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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 curvature, on 90° bends of hyperholicand elliptical 
cross section, on n. 90° bend of circulfLr cross 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 
pipe approaching the bend.3 

DesIgners of pumping plants and hydroelectric plants are constantly 
endeavoring to increase 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 a.cts a.s an obstruction to flow, 
causing loss of head, both in open and in closed conduits. Certain 
types of bends cause internal changes in velocity to such a degree 
that the capacity of the bends as hydra.ulic conduits is .reduced con-

I Received for publication _-\pr. 12.1937. 

, Expnriments on 180° bends ofsQunre and rectangular cross seution have heen predously reported. (Sec


U. S. Dei\t. Agr. Tech. Bull. 526, Flow of Water Around lBO-degroo Rends.)
• The investigation was earned on at the hydraulics laborntory of the University of 10wII. Shermun l\{' 

Woodward acted as consultant during the invostigation. 'l~he Ist~ Floyd A. N altier, and }o'rederic '1\ MBVis, 
head of tho department of mechanics and hyd.raullcs, advised with regard to tho method of computations 
and the report. 

1513:;9°-37--1 1 
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siderably. As a rule, disturbed flow means inefficient flow,and the 
maA-llnum usefulness of the entire cross section of the channel is not 
realized. 

The studies here 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 effects of 
bends upon the performance of the downstream tangents. Such 
conditions 8,re often encountered in penstock and spiral casings 
approaching water turbines as well as III draft-tube conduits of the 
elbow type.. 

The investigation described herein was undertaken for the purpose 
of exploring the changes in pressure and velocity in different parts of 
the flowing stream, as the water undergoes the transition from motion 
along a straight path to motion around a curve nnd the opposite 
transition back to straight-line motion. The conditions disclosAd in 
this study mu,y be considered as representing what always occurs 
when water flows in a bend or a crooked channel, or when it meets a 
bridge pier or other form of obstruction. A Imowledge of these 
changes is fundamental to an understanding of the effects, harmful 
or otherwise, of crooked und obstructed channels on the flow of water, 
and to a determination of the best menns for diminishing any objec­
tionable or troublesome effects. 

SCOPE OF THE INVESTIGATION 

The investigation was planned to cover measurement of (1) velocity 
distribution in the bend Ilnd in approach and diseharge tangents, (2) 
pressure chunges at various sections in the bend ~lJ1d the tangents, (3) 
energy chtmges us the water passes around the bend, (4) loss of head 
due to the bend, (5) directions of the filuments of flow as the water 
moves around the bend, and (6) friction losses occurring in the 
approach and discharge tnngents.4 

The experiments were conducted on bends of 6-inch pipe, the bends 
and the approach nnd discharge tangents being of transparent cellu­
loid. The bends tested comprised round pipe bent to circulnr urcs 
of 45°, (pI. 1, A) 90°, and 180° continuous curvn,ture (p1.2, B), 180° 
with curvature once reversed (pI. 1, B), 270° with curvature twice 
reversed (pI. 2, A), three special-shape 90° (pI. 1, (J) bends, and a 90° 
miter bend (pI. 2, 0). 

Determinations of 101:05 of head were made on all the bends, with 
mean velocities of 2, 4,5, 6, 7, 8, 10, 12, and 14 feet per second and 
uniform velocity distribution 6 in the approach tangent, bypiezom­
eter measurements of peripheral pressures. Changes in velocity 
distribution were studied with mean velocities of 5, 8, and 12 feet per 
second by means of pitot-tube traverses. 

4 FrankW. }~dwards. II. P. Evans. Jr., 0, J. Bnldwin. O. A. Marston. Rolnnd A. Knmpmeier, Ro~sN. 
Brudenell, Cecil H. 11orri5. 1,dward Soucek. Ghurles W. Kinnoy, Cnrlos Kampmeier, L. B. Wah'ller, 
H. B. Vusey, Kenneth M. Smith, Audreus Luksch,Arthur 1JJ[,on,.3nd Edwin 'l'holllusassistod in mnking 
tho tpsts . 

• Uniform velocity dlstrihution, in this bullotin, meuns yelocity distributions 85 for undisturbed flow in 
straight pipe,.approximutely symmetriml about the l'Onter line of tho pipo. 
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FLOW OF WATER IN 6-iNCH PIPE BENDS. 

At 27Q..degrce bUild llrnll1gcd fVf test; ~IJI IbO-deg-rcl! l'OlJl.iJ1lWWH'urvature Ill'lId amI t.HIl~l!lltS !'3ct. up for lest; 

C, Illiter beud und tangents. set ul> for tc.st. 
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The effect of nonuniform velocity distribution in the approach 
tangent was studied, at a mean velocity of 8 feet per second. High 
velocity was induced first at the top of the pipe, then toward the inner 
side of the bend, then at the bottom, and lustly toward the outer side 
of the bend. The high velocity along one side of the approach tan­
gent was three to four times the low velocity along the opposite side. 

BENDS TES1'ED 

The "standard" 90 0 bend was of uniform cross section approxi­
mately 6 inches inside diameter, and the radius of curvatu.re of the 
center line was 8X inches. The length of the center line thus was 
12.96 inches, and the cross-section area 28.27 square inches. The 450 

bend was like half the standard bend; the 1800 and 2700 bends were 
made of two and three standard bends (pl. 1. and 2.) 

The three special-shape bends 6 nre shown in plute 1, 0, a.nd their 
general characteristics are given in table 1. All were 6 inches in 
diameter and circular in cross sect.ion at the ends. Type M: gradually' 
changed to an oval section aii midlength with major axis 9.87 inches 
and minor axis 6 inches (fig. 36). In transverse view, the inner .and 
outer boundary curves were hyperbolas. Type N had a const,ant. 
curvature radius of 15 inches. The cross section gradually changed 
to elliptical at midlength, with major flxis 10 inches and minor axis 
3.60 inehes, maintaining a constn,nt Cl'OSS sectional area (fig. 43). 
Type 'W was of circular cross section throughout,. but increased to 
approxinul.tely 7 inches diameter at midlength (fig. 50). The radius 
of curvature decrl~ased from infinity at the points of tangency to fi 
inches at midlength. 

The miter bend was made by j01l1ing directly two straight pieces 
of pipe cut obliquely, with no intervening curved section, Its length 
on the center lllle was 16% inches, so when it was placed upon the 
standard bend the ends of the two bends coincided. 

TABLE l.-Chamcteristics of sT)cdal-shapc .90° bends 1 

Radius of :.
CroS$·!'ec· curvatureJ"ength onHeml' 	 Uou nr<la of centercenter lineat vert.ex 	 !ineat 

\'ertex 

Squ(]re 
inchcs luches Inches

Type lIL ",_,_, __ " •• _••• , ........_..__••________ •_____ ••____•_____ 
 ·j7.00 23.0 12
1'ype N _"" "'"'''' ___ ........... ____ .-._. ____ ••• _______________ •. 28.21 2:3.0 
 15'l'YIle W ......... ' _______ •• __ •• ____ •_______ ••.••_____ ._._______• __ __ 
 38.15 26.4 5 

11IfOCKMOBE, O. A. FLDWCllAItACTERlSTICS IN ELBOW lJB,u'T TUllES. Amer. Soc. Ci\'. Engin. Proc., 63: , 
[2511-286, iJIus. 1937. Seo II. 260 • 

• PrOfessor lIfockmore designated types M, N, and W as.numbers 2, 4, and 3, respectively. 

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 which was utilized also for approach and discharge 
tangents in testing the bends . 

.6 Theso bonds had beelJ "made by Oharles A. Mockmore for his special studies on draft tubes, and were 
loaned for use in this investigation. 

http:curvatu.re
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The standard bends and about 30 feet of the straight celluloid pipe 
were obtained by purchase, and some 20 feet of the straight pipe was 
made in the laboratory. As a result of the continued drying out of 
the solvent used in making the celluloid, there was some slow shrinkage 
in the pipe diameter, b~lt the amount in most cases did not exceed 
three thirty-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 cubic feet per second. During 
the progress of each test continuous measuremen.ts were taken of the 
head on the weir, and the mean value was used in computing the mean 
velocity for the test. 

Velocity traverses and pressure determi.~ations were made on the 
bend at the beginning and end pointE> and. at each intermediate 22Xo 

point; on the approach tangent at distances 0.5, 1.0, 3, 5, 10, 15, and 
20 feet from the beginning of the bend; 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 thl1t on bend types Nand 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 tIle original find 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 ~he bend, turbulent flow nnd secondary currents ncted 
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 actufilly occurred. They 
undoubtedly 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 a common datum. Great care was taken to 
see that a]] 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 piezometer tubes oscillated 
considerably, as much as 0.10 foot or more during the higher discharges. 
These oscillations, caused by turbulent flow, made correct reading of 
the pressures somewhat difficult, but probably the errors in these 
readmgs seldom exceeded 0.01 or 0.02 foot, and then only for the larger 
discharges. Numerous check readings were taken to ehminate appar­
ent inconsistencies or to assure that these inconsistencies contmued 
throughout the test. 

A complete test for a single quantity of flow involved the recording 
of some 230 piezometer readings and oi the maximum velocity at from 
500 to 1,000 different points, depending upon the amount of curvature 
of the bend, and reqmred seven man for about 8 hours. Check mea­
surements were taken on the diameters of the bends and pipe at various 

http:measuremen.ts
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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 piezometers. 

The obstruction used to create nonunifonu velocity distribution in 
the approach tangent consisted of a metltl cylinder in which were 
placed rows of no. 9 wires, staggered one-half inch apart. The obstruc­
tion was 12 inches long, and was placed with the downstream end 
about 4 feet upstream from the beginning of the bend. Tlus obstruc­
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 (pI. 2, (J) 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-notch weir cut in the 
end of a 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 (pI. 1, A). By means of several baffles, the turbulence was elim­
mated before the water passed into the weir chamber. 

VELOCITY CHANGES IN THE BEND 

The velocity-distribution data obtained are shown by contours in 
figures 1 to 63, except for onUssion 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 locations ill. 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 th~ 
bend, preceded by a UlinUS sign (- ) or plus sign (+ ) to indicate respec­
tivelyapproach or discharge tangent. On the miter bend the ends are 
designQ,ted 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, 
mininmm, and peripheral velocities in each section within 0.5 foot per 
second. 

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

WITH UNIFORM VELOCITY DISTRIBUTION IN APPROACH PIPE 

As the wa'ter 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 (If the bend 
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increases as the radius of curvature decreases. Except 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 distribu tion 
in the approach pipe, see 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 0 bend but very apparent for the others. 
At sectlOn 22)4° there is a marked difference in velocity between the 
inner and outer sides of the bends, tire differences being practically 
the same for the standard, the two 1800 

, 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 
hns a real effect on the velocity distribution within it. For the 45° 
bend, the difference is not so great. 

At section 45° there is a marked similarity in the velocity contourl' 
for the standard, the two 180°, and the 2700 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 67Wthere is a similarity in velocity 
distribution for tho standard and the 1800 continuous-curvature bends. 

Similar velocity-distribution characteristics with the 8- and 12-foot 
velocities are shown by the different bends, in figures 2 and 3, 9 and 
10, etc. 

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 DISTRIBUTION IN APPROACH PIPE 

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 di~turbance of velocity distribution caused by the first may per­
sist to the second. The hends 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 quantity of water is flowing through both and the 
bends are of identical shape. 

In most if not all tests reported in engineering literature on the 
flow of water through bends, uniforril velocity distribution prevailed 
in the approach tangent. So far as the writer knows, no prior tests 
have been conducted in wl1ich nonuniform velocity distribution ap­
proaching the bend was created ill order to study its effects. 

With uniform velocity distribution in the appronch 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 added energy the filaments of water along the inner 
side flow around the bend even faster than norma.!lY.J_wi1ile the fila­
ments along 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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Muses a greater difference in pressure between the inner and outer 
siLdes of the bend, and' a greater loss of head in the bend, than would 
occur ,,,ith uniform approach How. 

Comparison of sectioits 0° in figures 2 and 4 shows the difference 
in velocity distribut.ion in the 45° bend between uniform and non­
uniform a,pproach-velocit.y conditions. The difference is even more 
marked at section 22~0. At section 45° (fig. 4), the velocity along 
the inner side of the bend is still high even though the end of the bend 
is reuched. The velocities fit 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 characteristics1 
as may be seen by comparing figure 37 with figure 39, 44 with 461
and 51 with 53. In the 180° reverse-curve bend (figs. 23 anct 25) 
and in the 270° bend (figs. 30 Ilnd 32) there were no marked differences 
in velocity distribution beyond about section 90°. 

"rhen initial high velOCIty prevailed toward the outer side of the 
bend, the velocity eonditions in the bends beellme very different. 
This chun~e of approllch velocity also had a marked effect on both the 
velocity dIstributions and the pressures in the bends. Comparisons 
may be made between figures 2 und 5, 9 and 12, 16 find 19, 23 and 26, 
30 and 33, 37 and 40, 44 and 47, 51 and 54, anel 58 lind 6l. 

When initial high velocity e:dsted at the top of the appi'ollCh pipe, 
abnorma.l velocity distribution prevailed throughout the bend. 
Comparison of tIle velocity distribution nt section 0° in figure 6 
,,,ith normal distribution nt the same section (fig. 2), shows much 
greater yariation with the nonuniform uppronch velocity. A marked 
difference pl'evniled t.hronghout. the bend and even beyond. Figures 
9 and 13 show similar differences, nnd so do the velocity diagrams 
for the other bends. 

With initial high velocity at the bottom of the approac4 tangent, 
the flow in the bends showed departures from the flow with uniform 
npproach velocity generally similnr to the departures shown when 
the initial high velocity was at the top of the pipe. 

PRESSURE CHANGES IN THE BEND 

Transverse profiles of t.llC peripheral pressures a.t the different 
sections, us meusured from a common datum, a,re shown nbove the 
velocity cross sections in figures 1 to 63. The piezometer readings 
arc shO\\'n b\T circles nnd sqUtlres, circles for the top and sid\! pressures 
and squares' for the bottom pressures where those were different from 
the top readings. 

WITH UNIFORM VEI.OCIT"l DISTRIBUTION IN APPROACH J'JPE 

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 
inner side. Neglecting loss in friction, the totnl energy in any fi1ament 
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 11, comparison of the first three graphs shown for 
each bend. 

For the same bend, the greater the difference in velocity, the 
greater the. radial difference in pressure, as may be seen 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 against the top and bottom of the bend. 
Figures 3, 10, and 17 have considerably more squares, showing 
bottom pressures different from top pressures, than do figures 1, 8, 
and 15. 

The variations in pressure along the inner and outer sides of the 
bends, at the horizontal diameter, 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. 

Figures 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 
agreement between the differences for all the bends except types M, 
N, and W. The maximum differences in the three sp'ecial-shaJ?e 
bends were less than those in the other bends, but the ddferences III 
the miter bend were twice those in the standard bend. 

With a given velocity, the difference in pressure at section 22W 
was the same for the standard bend, the two 180° bends, stnd. the 270° 
bend. The diffet'ences at this section for the 45° bend. were not quite 
so 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 at section 22~0. 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 22}~0 and 4,15° 
in the standard and 180° continuous-curvature bends. In both bends 
of reversed curvature the maximum difference was at section 135°, 
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 grea.ter than 5 fe·at per second the 
pressures along_the inner side of the bend were less than at either end 
of the bend. This drop in pressure was less, however, for the special­
shape than for the standard bend. The rise in pressure along the 
outer sides of types M and W was somewhat greater than in the stand­
ard bend. In the hyperbolic typ-e.. M bend the pressure on the inner 
side was greater midway of the nand than at either end (fig. 69). 
'rhis condition was true with all velocities greater than 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 either end. 
Knowledge of this fact may be useful where it is desired to obtain a 
greater 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 atmidlength the pressure was raised throu~h­
out the cross section by an amount correspondin~ to the reductIOn 
in velocity head (figs. 69 and 71). When the radlUs of curvature of 
the bend was decreased, the difference between the two wall pressures 
was correspondingly increased. 
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WITH NONUNIFORM VELOCITY DISTU.OUTION IN APPROACH PIPE 

In the 450 bend (fig. '13) the drop in pressure along the inner side 
was greatest when the approach velocity was high on that side, nnd 
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 top and high velocity at the bottom of the 
approach pipe gave pressure distributions in the bend that were very 
much alike, although the high bottom velocity usually gave slightly 
greater pressure differences between the inner and outer sides. As 
before stated, this condition may be related to the secondary currents 
set up within the bend. Comparison of the pressure differences for 
the 900 and 1800 continuous-curvature bends shows similar character­
istics, as do also the first '900 of both reverse-curvature bends. The 
pressure relations in the miter bend appear generally similar, but the 
fluctuations and differences were about double those in the standard 
bend. 

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

SECONDARY CURRENTS 

Secondary currents are caused in a bend by the differences in 
centrifugal force of the filaments having different velocities, which 
induce transverse 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 increase in strength as the water moves 
around the bend. 

Tests on bends in rectangular channels" 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 velocity 
at the top and a low velocity at the bottom of the approach channel, 
in a conduit bending to the right t,he secondary current was counter­
clockwise as viewed looking downstream; when the high velocity was 
at the bottom in the approach channel, the direction of the secondary 
current was clockwise. When uniform velocity distribution existed 
in the approach tan~ent, two secondary currents were set up in the 
bend, one clockwise III the upper portion of the cross section and the 
other counterclockwise in the low'~r 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 currents might be set up within the 
bend, dependin~ upon its length and radius of curvature. When 
high velocity eXIsted toward the inner side, the flow was so disturbed 
that definite secondary currents were 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 also in open­
channel bends, but usually there is only one, even with approximately 
uniform velocity distribution in the channel approaching the bend. 

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

7 See footnote 2. 
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in 900 elbows and guide vanes in quarter-tum draft tubes increases 
the efficiency 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 secondary currents, and any means that will 
reduce these currents and create a greater effective area of forward 
flow will reduce the energy loss, and hence improve the efficiency of 
the conduit. 

LOSS OF HEAD 

The loss of head in a pipe bend results mostly from two causes: (1) 
Skin 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 and downstream from the bend. The nature of the 
secondary currents and the energy loss resulting from them are influ­
e':1ced appreciably by 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 to normal 
streamline motion. 

The loss of energy or head due to a bend may be expressed as-

II . K wi~th of ch~nnel V 2 

(1)
b mner radIUs 2g 

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-

V2 
Hb=K' - (2)2g 

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 l'I1nge of velocities, and the friction loss per 
foot of straight pipe was found to be 

va 
h,.=0.0302 2g (3) 

From the velocity measurements taken on the two tangents and 
the bends at three quantities of flow, those giving mean velocities of 
5,8, and 12.1 feet per second~ the losses of head due to the bend were 
computed by the following method: . 

The total energy was computed at various sections upstream from 
tho 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 at that section, and the friction loss for 0.5 foot of straight pipe 
was deducted, to compute the total energy at section 0°. By the same 
method, the tot.al energy at section 00 was calculated from measure­
ments made at sections -1", -3', -5', and -10'. When these 
computations had been made, errors in measurement at any section 
were easily seen, and radically discOlXIant values could be discarded. 
The same method was followed below the bend, the total energy for 
sections +10', +15', and. +20' being reduced to equivalents of that at 
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 00 to section +25' measured along 
the center line of the pipe. 

In the foregoing calcUlations the velocity head for each section was 
not computed directly irom 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 unit quantity of flow. Then the sum of the unit quantities 
multiplied by their respective velocity heads (~hq) was divided by the 
sum of the quantities (~q) to obtain the mean velocity head that was 
used for the section. The result, however, was not much different 
from the head computed from the mean velocity for the section, 
except in the bends. 

Loss of hea,d was computed also from the tests in which me&,sure­
ments were made only of the peripheral pressures, these tests com­
prising velocities ranging from 2 to 14 feet per second. The methods 
of computation were the same as for the experiments inwhich velocities 
were measured, except that the mean velocity head for each section 
necessarily was calculated directly from the mean velocity for the 
whole section. 

Thus the actual loss of 11ead due to the bend exclusive of friction was 
determined for all the tests on each bend for each quantity of flow. 
These losses thell were plotted as abscissas against velocities as 
ordinates, on logarithmic paper, and an equation for the loss in each 
bend was determined. 

The equations are as follows: 
V 2 

450 bend H b=0.112g (4) 
V2 

Standard bend H b=0.152g (5) 
J12 

1800 bend, continuous curvature Hb=O.I~- (6)g 
V 2 

1800 bend, reverse-curvature H b=0.312g (7) 
V2 

2700 bend H b=0.402g (8) 
V2 

Type M bend H b=0.152g (9) 

V2 

Type N bend H b=0.13 (10)2g
V2 

Type W.bend H b=0.172g (11)t 

172 
Miter bend H b=1.17 (12)2g 

In comparing the standard and the special-shape bends with respect 
to loss of head as shown by the aboye formulas, it should be remem­
bered that the mean radius of the standard bend waS only 8~ inches 
whereas that of the type 1\1. bend on, its (lenter line was apPfoximfl-tely . . 
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12 inches, that of the type N bend was 15 inches, and that of the type 
W bend variEid from 8.8 inches to infinity. If a 90° bend with a mean 
radius of 15 hlChes 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 nonunifonn 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 [\, 
bend, and the distance downstream through which it accumulates, the 
data are presented graphically in figures 82 to 90 for uniform distri­
bution ·of velocity in the approach tangent and in figures 91 to 99 for 
nonuniform approach veloCity. Tha total energy gradient iii 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 detennined 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 a uniform distributiun of velocity in 'the approach tangent 
(figs. 82 to 90), the loss of head caused by the bend increased for about 
5 feet downstrel1m from the bend. The end of tins zone of increase is 
the section at whlch the energy gradient for the bend becomes parallel 
to the energy gradient for straight pipe. 

This graphlc method of determining the loss of head due to bends is 
especially 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 tlmes that obtained with uliform velocity distribu­
tion in the approach pipe, whereas with the hlgh velocity toward the 
outer side, the loss was only about three-Jour.ths that obtained with 
uliform 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 
uliform velocity, and hlgh velocity at the top and at the bottom gave 
losses 80 to 100 percent greater. These ·differences were obtained with 
a nonuniform velocity distribution having high and low velocities at 
section 0° of about 12 and 4 feet per second, respectively; with greater 
ratios of nonunifonnity, the .differences in losses probably would he 
greater. 

It appears that for some bends the length of the dmV!lstream tangent, 
25 feet, was not quite .sufficient for measuring the total loss of head. 
This is shown .in figures .94, 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 bottom of the approach pipe. For those bends 
and such velocity distribution, a longer downstream tangent 'Would 
have been desirable. 

PIPE BENDS AS FLOW METERS 8 

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

!.See also the following publication: LANSFORD, W. M. THE USE OF AN ELBOW IN A PIPE LINE rOR DE-
UBKiNiNG TBII: BATE OF FLOW IN THE PIPE, m., Engln. Expt. St8. Bull. 289, 36 pp., llJus. 1936. . 
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outer and inner sides. That difference may be as large as or even 
larger than that produced in a venturi meter or pitot tube, and, as in 
tho~ other measurin~ devices, it varies ",ith the second power of the 
velocity. The expenments indicate that the errors likely to be ir.­
volved in using the bend for this purpose are no greater than those 
experienced 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-

V 2B
(ho-h()= gR (13) 

in which ho and 11,1 are the pressures at the outer and inner sides of the 
bend, Vis the mean velocIty at the section, B is the width of the sec­
tion-the diameter, for rou,nd pipe-, g is the acceleration of gravity, 
and R is the mean radius of curvature. Then, introducing a co­
efficient to cover energy losses the mean velocity may be expressed as 
follows: 

(14) 

in which 0 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=c'.Jho hi (15) 

in which Qis the discharge in cubic feet per second and c' is n, constant 
depending upon the dinl(lDsions ane!- condition of the bend. 

Formula (15) would be conveDlent to use, because the pressure 
difference can be quickly determined and. the discharge then be ob­
tained by a simple calculation or be taken from an (,!tsily prepared 
table. For the celluloid bends with mean curvature mdius of 8 X 
inches, differences in pressure at section 22Ho have been plotted 
against discharges (fig. 100). Those graphs show the same value of (;1 

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 but little (fig. 101). The equations obtained 
for the special-shape bends are shown in figure 102. For those bends 
the coefficients differed considerably, for pressure differences measured 
at either section 22Ho or section 45°, 

.Pressure differences were measured on the 90° cast-iron bend nearest 
the weir tank in the pipe connecting the celluloid pipe to the weir 
tank (pI. I, A). This bend closely approximated the standard bend 
in dimensions. The measuremen.ts were of necessity made at points 
21 HO and 38}~0 from the beginning of this bend. The pressuredif­
ferences plotted against discharges are shown in figure 103, and it will 
be noted that the coefficient c' for section 21W has the same value as 
was obtained for section 22W on the standard bend (fig. 76). 

The f)tudy of bends as flow meters did not include experiments with 
nonUDiform velocity distribution in the approach tangent. 

http:measuremen.ts
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CONCLUSIONS 

The results of the experiments on flow through pipe bends reported 
in the foregoing pages seem to warrant the following conclusions: 

1. All bends act itS obstructions to flow, causing greater loss of head 
than fin .equallength of straight pipe. 

2. The velocities of the filaments alon~ the inner side.of the bend 
are increased and those along the outer SIde are decreased from their 
velocities in the tangent approaching the bend. 

3. The 10ES 0: 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 un intervening curved section. The ratios of the loss in llCad 
caused by the othpl' round-pipe bends to that CUllsed by the 900 

stundard bend were npproximately, for the 45 0 bend, 0.75; for the 
1800 continuous-curvature bend, 1.25; for the 180 0 reverse-curvature 
bend, 2.1; for the 270 0 bend, 2.7; for the miter bend, 7.8. 

4. For a given pipe bend und given quantity of flow, the head lost 
in the bend is influenced greatly by the velocity distIibution ill the 
approach tangent. With velocity in t,lie approach tangent high 
toward the inner side, the losses of head shown by all the bends ranged 
from about 1.5 to 4 times that obtained when uniform velocity pre­
vailed in the uppronch tangent. With the approach velocity high 
toward the outer side, some bends showed slightly less find some 
slightly greater losses than obtnined with uniform veJocity of approach. 
Wit.h high velocity at the top of the approllch ttlllgent the loss for each 
bend was between 1.25 and 2 times that obtnined with UnifOllll ap­
prouc1l velocity, und with approo.ch velocity high at the bottom the 
loss wus between 1.3 and 3 times that obtained with uniform velocity. 
These rn.tios were obtained with a. high velocity u.long one side of the 
approach tangent about three times the low velocity along the other 
side. 

5.From the difference between the pressures Oil the inner and outer 
sides of a bend at the point of mnxinl1lm differences, and bu.ving the 
size of pipe and the rndius of curvature of the bend, it is possibJe to 
compute the mean velocity and therefore the quantity of flow. When 
tt pipe bend hus been cnlibmted it may be used as a flow meter with 
which the discharge can be detennined by measuring merely the differ­
ence in pressure. 

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

PRACTICAl, APPUCATIONS OF TEST OBSERVATIONS AND DATA 

Observations during tIle tests sLowed that a single piezometer on a 
bend or close to the bend on a tangent may Dot give the correct uyernge 
pressure in the conduit at the cross section. Hence it is highly im­
portllnt that, in such work us llwking efficiency tests on pumps, the 
piezometer detenninations be made at several points on any section. 

The experiments showed considerable greater loss of head in bends 
of reverse curvature than in bends of con til1uOUS curvature. Therefore 
it is advantageous in water-piping instalilltions to avoid, so fllr as 
practicable, reversal of direction of curvature by bends placed near 
together. 

http:approo.ch
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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 b'3 
read directly.

From the information obtained on loss of head resulting from non­
uniform velocity distribution in the approach tangent, it is apparent 
that in planning pipe lay-outs if two bends on the same line curve in 
the surne direction, the second will cause less loss of head than the first 
if the bends can 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 int-erior walls 
which naturally causes secondal',"r currents of greater intensity and 
magnitude. The tests with celluloid bends suggest, however, the 
relative effects of incl'eu!:led length. Ilnd 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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FIGURE Ol.-Loss. or heml in 40° bend with llleun \'elocit.~· 8 reet \w.r !'CCOllll llUll veloclt.y distributions in 
approach tangent: A, UniConl1; D, high towlIrd Inner side; C, high townrd outer side; D, high at top: E,
high lit boHolll. 
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FIGURE 92.-Loss of hend in standard bend with menn,vclocity 8 feet Mr secondAnd velocity-distributions 
in approacil tangent: A, Uniformi lJ, higb towanl inner side; 0, hlgli toward outer side; D, bigh at topi
E, high at bottom. 
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E 

FIGUIIE G3.-Loss of head in 180° continuous-curvature bend with menn yelQcity 8 fect per second and 
velocity distributions in approach tangent: A, Uniform; B, hlgb toward inner side; 0, high toward outer 
side; D, high Ilt top; E, high at bottom. 
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FIGUIIE 94.-Loss of head in lSO° reversed-curvature bend with mean velocity 8 feet per second and veloc­
ity distributions in approach tangent: A, Uniform: B, high toward inner side; C, high toward outer side; 
D, high at top; E, high at bottom. 
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FIGURE 95.-LoS5 of head In 270° bend with mean velocity 8 feet per second and velocity distributions in 
approach tangent: .4, Uniform; B, high toward Inner side; 0, high toward outer side; D, high at top; E, 
hlgb at bottom. 
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--- .... 

FIGcRE OO.-Loss of head in type M heut! wilh mean velocity S foot per second and velocity distributions 
ill approach tangent: .-I, Unifoml; B, high toward inner side; 0, high toward oilIer side: D. high at (op; 
E. high nt bottom. 
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FIGURE ";.-Loss of bead in type N bend with menn vcloclty 8 feet. per second nnd vclority distributions 
in approach tangent; A, Cniform; B, high toward inner side; C, bigh towlIrd outer side; D, high lit top:
E, high at boHom. 
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E 

FIGUBS 118.~Loss or head In type W bend with mOllD velocity 8 reet per second and velocity distributions 
in approach t..alll!ent: A, Uniform; B, high toward inner side; C, high toward outer side; D, high at top;
E, high at bottom. 
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