend, 2.1; for the 270° hend, 2.7; for the miter bend, 7.8,

4. For a given pipe beud and given quantity of flow, the head lost
in the bend is influenced greatly hy the velocity distribution in the
approach tangent. With velocity in the approach tangent high
toward the inner side, the losses of head shown by all the bends ran ged
from about 1.5 to 4 times that obiained when uniform veloeity pre-
vailed in the approach tangent. With the approach velocity high
toward the outer side, some bends showed slightly less and some
slightly greater losses than obtained with uniform velocity of approach.
With high velocity at the top of the approach tangent the Joss f}c))r each
bend was between 1.25 and 2 times thai obtained with umiform ap-
proach velocity, and with approach velocity high at the bottom the
loss was between 1.3 and 3 times that obtained with uniform velocity.
These ratios were obtained with a high velocity along one side of the
a,plproach tangent about three times the low velocity along the other
stdle.

5. From the difference between the pressures on the inner and outer
sides of a bend at the point of maximum differences, and having the
size of pipe and the radius of curvature of the bend, i is possible to
compute the mean velocity and therefore the quantity of flow. When
» pipe bend has been calibrated it may be used as o flow meter with
which the discharge can be determined by measuring merely the differ-
ence in pressure,

6. The losses in the pipe bends experimented upen appear to vary
as the square of the velocity, and not as the 2.25 power as suggested
by some writers,

PRACTICAL APPLICATIONS OF TEST OBSERYATIONS AND DATA

Observations during the tests showed that a single piezometer on a
beid or close to the bend on o tangent may not give the correct average
pressure in the conduit at the cross section. Hence it is highly im-
portant that, in such work as making efficiency tosts on puamps, the
piezometer determinations he made nt several points on any section.

The experiments showed considerable greater loss of head in bends
of reverse curvature than in bends of con tinuous curvature. Therefore
it Is advantageous in water-piping installations to avoid, so far as
practicable, reversal of direction of curvature by bends placed near
together,
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In most installations, at least one pipe bend can be calibrated as a
flow meter, and a manometer constructed by which discharge can bs
read directly.

From the information obiained on loss of head resulting from non-
uniform veloeity distribution in the approach tangent, it 1s apparent
that in planning pipe lay-outs if two bends on the same line curve in
the same direction, the second will cause less loss of head than the first
if the bends c¢an be placed near together,

Cast-iron bends doubtless cause greater loss of head than the cellu-
loid bends tested, because of greater roughness of the interior walls
which naturally causes secondary currents of greater intensity and
magnitude. The tests with celluloid bends suggest, however, the
relative effects of increased length and of change in direction of curva-
ture upon loss of head in bends of equal pipe diameter and equal
curvature radius.
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pproximately iniform velocity distribution in appreach tangent;

mean velocity, 8 feet per second.
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FIGURE 30.—Velocity distribution and peripheral pressures in 270° bemg rwnh npnroxi&nutdy uniform veloeity distribution in sipproach tangent; mean veloeity,
’ eet per second.

SANUG AJTI HONI-9 HOQOTHL HALVA J0 MOTE

5 4




-~ Test 103
vetzl

Typica! seclion

-_—
*>
]
Ny

S
“
Q
o
=3
“n
“w
¢
Q

180° 225° 270° +0.5* +

Fiaure 31.—Velocity distribution and peripheral presstires in 270° bend with upproxim(r;tely umiform velocity distribution in approach tangent; mean velocity, 12.1 feet
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Fraure 34.—Velocity distribution-and peripheral pressures in 270° bend with velocity in approach tangent high at top; mean velocity, 8 feet per second.
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FI1GUuRE 37.—Velocity distribution and peripheral pressures in type M bend with approximately uniform velocity distribution
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et per second.
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FIGURE 40.—Veloeity distribution and peripheral pressires in typé ALhend with velocity in approach tangent high toward outer gide; mean veloeity, §feet per second.
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FIGURE 43,—Velocity distribution and peripheral pressures in type N bend \;’ith npproitlimntcly uniform velocity distribution in-upproach tungent; mean veloeity
: 5 feet per second.
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F1GUuRE 49,—Velocity distribution and peripheral pressures in type N bend with velocity distribution in approach tangent high at bottom; menn velocity, 8 feet
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FIGURE §1,—Velocity distribution and peripheral pressiires in type W bend with approximately unifrm distribution in approach tangent; mean velocity, 8 feet per second.
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FiGuRE 53.-—Velocity distribution and peripheral pressures in type W bend with velocity in approach tangent bigh toward inner side; mean velocity, 8 feet per second.
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Fi1ouRe 55.—Velocity distribution and peripheral pressures in type W bend with velocity in approach tangent high at top; mean velocity, 8 feet per second.
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FIGURE i.—Velocity distribution and peripheral pressures in type W bend with velocity in approach tangent high at bottom; mean velocity, 8 {eet per second.
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Ficure 57.~Velocity distribution and peripheral pressures §n miter bead with nppro(:;imately uniform velocity distribution in approach tangent; mean velocity, 5 feet
per second.




N
o

-
-
S
p -
“u
Q
<
b~
v
“
b
Q

SANHTT SLITT HONT-O AHONOTHL JALVAL 0 MOTH

+5°
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FIGURE 59.—Vélocity distribution and peripheral prossures in miter bend with ﬂpproxiénulely uniform velocity distribution in approach tangent; mean velocity, 12.1
{eet-per second.
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Fiaure 61.—Velocity distribution and periphieral pressures in miter bend with velocity in approach tangent high toward outer side; mean velocity, 8 feet per second.
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FiGure 63 ~Velocity distribution and peripheral pressures in wmiter bend with velocity in approach tangent high at bottom; mean velocity, 8 feet per second.
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FIGURE (H.—Pressures along inner side (broken line} and outer side (solld liue) of 45° beod with uniform
veloehty distribution in approach tangent.
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Inner slde; C, bigh toward outer side; D, high at top; E, high at bottom,
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Fi1aurEe 80.—Pressures along inner sida {broken Iine) -and outer side (solid iine) of WR: W bend with mean
- valocity 8 feat per second and velocity distributions In spproach tangent: 4, Uniform; B, high toward

Juner side; €, high toward outer side; I, high at top; E, high at botiom,
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FIGOKE 8]1.—Pressures slong inner side (broken fine) and cuter side (solld line) of miter bend with mean
velocity B feot per sacond snd velocity distributions in approach tangent: 4, Uniform; B, high toward
inner side; C, bigh toward outer side; D, bigh st top; E, high st bottom.
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Fravne 82—Loss of head in 45° bend with aulform volocity distrfbution fu approach taogent. =
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Fioure $3.—Laoss of iand in stagdard bemd with uniform velaeits distribution io appronch taogent.
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Finvht §4.—Loss of hewd in 1807 coutinuous-curvature bead with asiform velocity distritution in npprosch
lengent.
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FIGURE B5.—Loss of beaa in 180° rm‘cr.-sed-curvuttt;re bend] with uniform velocity distribution in apurosch
ngent.




FLOW OF WATER THROUGH ¢-INCH PIPE BENDS 101

N gy G, | V= 8.0
e —— straj . .
Sy ~Lor straight pipe

—————
' i
o "‘"---..._‘___‘- for bend
-

—r

r

Fe—5 feest—m \

/

r
B

/

FIGURE 86.—Loss of head in 270° bend with unitorm velocity distribuiion in approachk tangent.
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FiGuRE 87.—Loss of bead In (ype M bend with uniforin veloeity distribution in approach tangent.
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Fiovne 80, —Loss of kend In type W bend with anbform velouity distribntion in rpproach tapgetl




FLOW OF WATER THROUGH 6-INCH I'IPE BENDS

105

— Ener;gyi gradients

-

| for si_r-l;i'é-hf_;? po ]

O e r —
T

—-.-...--

‘I'L_
]

"-n...\

—

FiGURE 90.—Loss of bead {8 miter bepd with uniform veloelty disteibutivn in approneh tangent.
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FlatRE BL—Eo58 of hind b 45° bemd will mean veloeity § feel imr seeond wid \'elocn}; distributions in

approach tangent: 4, Uniform; 8, high townard inner side; C, high Loward ocuter side; D, high ot top; E,

high at hotiom,
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FIGURE #2.—Lass of hesd in standard bend w fth mean. velocity 8 fact per second snd valocitgdlstnhuticns

approach tangent: A, Uniforny; B, high toword tnner side; €, high toward outer side;

iBa high at top;
E, high at bottom.
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valacity distributlons o apnronch tangent: 4, Unitorm; B, high toward inger side; C, high toward otter
side; 2, Liiph ot toD; E, high at bottom,
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FIGURE 94.—Loss of head 1o 180° reversed-curvature bend with rmean velocity 8 feet per second and veloe-

ity distelbutiony in spgrnnch tangent: A, Unlform; B, high towsrd {nner side; C, high toward cuter side;
D, high ot top; E, high at bottom.
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FIcURE 96,—Lass of head fo type At hendl with mean veloeity § feet per secomd and valpelty distrihutions
f[:} 1pplronclﬂ tangent: .4, Uniform; B, Ligh toward inner side; C, high toward mrer side; D, high ut top,
=, high at bottom.




112 TECHNICAL BULLETIN 577, U, §. DEPP, OF AGRICULTURE

end

- B
N T

B

%
A

i

-‘-2'-—-_-2 S S L

Figure 07 —Loss of bead in type N bemd with menn veloety 8 feet per second and veloeity distribntions
in approach tangent; A, Uniferm; &, high lowsrd jnner side; € high toward outer side; D, high at top;
E, high sl bottoin,
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