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90° BENDS IN CIRCULAR DUCTS

T. Higginbotham, Charles C. Wood,
and E. Floyd Valentine

SUMMARY

me performance of four 90° bends in ducts Of constant diameter
ratios of radius of curvature to diameter of 0.75, 1.00, .2.50jand
was investigated over a range of inlet Mach numbers extending up to

the choking condition for both a thin and a thick inlet boundary lay&.
The variation of the measured longitudinal static-pressuregradients at low
speed from those predicted by two-dimensional, incompressible,potential-
flow theory was determined. It was found that an increase in the inlet
boundary-layer thickness decreased the choking Mach number by a very
small amount for each of the elbows and had little effect on the other
performance parameters. It was concluded that, for the type of elbows
tested, a mean radius-diameter ratio of approximately 2.~0 would yield
the greatest inlet choking Mach number with the least loss of static
and total pressure.

INTRODUCTION

The thrust and general operation of jet propulsion systems are
directly dependent on duct pressure lo,ssesand flow characteristics.
Simple or compound elbows (or turns) frequently constitute part of the
duct system in helicopters and conventional aircraft. Two of the gen-
eral characteristics of such duct components are reductions in pressure
recovery and establishment of nonuniform flows. A general research pro-
gram has, therefore, been undertaken to study these duct elements, the
objectives being to increase the inlet choking Mach number, improve the
general performance, and attain satisfactory methods for designing effi-
cient elbows.

Some of the parameters that are known to.influence elbow performance
are the radius-diameter ratio (ratio of radius of curvature to diameter
of elbow), cross-sectional shape, longitudinal variation of cross-
sectional area, wall contours, ducting at the inlet and exit, inlet
boundary-layer conditions, Reynolds nuriber,and Mach ntier. Weske

.——... .. . ..z



2 NACATN 3696

(ref. 1) conducted an extensive elbow investigation (sumar ized in ref. 2) .
at a low inlet Mach nuniberwhich indicated that 90° elbows with elliptical
cross sections have the lowest losses for an aspect ratio (ratio of height
to width in the plane of symmetry) of about 2.5 and a mean radius-diameter
ratio of about 2.5. These proportions were also optimum for rectangular
bends operating at Reynolds numbers above about 500,000. Even elbows of
optimum proportions, however} discharge nonuniform flow distributions, and
many investigations (for instsnce, refs. 3 to 6) have been conducted at
low speeds to determine the basic flow phenomena and means of improving
the general performance. Young, Green, and Owen (ref. 7) tested 90°
elbows -ofsquare and rectangular cross section up to choking inlet Mach
numbers with a minimum of inlet boundary layer. The results showed that,
of the elbows tested, the square elbow with a radius-diameter ratio of 2
produced the highest choking I@ch number and the least increase in loss
with increasing Mach nuniber.

The purpose of the present investigation was to study the performance
characteristics of conventional circular-arc 900 elbows of circular cross
section with radius-diameter ratios from 0.75 to 4.00, up-to choking inlet
Wch nunibers,for a very thick and a very thin inlet boundary layer. The
following information ~iasof particular interest: values of choking Mach
rnmiberfor the purpose of determining flow capacities of conventional cir- ‘
cul.arbends, the effects”of increasing inlet Mach number on performance
parameters, and the variation of the measuxed longitudinal static-pressure
gradients at low speed from those predicted by potential-flow considera-
tions. The last item was determined in order to exsmine the possibility
of using potential flow in designing elbow wall contours to produce a
desired longitudinal pressure variation. The lhch number range covered
by the tests was from about 0.20 to the choke condition, and the corre-
sponding Reynolds number range based on the duct diameter was from
0.53 xlo6to 1.3OX1O6.

SYMBOLS

A aspect ratio, h/w

d diameter of elbow, 3.122 in.

h height of elbow perpendicular to plane of elbow turning radius

R
(

mean Mach number based on mass flow, duct area, and Et o
) )

Pr reference pressure ratio,
I%,v %
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P static pressure

@ average of static pressures at four equally spaced points
about a cross section through the elbow

Pi total pressure

ft

i=

RO

r

rr

Tt

u
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x

Y

3P

%,0

a.

mean

mean

mass-weighted total pressure,

impact pressure, fit- ~

rr PuPtrr ~r
o

T

r
purr drr

o

Reynolds number at reference inlet station based on
duct diameter

radius of curvature of center line of elbow, in.

radius of elbow

total temperature of air,

local stream velocity

maximum local velocity at

oF abs

a given duct station

width of elbow in plane of elbow turning radius

longitudinal distance along elbow wall from reference inlet
station, in.

distance from duct wall, in.

Po -5
static-pressure-dropcoefficient,

Cc,o

Pto -
total-pressure-loss coefficient, - “Pt’1”5 (see section

%,0
entitled “Test Procedure and Data Presentation”)
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4 NACA TN 3696

?3 boundary-layer

5.95
boundary-layer

5* boundary-layer

e boundary-layer

5*
boundary-layer

7

thickness

thickness at ~ = 0.95

displacement thickness, J’ (1 - &)dY

momentum thickness,
k’ &f - &)dy

shape parameter

P mass density

Subscripts:
.,

b

c

ch

max

th

o

i

e

1.0

1.5

2.0

v

barometric pressure

compressible

choking

maximum

theoretical

reference inlet station

elbow inlet

elbow exit

1.0 diameter downstream of elbow exit

1.5 diameters downstream of elbow exit

2.0 diameters downstream of elbow exit

reference plane upstream of venturi

—c— . .
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.
APPARATUS

.

A diagram of the test setup is shown in figure 1. Air flow fromae,
blower passed through the 30-inch duct, several screens and conical
reducers, a venturi, a boundary-layer duct, and the model elbow, and
exhausted to the atmosphere at the exit of a conical diffuser. The
boundary-layer-developmentpipe was a straight pipe of approximately
25 diameters’ length with a smooth inside surface located between the ven.
turi and the test elbow. It could be removed as desired to permit testing
with a thin boundary layer to the elbow.

Four elbows of circular cross section, identical except for differ-
ences in the radius-diameter ratio, were tested. (See fig. 2.) The
elbows were constructed of plastic and had circular-arc contours and
smooth interior surfaces. Each ellow had a straight section of constant
diameter on both the upstream and the downstream end. These sections
were 1.84 and 2.67 diameters long, respectively. The junction between
the test elbow and the venturi or between the elbow and the boundary.
layer duct was smooth.

>. The elbow instrumentation is indicated in figure 3. Four traversing
total-pressure tubes were located 90° apart at station O, 1.44 diameters
upstream of the inlet to the elbows. In the elbow with r/d = 1.00,
four more tubes were located 1.5 diameters downstream of the elbow exit,
and two were also located in the plane of the elbow turning radius at
the elbow exit. Static-pressure orifices were located in each elbow
along the top, bottom, inner, and outer walls.

TEST PROCEDURE AND

Parameters of interest in this

DATA PRESENTATION

investigation are choking Mach
number, static-pressuredrop, static-pressuredistribution along the
elbow walls, total-pressure loss, and exit velocity distribution. These
parameters are referenced to variables at station O.

Surveys of the flow at various Mach numbers were made at station O
with the elbow replaced by a 2.75-inch straight section followed by a
60 diffuser. The mass flow and mean weighted total pressure computed
from these surveys were calibrated against the mass flow obtained from
the venturi and the static pressure (referred to as the reference total
pressure) upstream of the venturi. The total-pressure tubes were then
removed and the elbow and exit diffuser were set in place. Data were

. obtained at various Mach numbers up to and including the choking Mach
number in order that the mass flow, pressure distribution, and so forth
through the elbow could be determined.

.+—. .. ..——— _—-—_L—— ---
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One

which is

of the more important parameters

defined as the maximum mean Mach
for a given configuration and condition.
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5s the choking Mach number ~ch
.

number attainable at station O
It is based on the mass flow

measured through the venturi and the mass-weighted total pressure meas-
ured at station O. The static-pressuredrop ~ is the difference
between the average static-pressurereading at station O and at a down-
stream station. The average static pressure is defined as the average
of the readings obtained from four orifices equally spaced about the
duct. For the r/d = 1.00 elbow, the total-pressure loss ~t is the

difference between the mesm mass-weighted values obtained from the total-
pressure surveys at stations O and 1.5. Total-pressure surveys were not
made for the other three elbows; consequently, ~t was obtainedby a

different procedure from that just described. For these three elbows,
@t was calculated from one-dimensionalrelationships, elbow cros~-
sectional area, snd measured values of mass flow, total pressure %,C))
total temperature T’t,and the static pressure at station 1.5. The

dyntic pressure ~,o used to obtain the nondimensional coefficients

G/Fc,o ~d =t/%,o is based on the weighted mean total pressure

~t,o, a rectangular velocity distribution, and the mass flow. The veloc- ,

ity distributions at stations e and 1.5 in.the horizontal plane are
available for the r/d = 1.00 elbow only and are presented in terms of

,/5- ~, a quantity which approximates the local velocity divided by the

[ %,0
mean velocity at station O. A straight-line static-pressuregradient
was assumed from the inner to the outer duct wall at station e for the
purpose of calculating the local impact pressure, while an average static
pressure obtained from the four static-pressure orifices at station 1.5
was assumed for the downstream station. Both experimental smd theoret-
ical longitudinal static-pressuredistributions along the wall are pre-
sented for each elbow. The theoretical distribution corresponds to
potential incompressibleflow and is obtainedby a relaxation procedure
described in references 8 and 9. The distributions are presented in
terms of ~l~,o along the inner and outer wall for each elbow. The

measured distribution is presented in the same terms for several low-—
speed runs for comparison purposes.
distributions along each of the four
outer) are presented in terms of the

pressure to the upstream center-line
eral values of ~.

For high inlet speeds the pressure
walls (top, bottom, inner, and

/
ratio p pt,v of the local static

reference total pressure for sev-
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. RESULTS AND DISCUSSION

7

Inlet Conditions

The velocity profiles for two inlet Mach numbers (approximately0.4
and 0.8) at each of two different boundary-layer conditions are presented
in figure 4. The profiles, as measured along four radii, were symmet.
rical so that an average is presented. The boundary-layer parameters
are tabulated in this figure for the thick boundary layer. The thin
boundary layers were too small for accurate determination of the boundary-
layer parameters with the instrumentation used. Decreases in the
boundary-layer thickness were noted with increase in the Mach number for
both boundary-layer cases. From the velocity profiles given in figure 4
it will be noted that the inlet conditions corresponded to roughly the
thinnest and thickest layers obtainable practically.

I Choking Mach Number

.,. The Mach number ~ at station O for each of the elbows is presented

in figure 5 as a function of the ratio Pr for the two boundary-layer
conditions. For each elbow, the highest value of ~ reached when ~

is plotted against Pr is defined as the choking Mach nuder ‘~h. It

is observed from these curves that the elbows which had the largest
choking Mach number required less total pressure to attain it and less
pressure to attain any Mach number below the choke value.

A cross plot of the choking Mach number fich,ojas a function of the

elbow radius-diameter ratio r/d
.

is shown in figure 6 for both boundary-
layer test conditions. Also included in this figure are the results of
reference 7 for square and rectangular elbows with a thin inlet boundary
layer. The data show that somewhat higher choking Mach numbers were
achieved for the circular elbows than for the square or rectangulsx ones.
Whether this result indicates a fundamental difference in the flow devel-
opment or a lack of comparability of the two sets of test data is unlmown.
For circular elbows, an increase in the inlet boundary-layer thickness
decreased the choking Mach number slightly: The elbow with r/d = 2.50
is shown to produce the highest value of Mch for both bounda~-layer

(%conditions — h = 0.77 for the thin boundary layer and ~ch = 0.75 for

the thick one). The value of ~ch = 0.77 corresponds to 95 percent of

the air flow obtainable at a Mach nuniberof 1.00. A brief investigation

. of the use of vortex generators and vanes for increasing fic was unpro-
~uctive. More information is needed on control devices in elbows at
high subsonic Mach numbers. For mechanical reasons, investigations
of this nature should be made on elbows of larger scale.

..—.—— ... . ...—_— ___ _____ ._._=
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Static-PressureDistributions and Static-Pressure-DropCoefficients

The static-pressurevariation along the inner, outer, top, and
bottom walls is presented in figure 7 for each elbow_at both boundary-
layer conditions for a range of inlet lkch numbers ~ “fromO.20 to
choke. The curves of static-pressuredistribution through each elbow
remain similar as the inlet Mach nuniberis increased up to the I@ch num-
ber where local shock waves (as indicatedby the static-pressuredistri-
bution) occur in or downstre&n of the bend.-
ably, local shocks o~cur in the region next
elbow at values of Mo substantiallybelow
and 1.00 elbows. This is not the case for
Changes in the radius-diameter ratio of the
in the magnitude of the pressume variations

Sonic velocities and, prob-
to the inner wall of each
choke for the r/d = 0.75
the bends with larger radii.
bends produce large changes
through the bends. For each

elbowj the pressure field of the bend extends a considerable distance
both upstream of the elbow inlet and downstream of the exit; however, in
all cases, the influence of the elbow does not extend as far as the ref-
erence station O.

The cuxves permit some conclusions relative to the point in the
duct where choke occurred. The curcvesfor tlie r/d = 0.75 and 1.00
elbows (top, bottom, and outer walls) indicate that sonic velocity was
not reached in the elbow with either boundary layer. The values of

p/pt ~ for the inner-wall curve for these two SlbOWS dO not COrreSpOnd
to a>representative local Mach numiberbecause of the high total-pressure
loss along this wall. It is evident from these curves that choking
must occur at the elbow exit or downstream of it. The high-speed curves
indicate that the region do%mstream of the exit contains a mixture of
subsonic and supersonic flow. At the 0.50-diameter location downstream
of the exit, supersonic flow is present along the four walls for the
r/d = 0.75 and the r/d = 1.00 elbow for both inlet boundary-layer
conditions. It would be expected that choking would occur prior to the
establishment of the supersonic flow that is noted at the 0.50-diameter
downstream location. Also, it would seem logical for the choke location
to correspond to a section which contains slightly subsonic and slightly
supersonic flow in order to pass a maximum flow in a mixed flow stream.
The approximate location of such sections falls between the elbow exit
and the 0.50-diameter downstream location for each case. The curves for
the elbows of r/d = 2.50 and 4.00 indicate that no section produced a
Mach nuniberof 1.00; therefore, it is concluded that choke occurred at
the tailpipe exit of these elbows. These observations lead to the con-
clusion that the choking Mach numibersmeasured for the r/d . 0.75 and
1.00 elbows are representative because the choking section was close
to the exit. However, the choking Mach numbers observed for the
r/d = 2.50 and r/d = 4.00 elbows were determined yartiallyby the
length of the downstream straight section, so that shorter lengths might ‘
have produced slightly higher choking Mach nunibers.

.

L
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The static-press&e drop from station O to the elbow exit and to
stations 1.O-and 2.0 is presented as a function of the inlet Mach number
in figure 8. The elbow with r/d = 2.50 produced the lowest ~/~,0

values for both boundary-layer conditions at each of the station loca-
tions. This fact, when considered with the choking Mach”number data, is
a further indication that the r/d = 2.50 elbow had the most favorable
performance of the elbows tested. The static-pressure drop for the
r/d = 0.75 and 1.00 el%ows is controlled primsrilyby separation of the
flow from the inner wall, whereas friction is the prhary ca~e of loss
in the r/d =4.00 elbow. The increase in static-pressure-tiopcoeffi-
cient with inlet Mach number .ismore rapid for the elbows of lower r/d,
where separation is the controlling factor. The pressure-drop coeffi-
cient for the r/d = 2.50 elbow increases until it is approximately
equal to that of the r/d = 4.00 elbowat the choking condition for most
of the measuring stations. The coefficients for the r/d = 2.50 and 4.00
elbows increase between stations e and 2.0, probably because of wall
friction and mixing losses. In the r/d = 0.75 and 1.00 elbows, the
coefficient rises between stations e and 1.0 and then decreases between
stations 1.0 and 2.0. This result probably indicates that considerable
turbulence and mixing losses with separated flow occur between stations e
and 1.0 and that static-pressurerecovery is obtained by the increasing
uniformity of the velocity distribution between stations 1.0 and 2.0.

Total-Pressure-Loss Coefficient

Both the measured and the calculated total-pressure loss from sta-
tion O to station 1.5 are presented in figure 9 for the r/d = 1.00
elbow. Within the scatter of the data points, one curve represents the
two boundary-layer conditions for both the measured and the calculated
losses. For this elbow &@&,O increased from 0.24 at ~ = 0.275 to

0.33 at the choke Mach number. The greatest differences between calcu-
lated and measured values occurred with the thicker boundary layer. This
fact indicates a less uniform velocity profile at station 1.5 withthe
thick boundary layer than with the thin one. The static-pressuredrop to
this station is also plotted for both boundary-la.yerconditions and indi-
cates clearly the larger static-pressure drop at the higher Mach nunibers.

A comparison of the total-pressure-loss coefficients for each of the
elbows is presented in figure 10. The faired curves represent a mean of
the losses noted for the thick and the thin inlet-boundary-layercondi- ,
tion. A quantitative evaluation of the effects of inlet-boundary-layer
thickness is impossible because of the data scatter, particularly for
the r/d = 2.~0.and 4.00 elbows; however, it may be stated that the
effect is small. The same trends are noted for the total-pressure-loss
coefficient as for the static-pressure-dropcoefficient; that is, the
loss increases with Mach number increase, the smallest loss being

. . .. —_______ . —.. . —-.———.- .— ______ ___ ___ ———__—-
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realized for the r/d = 2.50 elbow. The r/d = 0.75 elbow produced
the highest losses and the most severe Mach number effect. At the
choke condition, the elbow with r/d . 2.50 produced a total-pressure-
10SS coefficient of 0.16 as compared with 0.69 for the elbow with
r/d = 0.75. The loss through the r/d = 0.75 elbow, 0.69~20 or

0.136~t o, is equivalent to that through a normal shock at ~ = 1.68.
Y

The longitudinal static-pressuredistributions indicate that
choking occurred downstream of the elbows. This result suggests that
choking is obtained because of the loss in total pressure and the con-
sequent change in density, in a manner similar to that for a long
straight pipe. In order to check this hypothesis, the choking Mach
numiberfor the r/d = 1.00 elbow was calculated by using the measured
loss coefficient at choke (fig. 10), one-dimensional compressible-flow
equations, and the assumption that sonic velocity occurred at station
1.5. The resulting theoretical choking Mach puniberis shown in figure 10
and agrees closely with the thin-boundary-layer data. Unfortunatelyj
the measured loss coefficients for the other elbows are not available;
thus an adequate check of the above hypothesis is not possible. Agree-
ment of the theoretical Mach nuniberwith the measured value for the
r/d = 1.00 elbow, however, suggests the possibility of estimating the
choking Mach number for a pmticular elbow design from a low-speed value
of loss coefficient and an assumption regarding the effect of inlet
speed on loss coefficient. According to the data of figure 10 for the
thin boundary layer, increasing the inlet Mach number from 0.3 to choke
increases the loss coefficient for elbows with r/d = 0..75,1.00, 2.50,
and 4.00 by 114, 33, 31, and 7 percent, respectively. ,

Downstream Velocity Distributions

For the r/d = 1.00 elbow, total-pressure surveys were made in the
horizontal plane at stations e and 1.5 and the resulting data ue pre-
sented in the form of velocity distributions in figure 11. As pointed
out previously, a linear static-pressure distribution from the inner to
the outer wall was assumed at station e and an average of four static-
pressure readings about the elbow was used for station 1.5 in order to
compute the velocity ratios at these stations. At the elbow exit
(station e), separation is noted over about 12 to 15 percent of the
diameter. The remainder of the flow is at an approximately constant
total pressure, the velocity gradient being produced by the static-
pressure variation. The flow at this point for high inlet Mach nuaibers
consists of a mixture of subsonic and supersonic flow with a Mach nuniber
range from O to approximately 1.25. At station 1.5 the flow is consid-
erably more uniform amd all subsonic. The effect of the thick inlet
boundary layer is shown most clearly at this station, where the low
velocity region is more extensive than for the thin boundary layer.
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The general increase in the relative velocity with increasing inlet Mach
nuniber,as shown in the distribution, is the primary result of the
increasing difference in density between stations O-and e
increasing Mach nuniber.

Theoretical and Experimental Longitudinal

Pressure Distributions

or 1.5 with

The theoretical distributions along the inner and outer walls of
each elbow were calculated according to the relaxation method (refs. 8
and 9) for two-dimensional, incompressible,potential flow, and are pre-
sented in figure 12. These theoretical curves indicate normal pressure
changes for such elbow designs, that is, an acceleration followed by an
expansion along the inner wall and an expansion followed by m acceler-
ation along the outer wall. The curves also indicate that the pressure
gradient extends beyond the elbow inlet and exit both upstream and down-
stream. The radius-diameter ratio of the bends determines the magnitude
of the transverse gradient in the bend since, owing to the centri@@-
force relationship, pressure differences across the bend are roughly
inversely proportional to the radius-di%meter ratio.

A comparison of the theoretical and experimental distributions for
the thin-boundary-layer case is shown in figure 13. Only the thin-
boundsry-layer case is shown because it most closely approximates poten-
tial flow. The figure indicates excellent agreement on the outer wall
for the r/d = 0.75, 1.00, and 2.50 elbows, where the boundary layer is
continuously removed by the secondary flow, up to a point near the exit
where the effects of the losses through the elbow sre noted. Agreement
was less satisfactory on the inner wall where the boundary layer accu-
mulated as a result of the secondary flow and separation; however, the
differences between the theoretical and experimental values follow the
same trends, the actual flow producing roughly 75 percent more maximum
pressure variation for the bends of small radius-diameter ratio. It
should be noted that some of the differences between the theoretical and
measured values may be accounted for by the fact that the theoretical
distribution was computed by using the assumption of two-dimensional
flow, which would not apply accurately to a circular elbow.

CONCLUSIONS

Four 90° constant-diameter circular-arc elbows with a straight pipe
2.67 diameters long attached to the exit were tested up to choking Mach
nuribersfor a very thin and a very thick inlet boundary layer. The

.-. —._._ ______
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ratio of the radius of curvature to the diameter (r/d) of the elbows
was from 0.75 to 4.00 and the Reynolds number range was from 0.53 x 106

to 1.30 x 106. The following conclusions are derived:

1. The elbow with r/d = 2.50 produced the best performance with
respect to total-pressure-losscoefficient, static-pressuredrop, and
choking Mach number. For the thin-boundary-layer case, the elbow
attained a choking Mach number of 0.77 which corresponds to 95 percent
of the maximum theoretical air flow obtainable.

2. Thickening the inlet boundaiy layer produced somewhat less uni-
form flow distributions downstream of the elbows but did not affect
appreciably the pressure losses and choking Mach nuniber.

3. Longitudinal wall static-pressuregradients indicate that the
elbows with r/d = 0.75 md 1.00 choked in the tailpipe in a section
extending from the elbow exit to 0.5 diameter downstream. The two
elbows with large radius-diameter ratios choked at the end of the 2.67-
dismeter length of tailpipe.

4. At the choke condition, the elbow with r/d= 2.50 produced a
total-pressure-loss coefficient of 0.16 as compared with 0.69 for the
elbow with r/d = 0.75. As the inlet Mach number was increased from
0.3 to the choking value, the loss coefficient for the elbow with
r/d = 2.50 increased 31 percent; whereas, the loss coefficient for the
elbow with r/d = 0.75 increased more than 100 percent.

5. Longitudinal pressure distributions computed by using incom-
pressible, two-dimensional,potential-flow theory were in excellent
agreement with the measured pressure distributions along the outer wall.
for the r/d = 0.75, 1.00, and 2.50 elbows. Aweement along the inner
wall was poor because of secondary flow and flow separation in the
elbows.

Langley Aeronautical Laboratory,
National Advisory Comittee for Aeronautics,

Langley Field, Vs., February 28, 1956.
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Figure 2.- Diagram of the four elbows tested.
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