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SUMMARY

An investigation at low speed of the performances of circular and
annular 90° bends of simple shapes was conducted for configurations for
which the cross-sectional area was constant, expanding, and contracting.
Two series of transition bends (circular to annular and annular to
circular) were included, in which the transition occurred upstream of
the bend, within the bend, and downstream from the bend. The data pre-
sented include the exit velocity profiles, the relative total-pressure-
loss coefficients measured at the exit station, and an index for the
exit total-pressure distortion. Separation of the flow in the bend
occurred for all configurations except those with a contracting area.
With the transition in cross section downstream of the bend proper, the
separated region was removed by natural mixing but was accompanied by
high pressure losses. Certain locations of the transition produced higher
performances than others.

INTRODUCTION

Much research has been undertaken in an effort to obtain a better
understanding of the flow of fluids through bends. Most of this research
has been done with bends of constant-cross-section shape, and summaries of
existing data on this type of 90° bend can be obtained in references 1
and 2. Reference 3 presents the high-speed performance of this type of
bend. With the advent of the turbojet and ram-jet engines, more emphasis
has, of necessity, been placed on the more unconventional type of bends
that may be incorporated into the internal flow systems of such engines.
Quite frequently, it is desired to admit air at the wing root, or through
a scoop, after which the air must pass by means of a bend system to the
engine intake located in the body of the aircraft. The losses and the
distortion of the velocity distribution at the entrance to the jet engine
must be kept small.
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The purpose of the present investigation was to determine with a
minimum of measurements the performances of 90° bends with various combi-
nations of cross-section transition (circular to annular and annular to ’
circular) in order to evaluate any general advantages of one design over
another. The principal data used to determine performance were exit
velocity and total-pressure distributions and tuft observations throughout
the bends. Brief investigations of the effect of area change in circular
and annular bends are also included. The inlet Mach number was approxi-
mately 0.2 for all configurations except the reducing bends; these had an
inlet Mach number of O.1.

SYMBOLS

A cross-sectional area
d diameter
D diameter of circle of same area as bend-cross-section

flow area
Pt total pressure ]
P static pressure -
i impact pressure, Pt - P
T radius from duct center line to point in stream
Te mean radius of curvature of bend
R radius from duct center line to duct wall
u local velocity
U reference inlet velocity, based on Pt,r and average wall

static pressure at inlet station

7 inlet approach length
A
G flow-distortion index, \jp i da
r A
2
A i i
Dy 0ss in total pressure between reference pressure pt,r and

point in exit station survey
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Subscripts:

i reference conditions
1l inner body

o) outer body

A bar over a symbol indicates a weighted wvalue.
APPARATUS, TESTS, AND METHODS

General Arrangement

The apparatus for this investigation consists of the particular
bend under consideration preceded by an inlet duct of constant area, an
inlet bell, and a 5k-inch-diameter duct which was connected to a centrif-
ugal compressor. Downstream of the bend was a uniform cross-section duct
through which the air passed before being discharged into the surrounding
atmosphere. The outer wall of the bend was formed from transparent
plastic reinforced with mahogany; the inner bodies in the bend were
constructed from mshogany. The remaining ducts were made of steel. A
photograph of a typical bend (configuration 8) is presented as figure 1.
Diagrams of the various bend configurations investigated are shown in
Bigume 2T

The bends investigated were of five general categories. Dimensions
of bend sections having other than circular-arc curvature may be obtained
from table I. Throughout the rest of this report, the various configura-
tions are identified as follows:

(a) Constant-area, constant-cross-section bends (fig. 2(a))

Configuration 1 - circular (re/D = 1.00)
Configuration 2 - annular (rC/D = 1.38)

(b) Constant-area transition bends with cross section changing from
circular to annular (fig. 2(p))

Configuration 3 - chaﬁge in cross-section shape occurs
before bend proper (ry/D = 1.38)

Configuration 4 - change in cross-section shape occurs
within bend proper (rc/D = 1.38)

Configuration 5 - change in cross-section shape occurs
after bend proper (rc/D = 1.00)
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(c) Constant-area transition bends with cross section changing from
annular to circular (fig. 2(c))

Configuration 6 - change in cross-section shape occurs
before bend proper (re/D = 1.00)

Configuration 7 - change in cross-section shape occurs
within bend proper (r,/D = 1.38)

Configuration 8 - change in cross-section shape occurs
after bend proper (r./D = 1.38)

(d) Diffusing bends (fig. 2(d))

Configuration 9 - circular; area ratio = 1.9
Configuration 10 - change from annular to circular cross-
section shape occurs within bend; area ratio = 1.9

(e) Reducing bends (fig. 2(e))

Configuration 11 - circular; area ratio = 0.526
Configuration 12 - change from circular to annular cross-
section shape occurs within bend; area ratio = 0.526

Instrumentation |

A ring of four equispaced static-pressure orifices was located at
both the inlet and the exit stations of the bend. (See fig. 2(f).) Two
pitot-static-pressure survey rakes were mounted at the inlet in the plane
of symmetry; at the exit survey station two pitot-static-pressure survey
rakes were mounted in the plane of symmetry and one pitot-static-pressure
survey rake was mounted normal to the plane of symmetry.

Tufts of cotton yarn attached with adhesive cellophane tape were
equally spaced throughout the bends to indicate the character of the flow
near the walls. Exit pressure surveys were made both with and without
tufts to determine the effect of tufts on the flow.

Tests and Methods

All tests were made at low speeds with Mach numbers ranging between
0.1 and 0.2 and Reynolds numbers (based on duct hydraulic diameter) varying

from 0.68 x 100 to 2.2 x 106. Tnlet pressure surveys were made in order

to determine the general nature and thickness of the boundary layer and

to determine the flow asymmetry in the plane of measurement. Inlet
boundary-layer flow was turbulent in all cases. Tuft studies were made

to determine the general flow patterns throughout the bends. »
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Exit pressure surveys (with and without tufts) were made to deter-
mine the exit velocity and total-pressure distributions and the mean

Apy,

2
defined as Pg,r minus the arithmetic average of the four wall static-

total-pressure-loss coefficient The impact pressure qc,r is

pressure measurements at the inlet survey station. For cases in which
attached flow was obtained at all survey positions at the bend exit, the
bend loss coefficient was obtained by mass weighting the three exit total-
pressure surveys. The assumptions were made that each survey covered one-
fourth of the exit area and that the total-pressure distributions were the
same at the top and at the bottom of the bend exit. For cases in which
separated flow was present at the exit downstream from the inner part of

the bend, a modified loss-coefficient evaluation was used. In these cases,

the weighted total-pressure loss of the flow in the inner 25 percent of
the exit cross section was added to the theoretical loss required to mix
the nonuniform distribution of that portion of the flow to a uniform one
in a constant-area frictionless duct. The theoretical loss was evaluated
by use of the "mass-momentum" method of reference 4, which assumes con-
servation of momentum and maintenance of continuity. The use of this
procedure allowed the final mean loss coefficient for the separated-flow
cases to be based on the same type of exit flow distribution as that for
the attached-flow cases; thus, all the data were made comparable. The
total-pressure distribution downstream from the inner part of the bend
for either the attached-flow cases or the modified separated-flow cases
was uniform radially; however, the total-pressure level was appreciably
below that for the other survey locations. The loss coefficient based on
a perfectly uniform downstream distribution would be somewhat higher than
those presented herein.

In order to obtain an index reflecting the magnitude and extent of
the exit total-pressure distortion, the measured point values of loss
coefficient were area weighted to obtain an average value. Surveys which
indicated essentially no total-pressure loss except a moderate amount of
boundary layer at the walls were not included in the distortion index.
The significant difference between mass-weighted and area-weighted mean-
loss-coefficient values is that a mass-weighted value is not materially
affected by large areas of separation since no flow exists in these
regions, whereas an area-weighted value would be significantly increased
by the existence of such regions.

RESULTS AND DISCUSSION

Inlet Velocity Profiles

All the inlet velocity profiles correspond to relatively thin inlet
boundary layers. (See fig. 3.) The impact pressure ratios indicated by
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table II correspond to Mach numbers between 0.1 and 0.21. The profiles
show that the flow in the plane of the inlet survey measurements was
influenced by the configuration at and immediately downstream of the inlet
station, primarily by transverse static-pressure gradients set up by the
bends and by the center-body design. Configurations 3 and 6 had an area-
transition section between the inlet and the bend proper. This transi-
tion was responsible for more symmetrical inlet velocity distributions
since the survey was upstream of the transverse static-pressure gradients
associated with the bend. The remaining configurations had similar inlet
velocity distributions. The local-flow acceleration which occurred on
the inner wall of the bend was responsible for increased velocities at
the inlet station in the region of the inner wall.

Exit Velocity and Total-Pressure Profiles

Both of the constant-area, constant-cross-section bends (circular
and annular) had separation on the bend inner wall at the exit survey
station (configurations 1 and 2, fig. 4(a)). The measurements at the
exit indicate fairly uniform distributions except in the immediate region
of separation. The constant-area, circular-cross-section bend gives exit
velocity profiles that are in close agreement with references 3 and 5.
The present configuration had an inlet-duct length equivalent to one-
seventh of that of reference 5. Reference 3 shows that there 1s a very
slight effect on the flow at the exit of a 90° bend due to changing the
inlet displacement thickness.

Although both annular- and circular-cross-section bends resulted in
a similar type of exit velocity profile, the circular bend had a shorter
inlet-duct length (0.667 hydraulic diameter) as compared with that for
the annular bend (2.15 hydraulic diameters). This difference in length
would be offset, at least in part, by the larger effective radius ratio
of the amular bend (re/D = 1.38 as compared with re/D = 1.00 for the
circular bend). References 1 to 3 indicate that for the ranges of the
present report the radius ratio of the bend has a considerably greater
influence over the loss coefficient than does the inlet-duct length.
Since exit-pressure survey data for 90° annular bends are limited, the
trie effect of radius ratio is unknown for this type. However, the exit
velocity distribution of the annular bend (configuration 2) is about
comparable to that for a circular bend with re/D of 1.5. (See ref. 6.)
This result suggests that, for constant-area, constant-cross~-section
bends, the ratio of the radius of curvature to the diameter of a circle
with the same cross-sectional area as the bend is a close correlating
parameter.
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Exit velocity profiles for constant-area transition bends with cross
section changing from circular to annular (configurations 3, L, and 5)
are given in figure 4(b). The data indicate that separation occurs on
the bend imner wall of configurations 3 and 4, whereas no separation
occurs at the exit station of configuration 5. Since the duct-cross-
section transition occurred downstream of the bend for configuration 5,
the separated bend flow evidenced by tufts mixed and reattached before
the exit survey plane was reached. The magnitude of the effect of the
transition section on the flow distribution may be obtained by comparing
profiles for configurations 1 and 5. A comparison of the velocity dis-
tributions of configurations 3 and 4 with that of configuration 2
(fig. L (a)) indicates a close similarity. The rc/D for these configu-
rations is the same (ro/D = 1.38), so that the dependence of the exit

velocity profile on this nondimensional ratio is further indicated.

The data for constant-area transition bends with cross section
changing from ammular to circular (configurations 6, 7, and 8 in fig. L(c))
indicate that the transition upstream from the bend produced somewhat less
flow separation than the plain circular bend of configuration 1 (compare
figs. 4(c) and 4(a)). Bends with cross-section transition produced more
separation than the plain annular bend (configuration 2), because of the
inability of the transition inmerbody to control and turn the flow, and
about the same amount of separation as the plain circular bend. Transi-
tion after the bend again produced the most uniform exit distribution
with no evident separation.

Diffusing bends (configurations 9 and 10) are presented in fig-
ure 4(d). No significant differences are apparent in the exit velocity
distributions of the two diffusing bends. A large region of stagnant air
was evident at the exit station with the main mass flow of air between
the bend center line and the outer wall. The annular bend (configura-
tion 10) produced somewhat higher local total-pressure losses. The cir-
cular bend produced a static-pressure rise of 20 percent (teble II) as
compared with 10 percent for the annular expanding bend. The ideal

static-pressure rise for these bends 1s 75 percent. Successful diffusing
bends must have a much higher radius of curvature than that of the con-
figurations investigated herein and possibly special wall contours to
avoid the high adverse pressure gradients on the inner wall.

The reducing bends investigated (configurations 11 and 12) both have
good exit velocity distributions (fig. L(e)), although the velocity at
the inner wall for the circular-cross-section reducing bend (configura-
tion 11) is very low. This velocity defect would be eliminated by use
of a slightly larger radius of turn or by addition of a longer duct at
the exit. The data show that, i1f appreciable area reduction occurs in
the bend, high performance can be obtained even with simple circular-arc

wall shapes.
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Surveys were made at the bend exit for several of the configurations
to determine the effect of tufts on the velocity distribution. Originally,
it was thought that tufts might act as a boundary-layer control and speed
the momentum interchange between free-stream flow and the flow near the
wall. For those configurations investigated, only two (configurations 3
and 6) indicated discrepancies in the exit velocity distributions measured

with and without tufts. The velocity distributions measured with tufts
installed for these two configurations are shown in figures 4(b) and L(ec)
as dashed curves. The separated region along the inner wall at the exit
station is increased by approximately 0.3 inch when tufts are added.

None of the remaining exit velocity distributions measured with tufts in
the bend exhibited any differences from those measured without tufts.

The number of tufts does not appear to be responsible for changed veloc-
ity distributions. Configuration 6 had relatively few tufts but indicated
a displacement of the separated region, whereas configuration 7 had
appreciably more tufts but indicated no change in the velocity profiles.
Photographs of these two configurations (6 and 7) are presented as
Flgure 5.

Mean Total-Pressure-Loss Coefficients and Exit
Total-Pressure Distortions

Bar graphs of the corrected mean loss coefficients and exit total-
pressure distortions are given in figure 6 for each configuration. The
results for configurations 1 and 2 permit a direct comparison of the
performances of a circular bend and an annular bend for the case in which
the radius ratio of the outer shell of the annulus is equal to the radius
ratio of the circular bend. The annular bend produced a slightly higher
loss than the circular bend due to the estimated added friction of the
annulus; however, the annular bend produced considerably less total-
pressure distortion than the circular bend due to the favorable effect
of the inner body on the flow distribution, as previously discussed.

For the bends which had a transition from a circle to an annulus
(configurations 3, 4, and 5) the configuration in which the transition
occurred within the bend was the most compact arrangement and had about
the best performance. ILocating the transition downstream from the
circular bend (configuration 5) produced a high total-pressure distortion
due to the badly separated flow delivered by the circular bend to the
transition duct. The data show that the leading edge of the center body
should be located at or upstream from the bend inlet similar to config-
urations 3 and L.

A comparison of the mean loss coefficients for configurations 1
and 5 shows that configuration 5 produced a higher loss coefficient than
configuration 1 by an amount approximately equal to the friction losses
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to be expected in the transition piece. Since the surveys of configurs-
tion 5 did not indicate separated flow, no mixing-loss correction was
made; whereas, this correction was made to the data of configuration 1.
The resulting loss coefficient of configuration 1 appears to be correct
in magnitude when compared with that for configuration 5; therefore, the
method used is considered to be satisfactory.

The data for bends with transitions from an annulus to a circle
(configurations 6, 7, and 8) show that the case in which the transition
occurred within the bend proper (configuration 7) produced the lowest
loss coefficient; however, it also produced the highest total-pressure
distortion. Terminating the center body at the bend exit apparently
permitted the configuration to operate in very much the same manner as
the plain circular bend except for some reduction in the total-pressure
distortion. Locating the transition plece upstream from the bend
produced a slightly higher loss than the basic circular bend (configura-
tion 1) as would be expected, but the basic bend flow pattern was altered
by the transition section to the extent of producing substantially less
total-pressure distortion. Locating the transition duct downstream from
the bend proper produced both a high loss and a high total-pressure
distortion. These results are due to the substantial secondary flows
generated on the downstream part of the center body and discharged into
the mainstream at the terminus of the center body. The data suggest that
an optimum design would be a compromise between configurations 6 and 7
with the center body terminated at some location within the bend.

The diffusing bends (configurations 9 and 10), which had an area
ratio of 1.91, produced total-pressure losses of the order of twice the
losses of comparable constant-area designs. The total-pressure distortions
were correspondingly high. The performance of the annular-type expanding
bend (configuration 10) was substantially worse than that of the circular
bend, probably due to the development of secondary flows on the inner
body.

The reducing bends (configurations 11 and 12), which had an area
ratio of 0.523, produced somewhat less losses and considerably lower
total-pressure distortions than the comparable constant-area designs.
The transition from circle to annulus within the bend had a favorable
effect on the distortion index in the case of configuration 12, as it
had for configuration 4, in comparison with the values obtained for the
corresponding circular bends without transitions.

CONCLUDING REMARKS

Circular and annular 90° bends of simple shapes were investigated for
cases in which the cross-sectional area was constant, expanding, and con-
tracting. Two series of transition bends (circular to annular and annular
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to circular) were included in which the transition occurred upstream of
the bend, within the bend, and downstream from the bend. The principal
data taken were exit total- and static-pressure distributions. The
following general observations are made:

1. The constant-cross-section annular bend had slightly more loss
than the corresponding constant-cross-section circular bend because of
the higher friction loss of the annulus, but the annular bend produced
a less distorted exit flow distribution than the circular bend. The
results indicate that for bends of constant area and constant cross
section, the flow distribution is a function of the ratio of the radius
of curvature to the diameter of a circle with the same area as the cross-
section flow area of the bend.

o, For the constant-area-bend configurations which included a tran-
sition from a circle to an annulus, the configurations in which the tran-
sition started at or upstream from the bend inlet produced the highest
performance.

3, For the constant-area-bend configurations with transition from an
annulus to a circle, the configuration in which the transition occurred
upstream from the bend produced the least exit total-pressure distortion.
The configuration in which the transition occurred within the bend pro-
duced the least total-pressure loss.

i. The performance of the two diffusing bends, which had an area ratio
of 1.91, was extremely poor. The bend which included an annular to cir-
cular transition within the bend had a particularly low performance
probably due to the development of secondary flows on the inner body.

5. The two reducing bends, which had an area ratio of 0.523, had
somewhat less total-pressure losses and considerably lower total-pressure
distortions than the comparable constant-area designs.

TIangley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., February 1, 1957.
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TABLE ITI.- CIRCUMFERENTIAL IMPACT-PRESSURE VARIATION AT INLET AND EXIT

5 e S Exit Pt.r = Pwall
Configuration . L e,r e,r
G
y Top |Inner |Bottom|Outer| Top | Inner |Bottom|Outer
1. 0.022[0.943|1.405| 0.959]0.693|1.405(1.932| 1.143]0.977
2 .029| .956]1.38%] .955| .705/1.240/1.800| 1.019] .8u6
a3 .030(1.012|1.037| 1.011| .940|1.236[1.690| .986| .840
! .030| .970|1.280| .990| .760]|1.130|1.547| .936}F L7868
5 .030] .95411.355] .obk] .747]1.260]1.289 il o5n il

6 .024 |1.037|1.003| 1.010| .950]1.233|2.094 I¥ 35 200 01>
7 .025[ .960|1.360| .980| .700|1.346|1.762| 1.312]|1.024
8 02| .9h111.420| .963| .676|1.370FE.2500 L. A0 FL 25

9 .050| .987|1.221| .998| .794| .928] .972| ATial 615
10 .029| .986(1.294| .968| .752|1.064[1.096| .827| .679
i .007| .968|1.384| .946]| .702|3.840|4.960| 3.750|2.970
i b .011| .929(1.463| .93k | .674|3.700(4.580| 3.150(2.670

B These configurations have a stagnation region at the inlet due to
the proximity of the inner body.
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(a) Bends of constant cross section.

Figure 2.- Bend configurations investigated. All dimensions are in inches
‘ unless otherwise indicated.
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(b) Constant-area transition bends with cross section changing from cir-
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Figure 2.- Continued.
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Figure 2.- Continued.
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Figure 2.- Concluded.
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Figure 3.- Inlet velocity distributions.
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