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NATIONAL ADVISORY COMMITTEE FOR AFRONAUTICS
TECENICAL NOTE NO. 1471

EXPERIMENTAL INVESTIGATION OF VELOCITY DISTRIBUTIONS
DOWNSTREAM OF SINGLE DUCT BENDS

By John R. Weske
SUMMARY

Velocity distributions at the outlet of a large number of duct
elbows of round end elliptical as well as square and rectangular cross
section were measured at Reynoclds numbers from 0.2 to 0.6 X 100 and the
results presented in tabular form. Speclal investigations include
measurements of the decay of velocity patterns produced by curved ducts
“and of the effect of asymmetrical upstream velocity distributions.
Several techniques of measurement were applied since it was found that
there are three distinctive regions of flow in curved ducts, each
requiring a particular method of measurement.

The results indicate that velocity distributions in curved ducts of
different cross-sectional shape and aspect ratio are quite similar and
that the shape and proportions of the duct section are a minor factor
compared with radius ratio in regard to thelr effect upon the velocity
pettern. Spiralling motlon occurs as a result of upstream velocity dis-
tribution asymmetrical with respect to the plane of curvature; double-
spiralling motion 1s encountered downstream of bends of smell radius
ratio. Both types of motion persist downstreeam of the curved ducts
longer then simple velocity discontinuities. Neither variation of
Reynolds number within the range of the tests nor simulated poor
matching of duct Jointe has an appreciable effect upon the velocity
distribution in curved ducts.

INTRODUCTION

The velocity distribution in curved ducts hes been investigated
experimentally, notably by Keulegan and BeiJ (reference 1) and by
Eustice (reference 2). The subject 1s also treated incidentally in
numerous investigations of the pressure loss in curved ducts. The
availaeble material, however, is neither comprehensive nor does it apply
to the types of duct bend found in elrcraft installations nor to the
range of Reynolds number encountered in thelr operation.
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For thls reason a program of experimental investigation of

velocity distributions in curved ducts was underteken with a twofold
objective, namely, for the purpose of providing the designer of alrcraft
ducting with & substantial body of engineering data relative to the
velocity distribution in curved ducts and furthermore for the purpose

of identifying the basic factors affecting the velocity distribution.
This anelysis, it was hoped, might establish & basls from which velocity
distributions in curved ducts other than those tested might be predicted

with reasonable accuracy.

The project wes carried out at the aerodynamics laboratory of the
Case School of Applied Science under the sponsorship and with the
financial assistance of the National Advisory Committee for Aeronautics.
The experimental work and the calculations were performed by Mr. J.
Chvoste and Mrs. F. Scott Rodgers, research assistants at the Case
School of Applied Science.

SYMBOLS
v axial velocity camponent, feet per second
Vi mean veloclty ( Quantity of flow ), feet per . B
Area of cross section /
second
$
Vi tangential velocity component in transverse plane of

ducts of circular cross section, normal to radius
of cross section, feet per second

q velocity pressure of mean velocity (%ﬁ) , pounds
per square foot

jo) static pressure, pounds per square foot

H total pressure, pounds per square foot

T mean radius of curvature of curved duct

by width of duct in plane of curvature

bo width of duct normal to plane of curvature

Vi, Vo, V3 veloclties defined by figure 13

e1, €2, €3 distances defined by figure 13
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D equivalent diemeter [ X Are2 of duck ) rfeet
Length of perimeter
R Reynolds number (EP-!@>
U
p mass density, pound.—-zs;econds2 per footl*
U absolute viscosity, pound-seconds per square foot
r/by radius ratio of curved duct

TEST STAND AND TEST SPECIMENS

Test Setup

The leyout of the test stand 1s shown iIn figure 1. The centrifugal
blower, rated at 5800 cublc feet per minute against a total pressure
of 20 ounces per square inch at 3500 rpm, was driven by a direoct—current
motor conmnected in a Ward Leonard circult to a motor generator set. This
afforded speed control of great accuracy over a wide range of Reynolds
mmber. For a 6-inch-diemeter duct, for instance, it was possible to
attain Reynolds nmumhers of 1,000,000 and to operate at alrspeeds through
the duct fram 25 feet per second to 350 feet per second. Mach mmbers
were as high as 0.3.

The test setup for tests of ducting on the discharge side of the
blower 1s shown in figure 1 by solld lines, the arrangement for tests
on the intake side, by dashed lines. In the fommer case an intake box
of cross section of 36 inches by 36 and length of 48 inches was
rlaced at the blower inlet. The quantity of flow wes d terminid from -
the pressure drop across four sharp—edged orifices of % Tired — .

)

>
6-6:%-— , and E%—inch diameter which were arrenged symetrically on a
circle iIn the front well of this box.

The blower discharged into & plenum chamber of 17%- by 17% inches

in cross section and L8 inches in length in which the air flow was

straightened in a honeycomb section of %—-by -E—imh ¢ells of 8-inch

depth located 2k inches from the blower outlet and by a wire screen
of -l-g'b-—inch—diameter wire, 18 meshes to the inch, placed 3 inches

downstreem of the honeycomb. The maximum velocity in the plerum
chamber was approximately 30 feet per second. Gradual decrease of area
from the plenum chamber to the transition section, the throat of which
matched the duct cross section, was accomplished in a falring section
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of 15-inch length. Contraction ratios from the plenum chamber to the
duct were epproximately 10:1 for the ducts tested.

When testing duct bends on the inlet side, the quantity of flow
was measured at the outlet of the plenum chamber by an A.S.M.E. nozzle

of 8%-—inch diameter dlscharging into atmosphere. The ducting was

comnected to a smaller intake box. The right-angle turn fram the
ducting into the blower shown in figure 1 was necessary for reasons
of available space and necessitated the placing of a set of turning
vanes into the box to insure steady operation of the blower at

all loads.

Elbows and Ducts

The curved ducts of circular and elliptical cross section tested.
were carved from solid blocks of leminated wood. The inner surfaces
were mede very smooth through repeated application of shellac, alternated
with sandpapering. Accurate alinement of ducts and elbows within
1/32 inch was insured by brass dowels inserted into the flanges. The
curved ducts of square and rectangular cross section were likewise
constructed of wood and treated in the same manner as those of circular
cross section.

Straight ducts at the approach and outlet were constructed of .
galvanized tin in the case of the circular and the elliptic cross
section. In order to prevent distortion of the ducts of elliptic
cross section, frames were mounted around the ducts at intervals of
12 inches and the ducts were tested under internal pressure, that .is,
on the discharge side of the blower only. Thereby the correct cross
section was meintained within close 1limits over the entire length of
the duct. The straight ducts of square cross section were of wood
construction as it was found that the wooden ducts meintained their
shape better at higher alr pressures than did the metal ducts of square
cross—sectional shape. Dimensions of the elbows tested are given in

table I.

Equipment for Special Tests

A special inlet bellmouth was constructed for the tests of
6-inch—dismeter curved ducts on the inlet side of the blower, as shown In
figure 2. This bellmouth was used in the investigations of circulating
flow. A lattice of 2L angularly adjustable guide plates served to .
produce a vortex flow pattern in the duct. A special duct section of '
6—-inch dlsmeter shown in figure 3, housing a diametral dividing plate
with streamlined leading edge and a screen restricting the flow in ore x
of the semicircular passages, was constructed to produce a simple

asymmetrical flow pattern.
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METHODS OF MEASUREMENT AND MEASURING DEVICES

Velocity distributions in curved ducts were measured by (1) pltot—
tube traverses, (2) directional pitot—tube and yaw-head measurements,
and (3) hot—wire measurements.

Pi1tot-Tube Traverses

Pitot—tube traverse measurements in the dlametral plane of curvature
of the curved ducts were obtained with a rake consisting of 10 total—
pressure tubes, 2 static—pressure tubes, and 2 wall taps, as shown in
figures 4 and 6 of re{erence 3. Traverses were also obtained wlth a

pltot—static tube of E-—inch diemeter and standard dimensions, in which

case measurements were not restricted as in the case of the rake to
points flxed by the location of the tubes.

Directional Measurements

It was found that, except in the diametral plane of curvature, the
direction of flow deviated so much fram axial that in general pitot—tube
measurements fram tubes oriented axlally were unrellable. Three—
dimensionial directional measurements with a yaw head were considered but
their use was ruled out as it would have doubled or tripled the time
required for traverses. It was observed, however, that in the vicinity
of the wall, velocity components normal to the wall were small compared
with the axlal and peripheral components, and two—dimensional directlonsl
measurements were found satisfactory.

Tests of a conventional yaw tube of L inch diameter, however,

N
disclosed a considerably large error in its directional reading resulting
from static pressure gradient normal to the direction of flow and to the
yaw tube, affecting the pressure readings of the lateral holes. It can
be shown that a static—pressure gradient nomal to the direction of flow
of 0.5 velocity pressure per inch, which is not uncommon in curved ducts,
produces an error of 2° for a yaw tube of t-—inch diameter. The obvious

remedy, namely, the decrease of the dlameter appreclably below % inch,

was not thought to be feaslible as this would unduly decrease the stiff-
ness of the tube. Since static—pressure gradients nommal to the direction
of flow were found to be large and to occur frequently in the curved
ducts, an attempt was made to reduce the error of reading to less than
one-half that of the yaw tube by designing the yaw head (fig. 4). The
distance between lateral holes was reduced to 0.08 inch as compared with
approximately 0.18 inch for the t—-inch yaw tube. The calibration curve
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(fig. 4) indicated that the readings with this tube are sufficlently
critical to permit determination of the direction of uniform rectilinear
flow with a precision equal to that of the conventional yaw tube. Static—
pressure measurements from wall taps were used to supplement directional
measurements near the wall. '

Hot-Wire Measurements

In an attempt to obtain rapid readings and direct visual observatim
of the velocity profiles in curved ducts a special traversing device for
a hot wire was developed. The hot-wire instrument used with the
traversing device has been described in reference 4, This instrument
gives readings proportional to the velocity and responds to rapld velocity
variations with very small time lag. The directional characteristics of
the hot wire are such that it measures only the velocity component in
the plane normal to the hot wire. The electrically operated traversing
device (fig. 5) oscillated the hot wire along a straight line through
a stroke of 6 inches or less, so as to cover the width of the air duct.
The frequency of oscillation was 3 cycles per second; hence the maximum
speed of the hot wire was approximately 5 feet per second, which is ‘
negligible compared with air veloclities except in areas of separation.
Hot-wire reedings by the traversing method were made visible on the
screen of a cathode—ray oscilloscope. Deflection of the sweep of the beam
proportional to the travel of the hot wire was obtalned by a voltage—
divider circuit actuated by the traversing device. Records of the
traverses were taken either photographically or by tracing the oscilloscope
pattern by pencil on transparent paper. A sample oscillograph 1s shown
in figure 6.

The hot—wire measurements were found useful in measuring the
velocity profile and the amplitude and wave length of pulsations and in
gome cases the direction of the flow. A complete directional velocity
survey in the area of separatlon, however, was not undertaken because
of the disproportionately large time' it was thought to require; this
did not seem to be warranted for the purpose in question.

ACCURACY OF MEASUREMENTS

The entire test setup, including the blower, was carefully checked
for air leakage. Calibration tests established an accuracy of the
measurements of the quantity of flow within X1.25 percent.” The gages
used for pitot—tube and directional measurements were known to be
accurate within 1 percent of their range, and in each case gages of a
range suitable for the measurement were selected. The inaccuracy of
directional meassurements referred to previously did not exceed 20,
except in regions of strong fluctuatlon. Consequently, the circumferential
velocities calculated from them may be 10 percent in error, although in

general the accuracy is greater.
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PROCEDURE OF MEASUREMENTS OF VELOCITY DISTRIBUTION IN CURVED DUCTS

The measurements leading to a velocity survey of a particular duct
sectlon conslsted of any or all of the following:

1. Total-pressure and static—pressure traverse in the midplane
of curvature

2. Directlonal total- and statlc—pressure traverse in the
midplane normel to the plane of curvature

3. Supplementary directional total— and static—pressure
traverses normal to the wall, for example, for ducts of rectangular
cross section along lines nommal to the plane of curvature and for
ducts of circular cross section along various radial lines

i, Supplementary directional.boundary—layer traverses for
the exploration of secondary flow

5. Exploretory measurements in regions of intense vorticity

CALIBRATION TESTS

Calibration tests to determine upstream conditlons when testing
curved ducts on the outlet side of the blower were carried out on &
6-inch diameter straight duct of lh—foot length and consisted in taking
rake measurements of velocity traverses in the vertical plane immediately
downstream of the inlet to the duct and in a plane 10 Teet downstream
of the faired transition section. Records of the readings were made by
photoprinting the meniscuses of & multitube manometer from which wexe
calculated the nondimensional velocity profiles. Profile (a) in
figure 7, taken at the outlet of the transition section, was obtained
from a test at R = 750,000. The Reynolds rmmbers for profiles (b)
and (c) are 480,000 and 750,000, respectively. These profiles, taken
10 feet or 20 dlameters downstream of the transition sectlon,cannot be
distinguished from the fully developed profile at the respective
Reynolds numbers. On the basls of these results the rule was established
of placing a straight duct 20 or more hydraulic dlameters in length
ahead of the curved ducts, if upstream conditions corresponding to a
fully developed beoundary layer were desired.

It was observed during these tests that the velocity profiles and
the static—pressure distributlon across the duct were exceedingly
sensitive to angular misallinement of the duct. It appeared that
misalinement of the duct caused the portlon of the boundary layer near
the wall to be displaced toward the side to which the duct was bent, in
gqulte the same manner as 1in curved ducts. In order to provide against
this, ducts were carefully alined and secured against displacement by
reaction forces of the discharge.
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RESULTS AND DISCUSSION .

The results obtained from the experimentael investigation are
.arranged in the following order: presentation, in detail, of a number
of typical velocity—distribution patterns in curved ducts; presentation
in tebular form of the principal results from a large number of elbows
tested; and presentation of the findings of special Investigations
undertaken to clarify certain effects encountered in flow through curved
ducts.

Typical Distributions

Typicel velocity distributions are shown in figures 8 and 9, the
former representing the results of measurements at the outlet of a

6-inch-diameter, 90° curved duct of radius ratio X = 1.5 obtained at

b1
R = 0.605 X 106, the latter, those for a 90° elbow of & 5-]%— by

51%—inch square cross section of 31; =1.5at R = 0.53 X 106.
1

The following features may be pointed out in regard to flgure 8.
The total pressure plotted nondimensionally as a multi.le of the veloclty -

pressure of mean velocity E (absolute values of % are irrelevant

q
as they depend upon the characteristlcs of the setup) 1s essentially -
constant throughout the main body of the flow, dropping rapidly in
the proximity of the inner wall where total-pressure readings fall
below the static—pressure readings. Whenever this occurred it was taken
as an indication that backflow occurred near the immer wall. No
further quantitative significance, however, was attached to pltot—tube
readings in the region of eddying flow because of their inherent
inaccuracy at the presumably large angles of yaw encountered here.

The nondimensional static pressure g rose uniformly from the inner

to the outer wall as required by the condition of equilibrium. The
velocity in the plane of curvategre, rendered nondimensional by dividing
through by the mean velocity T shows a distribution approximating

m
that of the potential flow, that is Vr = Constant, with the exception
of a small region near the outside and a much larger region near the
immer wall.

In addition to the foregoing results obtained from measurements in
the plane of curvature, the results of velocity traverses in the
diemetral plane normal to the plane of curvature are given in figure 8,
namely, the axlal velocity profile and the peripheral velocity profile.
The former showed & profile aimilar to that of a stralight duct. 3
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The profile of the velocity component parallel to the wall revealed a
region of outwardly directed velocitles and another region, near the
wall, of inwardly directed velocity components. There appears to be
a distinct resemblance between the profile of peripheral velocltles
and of axial velocities, which will be discussed later.

The velocity and pressure survey at the outlet of the elbow of
square cross section (fig. 9) reveals in general the same patterns as
for the circular section. The total pressure, however, varied considerably
along the midplane of curvature; this indicated strong turbulent mixing.
The velocity and area of inwardly directed flow parallel to the wall
increased from the outside to the inside of the duct. Likewise, the
transverse velocity component in the midplane of curvature decreased toward
the outer wall fram a positive to a negative value.

Results from rake measurements in a number of diametral planes of

& 6-inch—diameter, 90° curved duct, with;gl = 0.75, tested at
1

R = 0.535 X 106, are presented isometrically in figure 10. They serve

to ghow that the region of eddying flow extends across the cross—sectional
area approximately along a line normal to the plane of curvature. The

hump of velocity on either wall is the result of the currents of inwardly
directed flow which arise as the part of the boundary layer nearest

the wall is displaced towerd the inside of the duct. A typlcal survey

of the static—pressure distribution is given in figure 11 for the 90° elbow,

with &= = 0.75, of circular cross section, at R = 0.535 X 106. The

b1
curves of nondimensional static pressure % along the midplane of curva—

ture and along three other diametral traverses show that static pressures
are almost constant along lines normal to the plane of curvature.

Features common to almost all velocity distributions of the duct
bends may be noted in figures & to 11, where three distinct regions of
flow may be distinguished.

The core.— The core is the region in which the flow 1s predominantly
axial, with the radial and peripheral velocity camponents small, and
the deviation of direction of flow from axial is less than the permissible
angle of yaw of the pitot tube. The total pressure in thls region is
fairly constant; the velocity distribution frequently approximates that
of potential flow. The static pressure varies but slightly along lines
normal to the plane of curvature. As a matter of definition, it appears
that as the fully developed veloclity profile of a straight duct is
disturbed by the curving of the stream, a boundary layer of definite
thickness emerges; hence, it seems Justified to identify the region here
referred to as the "core." This region was surveyed with a pltot tube
or rake oriented axially.



10 NACA TN No. 1471 s

The layer of peripheral flow.— The layer of peripheral flow is the .
region coinclding in generel with the region of the boundary layer near
the wall, in which the axial velocity camponent is much less than in the
core; the velocity camponent normal to the wall, so small as to be
negligible; and the peripheral velocity component, considerably large.
The distribution of static pressure is governed by the static—pressure
variation in the core indiceted in the preceding paragraph. For
convenience, this layer may be thought to extend to the point of the
stream where the peripheral velocity 1s zero, this layer thus covering:
the entire region of inwardly directed peripheral flow. Measurements
in this region were obtained from two—dimensional directional surveys
with a pitot and/or a yaw tube inserted normal to the wall.

The region of eddying flow.— The region of eddying flow 1s the
region in which the total pressure is considerably smaller than in the
core. Measurements with total-pressure tubes in or near this region
must be teken with great caution becasuse of the high probability of
errors resulting from yaw. Careful directional measurements near this
region have shown in elmost every instance that the region of eddying
flow was not so large nor so intensely disturbed es had appeared from
" nondirectional traverses. Distinction must alsoc be made between eddying
flow on one hand end separation of flow on the other. The latter,
which implies reversal of direction of flow in the region of separation
is relatively uncommon in curved ducts, except those of very small -
radius ratio r/bj. The former was encountered in the region adjacent
to the inmer wall in all curved ducts investigated. The conditlons of
eddying flow may range from & steady twisting motion to a state of »
intense random turbulence. It appears that in the absence of backflow
the fluid arranges itself in the eddying zone in such manner that the
total pressure increases with the distance from the center of curvature
of the duct. This was found to be the case especlally for duect bends of
large radiue ratio. Constancy of static pressure along lines normal
to the plans of curvature in the core was found to apply also to the
region of eddying flow, except that an increase of static pressure near
the inner well was observed as a result of the stagnation region
created by the impinging upon each other of the two peripheral currents.

The various specific aspects of flow in curved ducts may be summerized
in regard to their qualitative significance with the aid of the schematic
presentation (fig. 12). A brief enumeration of these phenomena, which
are well known, is glven here to facilitate thelr identification from
the measured data; they include:

1. Retardetion near the outside wall, acceleration near the inside
wall as the fluid enters the curved duct, giving rise to velocitles
directed toward the inside wall and leading to the establishment of a .
flow pattern approximating that of constant moment of momentum (station 2).

2. Displacement of the fluld of low axlal velocity surrounding the -
core toward the region near the inside wall and a corresponding outward ,
displacement of the core. The region along the wall in which occur
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transverse veloclty components parallel to the wall directed toward the
inside portlon of the duct section has been referred to as the "layer of
peripheral flow" (station 3). Two Ehases of displacement may be
distinguished, nemely, the initial "shedding" of the portion of the fluid
of low velocity which had been accumulated upstream of the curved duct
and the subsequent removal of low—velocity fluid as it 1s produced by

the actlon of skin friction.

3. At the outlet of the curved duct, acceleration of the fluid in the
outward portion of the duct area, deceleration in the inward portion,
giving rise to transverse velocities directed toward the outside wall.

4. In the straight duct downstream of the curved duct, gradual
acceleration of the fluid in the eddying zons and decay of the latter by
attenuation of turbulence leading to the reestablislment of an axially
symmetrical flow pattern (station 6).

Tabulation of Principal Results

The results of velocity surveys of a large mmber of duct bends
are presented in table I. This table glves the principal dimensions of
the duct bends end the Reynolds numbers of the tests. The followlng
significant date were selected to represent the velocity distribution,
as Indicated in figure 13.

Data fram traverse in midplane of curvature.— The boundary-layer
thickness of the outside wall is given nondimensionally as ep/bj, where

by is the width of the duct in the plane of curvature. Although in

fully developed flow 'in straight ducts the boundary layer extends
throughout the cross-—sectional area, in curved ducts a distinct layer
on the outer wall can be identified and 18 defined as the region in
which velocity decreases rapidly to zero at the wall. The thickness
of the region of eddying flow near the inside wall is ej/b;. The

nondimensional axial velocity on the center line is Vq/Vy.

In reconstructing the midplane veloclty profile from the foregoing
data, 1t may be assumed that the axial velocity throughout the core varies
with radius according to the constant—mament—of-momentum relationship
Vr = Constant, In the region of eddying flow it may be assumed that in
the absence of backflow the axial veloclity increases linearly with radius
from zero at the inside wall to the value at the common boundary between
core and eddy zone.

Data from traverse in midplane normal to plane of curvature.— The
thickness of the layer of inwardly directed flow 1n the midplane normal
to the plane of curvature is shown nondimensionally as e3/b2 in figure 13,
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12
where b2 18 the width of the duct normal to the plane of curvature. N
v
The maximm velocity of inwardly directed flow 73 at a distance
m

S L

from the wall and the radial velocity component on the center line
are also shown in figure 13.

The patterns of velocity components parallel to the radius of
curvature of the duct in the midplane normal to the plane of curvature
may be reconstructed from these data by plotting a parabola through the
three points given, modifying this parabola slightly on the center line
to obtain a horizontel tangent, and drawing a straight line from the
other end to zero at the wall. A comparison of the data presented in
table I reveals a pronownced basic similarity of the various velocity
profiles in splte of a considerable random variation of corresponding
individual quantities. No striking differences have been encountered,
while a survey of the measured data appears to disclose several factors
which tend to render the velocity patterns of duct bends of different
proportions more uniform than might be antlcipated.

The distortion of the velocity pattern is the more promnounced the
smaller the radius ratio, particularly for a radius ratio less than 1.0,
as would be expected (cf. table I, items 11, 1k, and 17). The evidence
is not conclusive as to the merits of large radius ratios in this respect
(cf. 1tems 7 and 10, 47 and 53). Distortion is small for angles of bend
of 30° and less, but large distortions take place between 30° and 90°.
Further increase of the angle of bend, however, has relatively slight
effect (cf. 1tems 36 to 41 and U5 to 50; exceptions, items 30 to 35).

Backflow along the inside wall in general did not occur in curved
ducts of 30° angle of bend (cf. 1tems 5, 8, 21, 25, etc.; exceptioms,
items 12 and 15). The occurrence of backflow is favored by small radius
ratio and by large angle of bend. In addition, iIncrease of aspect
ratio bgfbl, vhen the major axis is normal to plane of curvature, favors

the occurrence of backflow (cf. items 8 to 10, 15 to 17, 31 to 33, end

37 to 39). In square sections backflow does not develop as readily as

in circular sections (cf. items 6 and 7 and 27 and 28). This, it appears,

may be traced to the ready influx of fluid of relatively low total energy

into the area along the inside wall, whether it is from the inside corners

of the duct sections, in the case of square or rectangular sections, or

from the region alomg the laterasl contours of the section. This influx

apparently carries sufficient momentum to counteract or at least confine

a reversal of flow. These effects of aspect ratio and of the shape of

the section are of general significance and permit the conclusion that .
the shape and proportions of the duct section must be regarded as a

minor factor in regard to their influence upon the distortion of the flow-

pattern In curved ducts. .
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Speclal Investigatlions

Results of special investigations include the decay of the veloclity
pattern produced by a curved duct in a downstream straight duct and the
effect of variations of the upstream veloclity profile upon flow in curved
ducts, '

For practical purposes 1t appears of interest to know the way and
the rapidity wlth which a particular veloclty pattern produced by a
curved duct changes with distance downstream of the elbow. Various
velocity patterms produced by elbows were analyzed in regard to thelr
characteristics and it was found that these patterms may be considered
to be composed of two types of flow patterm, namely, velocity discon—
tinuties and axial vortex filaments. Consequently the decay of a
veloclity discontinuity and of & single vortex in a circular duct were
investlgated separately.

Decay of velocity discontinulty.— Veloclity traverses were taken 1n
a straight duct of 6~inch diameter at various distances downstream of
the special section (fig. 3). The Reynolds number of these tests, 6
based. on the mean velocity and the dlameter of the duct, was 0.35 x 10-,
The veloclity profiles on the midplane normal to the dlviding wall are
shown in figure 14. Curve (a) refers to the traverse at the tralling
edge. Further velocity traverses were taken in several cross—sectional
planes at various distances downstream of this section, traverses (b),
(c), and (d), as indicated. The velocity profiles indicate the rate of
decay of the veloclity discontinuity; a velocity profile roughly resembling
the fully developed profile of a straight duct was reestablished
24h.7 diameters downstream of the trailing edge.

Decay of vortex in straight duct of clrcular cross section.— This
geries of tests was conducted in a 6-inch-diameter straight circular
duct on the inlet side of the blower in which an axial vortex was
produced by the special iniet shown 1n figure 2. Directlonal total-
and static—pressure traverses were obtalned along e diameter at various
distances downstream of the elbow at R = 0.30k X 10° and at a 32.5°
setting of the deflecting venes. From these measurements were calculated
the profiles of circumferential velocities, namely, for a distance of
0.7 diameter (curve (a) in fig. 15), for a distance 8.7 diameters
(curve (b)), end for a distance 24 diameters (curve (c)). Also shown In
this figure are corresponding total-pressure profiles to supplement
the evidence from the velocity profiles. It 1s seen that the vortex
decays very gradually from its center, the vortex being qulte distinct
24 diameters downstream of its origin. Thus it may be concluded that
in elbows which develop & distinct vortex flow, the downstream effect
wlll be felt over’'a considerably large distance,

Decay of a pattern produced by a 900 elbow.— Velocity—distribution
measurements obtained in the midplane of curvature at various distances
[downstream of a 90° elbow of circular cross section, 6 inches in dlameter,
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with radius ratio of 1.5, tested at R = 0,304 X 106, are shown in

figure 16, namely, the nondimensional velocity profiles and the non—

~ dimensional static pressure. The curves indicate that at a distance of
12.3 dlameters fram the outlet of the elbow, the velocity pattern corre—
sponds fairly closely to a fully developed pattern in a straight duct,
whereas as close as 8.3 dlameters downstream, the deviations may be
considered of minor order. Statlic pressures in both cases are uniform
across the diameter. Of interest is the comparison of the velocity
pattern at the outlet and at 2 diameters downstream of the outlet

(curves (a) and (b), respectively), which seems to indicate that the main
mass of the fluid, performing & motion of two spirals symmetric with
respect to the plane of curvature, is displaced toward elther side, the
region near the plane of curvature being occupied by eddying fluid
surging up from the region of the inside wall of the duct. This phenomenm,
while difficult to trace by means of measurements, appears to be quite
common in ducts of circular cross section and small radius ratio. In
this respect the static—pressure distribution 2 diemeters downstream of
the elbow (curve (b) of fig. 16) is of interest as 1t indicates an
impinging of the fluid upon the immer wall., A similar cyclic variation
of the flow in curved ducts has been commented upon by Eustice

(reference 2).

Effect of Upstream Conditions.— Two instances of symmetrical
variations of the upstream veloclty profile were investigated, namely,
veriations of the velocity profile such as occur in the approach length
of a straight pipe and effect of poorly fitted duct flanges. In addition
one condition of asymmetrical variation of the upstreem velocity profile
was investligated.

The effect of variation of the upstream veloclty was investigated
by two tests in which a 90° elbow of 6-inch—diameter circular cross
section and radius ratio of 1.5 was placed on the discharge side of the
blower, first at the end of a straight duct of 10-foot length placed
between the plenum chamber and the elbow, then directly against the
faired outlet of the plenum chamber without an intervening approach
length. In the former case the velocity profile at the inlet of the
blowsr was fully developed; in the latter it was practically flat as
seen in curves (b) and (a), respectively, of figure 7. Comparative
data fram the velocity survey at the outlets of the elbows are given
in teble I, group 5. Although discernible, the effect of the upstream
velocity pattern upon the velocity profile downstream of the elbow is

small.
The effect of poorly alined duct flanges was simulated by soldering

a %-—inch—diamster wire ring circumferentially into the straight duct

1/2 inch upstream of the inlet of & 90° elbow of 6~inch-diameter

circular cross section and radius ratio of 1.5. This elbow was placed
on the inlet side of the blower at an approach length of 2 feet. The
tests were conducted at a Reynolds number of 0.3 X 10°., Measurements
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of the veloclity profile in the midplane of curvature 4 inches downstream
of the elbow and boundary-layer traverses show an increase of the area of
eddying flow as compared with the test of the elbow without ring at
corresponding conditions. Likewlse there was a slight increase of the
quantlty of lmwardly directed flow in the proximity of the wall.
Comparative date are shown in table I, group 6.

The effect of asymmetrical variation of upstream velocity profile
was investigated as follows. The upstream velocity profile was varied
by placing the duct section shown in figure 3 at the end of a 10-foot
approach length directly upstream of the 6—inch~diameter, 90° elbow, with
radius ratio of 1.5. 1In successive tests, run at R = 0.3 x 10°, the
screened section was placed in the inner half of the duct area, the outer
half of the duct area, and on one side of the plane of curvature. The
resultant flow patterns at the outlet of the duct were determined from
numerous pressure and velocity surveys — directional when required —
taken in the straight duct at various diameters and distances downstream
of the elbow, of which a few typical profiles are shown in figure 17.
The test wilth the screened section placed in front of the inner half of
the elbow area produced the profile of axial velocitles in the plane of
curvature at the outlet of the elbow (curve (a)). This profile is of a
type similar to the profile produced by the same elbow with axially
symaetrical flow at the inlet (curve (b), replotted from fig. 8), and
consequently the effect of the upstream pattern is slight in this case.
When placing the screened section in front of the outer half of the elbow
area, 1t might be expected that the region of low velocities might persist
throughout the bend in the outer portion of the area where it was produced;
likewlse the region of high velocities might remain in the inner portion.
Thus the resulting velocity profile at the outlet might have a shape
roughly antisymmetric to the profile curve (a) with respect to the axis
of the duct. Contrary to this expectation, however, -the profile at the
outlet of the bend (curve (c)) shows high velocities in the outside
portion, being similar to curves (a) and (b). This proves that a nearly
camplete interchange of the low and high velocity regions had taken place
in the elbow.

Results of tests with the screened sectlon on either side of the
plane of curvature indicated axial velocity profiles of which curves (d)
and (e) of figure 17 are typical. In addition, nondimensional static
pressures and tangentlal veloclitles in the plane of curvature are included.
These cuxves are evidence of a pronounced rotary motion such that
the fluid of higher velocity which had passed through the nonscreened
section spirals in the duct, appearing 1ln successive traverses first
on one side and then on the other of the duct until the fluid of higher
kinetic energy is rather uniformly distributed around the circumference
and surrounding the fluld of lower kinetic energy. The results obtained
from the foregoling series of tests are believed to give an indication of
the velocity distribution to be expected from the combinetion of two
90° elbows in a 180° bend, in a Z-bend, and in a 90° offset three—
dimensional bend.
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CONCLUSIONS o,

Experimental investigation of velocity distributlons downstream of
single duct bends has led to the following conclusions:

1. Several distinctive regions of flow may be defined in curved
ducts operating at high Reynolds numbers, referred to as the "core," the
"layer of peripheral flow," and the "region of eddying flow." The
characteristics of flow in each region must be taken into account and.
special methods of measurement applicable in each reglon must be employed
when surveying the flow pattern.

o, The foremost factor affecting the flow at high Reynolds numbers
in curved ducts is the displacement of fluid of relatively lower total
energy toward the region near the inside wall of the curved duct. This
motion and the corresponding outward displacement of the core account
for the more important features of velocity profiles in curved ducts.

3. While a region of eddying flow near the inside wall of curved
ducts is encountered as a result of displacement flow in all cases,
separation of flow accampanied by reversal of flow occurs only in a
minority of curved ducts, particularly those of more than 30° angle of
bend, of small radius ratio, and of large aspect ratio. The shape and .
proportions of the duct section are a minor factor in regard to their
effect upon the distortion of the flow pattern in curved ducts.

Y. From measurements of total-pressure variation in curved ducts,
it is inferred that instebility of flow near the outer wall of duct
bends of large aspect ratio leads to mixing of fluids of different
‘kinetic energies. In curved ducts of small aspect ratio this tendency
is not as preponderant since the fluid of lower kinetlc energy is
displaced more readlly toward the inside portion of the duct.

5., Pronounced variations of velocity produced by curved ducts decay
relatively rapidly in the straight duct downstream of the outlet, whereas
spiralling motion persists over a great distance.

6. Spiralling motion concentric with the axls of the duct occurs
as the result of upstream patterns asymmetrical with respect to the
plane of curvature of the duct. Double—spiralling motion roughly
symnetrical with respect to the plane of curvature occurs as the result of
violent separation in elbows of small radius ratio. Cyclic variations
of the velocity pattern may persist over a distance downstream of the
curved duct as a result of a separation of fluld masses of larger total
pressure fram those of smaller total pressure. .

7. The tests, which extended. over a renge of Reynolds number at
o mesn value of approximately 400,000, that is, in the region of -
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well—-developed turbulent flow, did not reveal an appreciable effect of
variation of Reynolds number upon the velocity profiles.

8. The length of straight—approach duct to the curved duct and the
poor matching of duct Joints both influence the upstream velocity pattern
and have a noticeable though slight effect upon the velocity distribution
in curved ducts.

Case School of Applied Science
Cleveland, Ohlo
January 13, 1947
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Figure 6.- Oscillograph of velocity traverse.
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— Range of static pressures along D\

-1.0

/ \\ Traverse CDE ,'/ // ;/ \
/
/

P/q \ ‘\\ //‘/,4;7 \
-1.4 N ’ ‘
N> ~

-1.6 Y\ ) -
A \ “’\‘Q«( | D B
\\ /] “Traverse in plane of curvature ADB
V4
\!/ ‘ ] I
-1.8 inside wall Outside wall
5 6-inch diameter

Figure 11.- Static-pressure distribution at outlet of 6-inch-diameter,

90° elbow. T =0.75; R=0.535 x 10°.
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Figure 13.- Diagram and notations defining velocity distribution in
curved ducts. For circular cross section bl = b2 = d,



NACA TN No. 1471 .

‘\
\

X e

JIWN

/a
auoi
\

T
—~
(=]
S
N

Locations of traverses
downstream from special section
(a) o At outlet of special

duct section
(b) x At 0.7 diameter downstream
(c) o At 8.7 diameters downstream
v

(d) v At 24.7 diameters downstream

2 3 4 5 6
Distance along diameter, in.

Figure 14.- Decay of a velocity continuity produced by half-screened “
6-inch-diameter duct section (fig. 3) at various distances downstream.
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Figure 15.- Decay of a vortex in a straight duct of 6-inch-

diameter circular cross section. R = 0.304 x 10'6.
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Traverse in plane of curvature
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Figure 16.- Velocity and static-pressure traverse in gla.ne of
curvature at various distances downstream of a 90° elbow of

circular cross section 6 inches in diameter. %= 1.5;
R = 0.304 x 10°.
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Figure 17.-
distribution in a 6-inch-diameter, 90° elbow.

at R=0.3 x 106.

Distance along traverse in plane of curvature, in.
Effect of unsymmetries upstream upon velocity

r .
by = 1.5



