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ABSTRACT

To support liquid cavitation studies, flow variables were measured
which relate to the minimum pressure in 90-degree circular pipe bends.
All of the bends investigated were nominally 4 inches in diameter and had
ratios of curvature radius to pipe diameter of 2.00, 1,50, 1.25, 1,00,
and 0.75. Water was used as the test medium and the Reynolds number
ranged from 2.5 X 10° to 1.8 X 10, To locate the minimum wall pressure,
static pressures were first measured at the inner and outer walls in
the plane of curvature. The minimum wall pressure was found to occur
between 22.5 degrees and 30 degrees deflection angle along the inside
wall. Velocity and pressure traverses were then made across the bend
at the position of minimum pressure. The total pressure was found to
be roughly uniform in the central core and the velocity profile was found
to correspond generally to that for free vortex flow. It was found that
minimum pressures in the bend could be approximated by free vortex
flow; however, the predicted values will be conservative, e.g., low,

when viewed from the standpoint of cavitation.
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INTRODUCTION

The flow of fluids in pipe bends has been a topic of practical con-
sideration for a number of years. A recent and largely unexplored region
of interest in curved pipe flow has evolved around the ducting of the liquids
which are employed as the propellants for liquid rocket engines. With
these liquids there may arise the undesirable phenomenon of liquid cavita -
tion near the inside wall of pipe bends that are located in the ducting sys-

tem on the suction side of the turbopumps.

The presence of cavitation in these components can have a number
of detrimental effects on the overall design and performance of the propul-

sion system. Because of the hysteresis effects associated with the forma-

‘tion and disappearance of caviatation bubbles, the vaporous pockets formed

in a cavitating pipe bend may persist in a supercooled state for some
distance downstream before collapse. These bubbles form ''weak spots"
in the liquid and, if they are convected downstream into a pump, they can
provide the nuclei for premature inception of cavitation within the pump
itself. Once this happens, the formation and collapse of the bubbles
markedly degrades pump efficiency and induces undesirable pressure
fluctuations which can be transmitted to the rocket engine combustion

chamber.

To suppress cavitation within the pump, it is necessary to bring
the liquid to the inlet section under a sufficient '"net positive suction
head' (NPSH) defined as the total pressure at the pump inlet minus the
vapor pressure of the propellant at the pump inlet. The required inlet
pressure may be obtained either by auxiliary pumps or by pressurization

of the propellant tanks. The tank pressure that would be required is

Ptank = NPSH + feedline friction loss
+ vapor pressure - propellant head.
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The NPSH in the equation above is that at which the pump is known to
operate satisfactorily, and its value will increase if the upstream ducting
components, in this case the pipe bends, alter the conditions at the pump
inlet from the ideal conditions presupposed for design purposes. There-
fore, through the above relationship, the cavitation of pipe bends located
on the suction side of the turbdpumps can directly influence the required
pump inlet pressure along with the objectional weight penalties associated
with the auxiliary pressurization components. For this reason it is desir-
able to design the propellant pumps and the ancillary ducting components
so that the lowest pressure possible is required at the pump inlet to assure
cavitation free operation. Considerable effort has been devoted to the
design of pu.mps1 -6 so that the NPSH required for proper operation is

minimized; however, the influence of the upstream ducting components

" (pipe bends) on cavitation within the pump has not been adequately deter -

mined nor has there been any effort, beyond the exploratory phase,
expended in achieving an understanding of the cavitation characteristics

of flow in curved pipes. 7

A number of factors are known to affect the inception of cavitation;
however, their relationships to each other and the manner in which they
exercise their influence on the cavitation process are not altogether
known with any degree of certainty. 8-12 Therefore, the investigation of
the cavitation characteristics of any hydraulic device eventually involves
the full scale experimental determination of these effects. Fortunately
most of these factors exercise only a small influence on the inception of
cavitation and then in 2 manner which usually results in a conservative
hydrodynamic design when it is desirable to operate free of cavitation;
As one would intuitively reason, the minimum static pressure sustained
in a ducting component and the vapor pressure of the liquid are the two
most important factors influencing the conditions at which cavitation first
appears. Hence if a specified liquid is to be employed, a knowledge of

the minimum pressure intensity occurring in the ducting component must

2



at least be determined before any statements can be made regarding the

probability of cavitation.

To provide some understanding of the flow processes that relate
to the minimum pressure in a circular pipe bend, a program was initiated
at Brown Engineering Company which included both analytical and experi-
mental studies. A literature survey is contained in Reference 7 and the
results of the analytical study are contained in Reference 13. It is the
purpose of this report to summarize the results of the experimental

program, some of which have already been reported in Reference 14.



DISCUSSION

Experimentation on curved pipes has in the past emphasized
primarily the losses associated with turning the flow since it has tradi-
tionally been of major significance in hydraulic désigns. Experimental
studies of the pressures have been rather limited in scope, although pipe
bends have some utility as flow meters, with the pressure differential

between the inside and the outside walls as the flow rate indication. 15-17

Figure 1 is a general schematic of the wall pressures that one
may expect in the plane of curvature of a finite deflection angle pipe bend.
Such a profile is characteristic of curved rectangular channels as well as

the circular cross-section bends which are considered herein.

The pressure difference across a bend is generated in order to
“balance the centrifugal forces acting upon the fluid particles which are
following curved paths. The pressure at the outside of the bend increases
above the initial static pressure and the pressure at the inside decreases
from its initial value until some minimum value is reached, Thus, as the
flow undergoes the transition from rectilinear to curvilinear motion, a
positive pressure gradient in the direction of flow is initially imposed on
the outer wall of the elbow and then a negative gradient is generated as
the static pressure readjusts to a uniform value when the flow leaves the
bend. Conversely, on the inner wall, a negative axial pressure gradient
is initially formed and is followed by a positive gradient as the pressure

increases back to a uniform value across the duct downstream of the turn.

When the turning radius is sharp and the flow rates high, the
centrifugal forces acting on the flow are large and hence the positive axial
pressure gradients may be of sufficient magnitude and extent so that the
slow moving fluid particles near the wall lack sufficient momentum to
traverse the region of increasing pressure. If this is the case, the
particles will reverse their original direction of motion and create a local
region of eddies and vortexing near the duct boundaries. That is, the

main flow fails to adhere to the walls of the duct or it ''separates', a very
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undesirable phenomenon since energy losses which accentuate the resis-

tance to flow are created by the vortexing action o*f"separation.
7

|
o

Inside the pipe bend away from the walls, the pressure is primarily
governed by the inviscid momentum balance on the particles moving in curvi-
linear paths. For fully developed turbulent flow at the bend entrance, this

balance is approximately that which occurs for potential flow if the location

considered is not too far from the bend entrance. Near the wall, however,
the profile becomes distorted by the viscous effects present there. These
effects are such that the minimum pressure in a bend cross sectional

plane could occur at some distance, &;,,, from the inside wall rather than

immediately adjacent to it. 18

If the fluid is a liquid with a sufficiently high vapor pressure, the
static pressure near the inside wall of the duct may depress to a value

| equal to or less than the vapor pressure and thus cause cavitation within
the elbow. This is an entirely different phenomenon from separation,

although both may occur simultaneously.

The analysis performed in Reference 13 was an attempt to predict
the minimum pressure in a circular pipe bend using the shedding layer
concept with a potential central core. Restrictions on the analysis
precluded the ability to predict the deflection angle at which the minimum
pressure occurs and the ability to predict accurate boundary layer thick-
ness. The former restriction is not a severe limitation because this

information is not vital to the study of the cavitation characteristics. The

latter restriction affects the results in a conservative manner when one

is concerned with cavitation, e.g., the predicted values of minimum

pressure are lower than those actually achieved.

The purpose of the initial investigation is to obtain the static pres-

sure profiles in the plane of curvature of 90-degree circular pipe bends.
Of primary concern is the determination of the minimum pressure at the

wall and the deflection angle at which it occurs. The second phase of the




§

experimental program consists of pressure and velocity traverses across
the bends along a line determined by the intersection of the plane of
curvature and a cross sectional plane located at the deflection aﬁgle of
minimum pressure, Omin. It is expected that the results of these investi-
gations will help in acquiring a better understanding of curved pipe flow

in the transition region and will become the basis for future studies of
bend cavitation and for establishing the utility of curved pipe analyses in

the transition region.,

The present investigation was conducted using water as the fluid
medium. A range of Reynolds numbers, based on pipe diameter, was
studied with 1.8 X 10° being the maximum and 2.5 X 10% being the mini-
mum. Five bend radii of curvatures were investigated, narhely, 2.00,

1.50, 1.25, and 0,75 times the inside diameter, which was nominally

'4 inches.

APPARATUS

General Description

The facility (Figure 2a) used in this study is a constant diameter
closed return loop oriented in the vertical plane and using water as the
test medium. The elbow test sections form the second bend in the upper
limb of the test loop (Figure 2b) which is primarily fabricated from 4-inch-
diameter heavy wall copper tubing (Type L) with standard bronze sweat
solder elbows and 150-pound flanges. To insure the attainment of fully
developed turbulent flow at the test bend entrance, the elbow test sections
are connected on the upstream side to a straight pipe run which is 60
diameters long and is preceded by a flow straightener. To minimize the
transmission of vibrations to the test sections, flexible metal hoses form
the portion of the loop immediately adjacent to the control valve and the
pump. Also the pipe sections are insulated from the supports with rubber
padding. A 62-gallon accumulator tank is provided to impose additional

hydrostatic head on the system and to absorb spurious pressure surges

7
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Figure 2a. Photograph of the Test Facility Used in the Experi-
mental Investigations
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in the test loop. To remove part of the dissolved air, the water from
the utility line is used to impose a mild vacuum in the ullage. Control
of the flow rate through the system is achieved by regulating the pressure .

drop with a gate valve mounted to the outlet side of the pump.

The loop is driven by a commercially available close coupled pump
which was selected to achieve minimal vibration associated with shaft
misalignment. Design rating of the pump is 1100 gal/min with a total
head rise of 150 feet of liquid at 1770 rpm. The pump is powered by a
60 horsepower, 440 volt, three-phase motor. The ultimate Reynolds

number with the present components is about 1.8 X 10°,

Test Sections

Five different elbow test sections were used in the present investi-

~gation. The radii of centerline curvature were 2.00, 1.50, 1,25, 1.00

and 0,75 times the internal diameter.

The test sections were fabricated from transparent acrylic plastic.
The internal contour of each elbow was accurately machined into two
plastic sheets of appropriate thickness. The two halves were then bonded

together with an epoxy cement to form a pipe bend with the seam in the

plane of curvature. Flanges were then bonded to the ends of the curved
section. The surfaces were polished to approximately 10 rms finish so

that the flow could be visually observed.

Instrumentation of the test bends for wall pressure measurements
consisted of a number of static pressure taps as illustrated in Figure 3a.
The taps were formed by drilling 3/16-inch holes to within 1/4 inch of the
inside wall and then drilling through the surface with a 1/32-inch-diameter
drill. The taps at the flanges were not drilled but were formed by milling
0.016-inch deep circular grooves into the parts before assembly. Wires
of 0.032-inch diameter were coated with a mould release and positioned
in the grooves before the ports were cemented together. After the parts

were cemented together, these wires were then removed when the cement

10
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had set. The openings were carefully hand polished to remove burrs and

imperfections which could affect the accuracy of the measured results.

Brass connectors with a 3/32-inch straight thread on one end and 1/16-
inch hose fitting on the other were cemented into the taps in the bend.
Where space was limited at the inside of some of the small curvature

bends, a 1/16-inch countersink was used and 1/16-inch-diameter copper

tubing was employed as hose connectors.

The traversing probes were mounted in the bends through
1/8-inch-diameter holes (Figure 3b) located on the inner and outer walls
at the deflection angles of either 22-1/2 degrees or 30 degrees. The
probe stems were clamped in manual traversing units which permitted
vernier measurement of the immersion depth. A vernier for probe
rotation was also provided which permitted nulling the yaw angle relative

to the axis of the sensing head.

Instrumentation

. Test section pressures were measured by a Meriam 10-tube
manometer with a 60-inch range. All measurements we1;e made with
mercury as the indicating fluid and were referenced to a static pressure
tap upstream of the test section. Piezometer lines were of transparent
plastic tubing which were connected to the test section through a series of
valves used to bleed off trapped air bubbles. Pressure data were recorded
on 2- by 3-inch lantern slides with a tripod mounted Polarcid camera, The

slides were then projected onto a screen which permitted readings of the

pressure differences to within approximately £0.02 inches of mercury.
The mercury was periodically removed from the manometer and was
cleaned by filtering three times through 50 percent dilute nitric acid.

The manometer was cleaned with detergent and water followed by an

acetone rinse; the glass tubes were cleaned with bichromate acid.

Flow rates through the loop are measured with a propeller-type

volumetric flowmeter (Pottermeter) located in the 4-inch-diameter line

12
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on the suction side of the pump. The nominal linear range is in the inter-

val between 75 gal/min to 1250 gal/min with-a stated accuracy of #0.02

percent in this range. For limited operation the flowmeter can be

operated at 1500 gal/min without damage to the pickup sensor. The ac

signal from the flowmeter was converted to a voltage output which was

recorded on a Honeywell Visicorder. The converter has a stated analog

output accuracy of £0. 1 percent. A calibration oscillator was used to
calibrate the converter. The tuning fork that generates the signal has a

stated accuracy of #0, 05 percent,

The profiles across the bends were measured with two different
types of probes. Traverses with Kiel probes were first made to obtain
the variation of total pressure, This type of probe was chosen because
it is insensitive to pitch and yaw angles up to angles of 40 degrees or more

‘measured from the axis of the head. A sketch of the probe, made by

United Sensor and Control Corporation, is shown in Figure 4a.

Velocity, static pressure and additional total pressure measure-
ments were made with three-dimensional, directional probes with prism
shaped sensing heads. With the calibration charts furnished with each
probe, the five pressure indications in the sensing head yielded the afore-
mentioned flow data as well as the flow pitch and yaw angle (which was
nulled out since the probe was considered to lie on the plane of curvature).
Figure 4b illustrates the three-dimensional probes, also furnished by the

United Sensor Corporation.

Additional instrumentation consists of a small pressure-vacuum

gage mounted on the surge tank and a well-type thermometer mounted in

the‘ 4-inch diameter line downstream of the test bend, which can be read

to within about %1.0°F,

14
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PROCEDURE

Facility Operation and Techniques

Untreated tap water was used as the test medium in the present
study; however, before it was introduced into the system it was allowed
to stand in the accumulator tank while a'jet pump created a mild vacuum
in the ullage. The length of time it was permitted to remain under
vacuum varied from overnight to two or three days. This process
sufficiently removed enough dissolved air so that the manometer lines

could be bled more easily.

Before the system was filled for each run, it was thoroughly
flushed with fresh tap water to remove loose scale and corrosion from
the iron pump casing. The deaerated water in the surge tank was then
allowed to slowly fill the loop under gravity head while air was vented
from the system through the main vent, small vents on the upper leg
and the pump casing vent. Thorough venting of the pump casing required
rotating the impeller by hand until all trapped air was removed. The
pump was then pulsed several times while the bleeding operation was
intermittently performed. This procedure resulted in only a very small

amount of air remaining in the system.

After filling the system the accumulator tank was partially filled
with tap water and pressurized (= 25 psia) using the tap water pressure.
The piezometer lines were then bled free of air by opening all of the
manometer control vaives. To bleed the lines between the valves and the
manometer, the manometer well was raised to a position about 20 inches
from the top of the manometer. The bleed valve and the piezometer valve
of each tube were then alternately opened and closed, thus forcing the air
bubbles out of the vent. This operation was repeated in turn for all manom-
eter tubes plus the well. This procedure completely filled the piezometer
connecting lines and manometer with water and removed all entrapped air

from the pressure instrumentation system. The flowmeter recorder was

16



then calibrated using the 100, 120, 200, and 500 hertz signal generated
by the calibrator.

To perform one test run, the pump motor was started with the
control valve about 1/4 open and the flow rate was then adjusted to the
lowest value desired (for instance, 40 percent of full flow). After the

manometer indicated that equilibrium had been reached, a Polaroid

picture was taken of the mercury columns and a recording was made of
the temperature. The flow rate was then increased to the next highest
level and the procedure repeated until the full range of flow rates had
been examined for the particular elbow installed in the system. For
each run it was possible to obtain wall pressure data for as many as

eight flow rates before the water temperature became too great.

For the traverse measurements the two probes were positioned
at the desired immersion depths relative to the inside and outside walls
of the bend. After flow had been established in the loop and before any
data were recorded, the heights of the two mercury columns indicéfing
yaw were equalized by rotating the probes. Because of the slow response
of the manometer with the three-dimensional probes, the number of
flow rates available per run was limited to about three. During any

run the water temperature ranged from room temperature to around

125°F,

The film transparencies of the pressure data were projected on

a screen and then recorded. The difference between the measured

pressures and the reference pressure were taken and then corrected

for the weight of the additional column of water on the lower mercury

column. Hence the corrected pressure difference in inches of mercury

is

i
]

%
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(h - h)measured

13.56

ref

(hréf - h)corrected = (href - h)measured -

0.92625 (hyef - hYmeasured (1)

1]

where 13.56 is taken as the specific gravity of mercury. The pressure

data are reported in dimensionless form via a pressure coefficient

defined as

_ 13.56 g(href - h)corrected
w3/ 2

9]
T
I

pW 22 (2)

The flow variables, measured by the three-dimensional probes, were
obtained from calibration charts supplied with each probe by the manu-

facturer. The flow rates were obtained by relating the ac signal

generated by the flowmeter, to the flow rate. For the particular

flowmeter used, this relationship is

Q=2.882f. (3)

Mean velocities are obtained from the one-dimensional continuity equation

W = (4)

>0
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and the Reynolds number from

_ Zp'-“-fa
M

Re

using the viscosity data of References 26 and 27.
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ANALYSIS

In the analytical portion of the investigation an attempt was made
to obtain relationships for pressure and velocity based on theoretical
considerations only. In order to do this it was necessary to resort to a

number of important assumptions. Some of these were

) Flow in the central core®

is potential.

o There is no velocity corﬁponent normal to the plane of
curvature in the central core.

) ' Viscous effects are confined to a shedding layer* adjacent

to the pipe wall.

Primarily due to the boundary layer assumptions required for solution,
the analysis gave inaccurate, although conservative, values of minimum
pressure. The purpose of this section is to obtain some empirical

relationships using the work reported in Reference 13 as a guide.

In the analytical portion of the investigation a relationship for the
pressure coefficient was derived!3 for the plane of curvature. The

relationship is

1 1
Ki? + K;° "2

Cp = (R"£r")?2 - Wa

(6)

where K;' is approximately zero and W' is approximately unity. The
plus sign indicates that r' is measured from the pipe centerline towards
the outer wall and minus sign indicates that r' is the distance from the
pipe centerline towards the inner wall. K);'is the integration constant
which is generated when the velocity profile for a potential vortex is

obtained. For a curved pipe the axial velocity on the plane of curvature
isl3

*See Reference 13 for a definition.
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Ki' ,
W1'=R.1’:!: ry! (7)

Ki' can be determined by using mass flow considerations and is related

to the bend radius of curvature and the average boundary layer thickness

as follows

. L. L e
1 2 - 2
ELF:Z[R'-R'Z- 1)2]+4 151 (8)
1 (R.2 _ 1)2
The preceding equatibn can be written more conveniently as
1 3 C
zT=2[R"- (R*2 - 1)%] + — (9)
! (R - 12

Now from Equations 6 and 8, the minimum pressure coefficent at the

wall is

P1 = Pmin, wall
p W2/2

CPmin, wall =

-2
i C '
S I, N
- (R? .12

where Cwgall 18 a correlation coefficient which is a function of Reynolds
number and radius of curvature of the bend and is to be found empirically
from pressures measured at the wall. It is interesting to note the
different roles of the empirical constant in the present analysis and the
analysis of Addison. 15 1n the latter's analysis the empirical constant

is a discharge coefficient multiplicative on the first term in the brackets
whereas in the present analysis it is an additive term. With potential

flow there are no viscous effects present and C becomes zero.
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In Reference 13 an analysis of the experimental results of Weskel8
indicated that K, ' is approximately equal to the dimensionless radius of
; 2 curvature. If this condition is postulated, then the piessure coefficient
in the central core becomes

R'?
R U L ()

For the approximation that K, ' equals the radius of curvature, the axial

velocity is

Rl

1 =
w R" £ r!

(12)

It is interesting to note that these two expressions are independent of

Reynolds number. The consequences of assuming that K, ' equals R'

will be examined with the aid of the experimental data.

oo
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RESULTS

To determine if the velocity profile at the entrance to the bends
is fully developed and is symmetric about the pipe centerline (at least
in the plane coincident with the plane of curvature) a traverse was taken
with the Kiel probes on the upstream straight section of the smallest
radius bend. The measurements were taken along a line formed by the
plane of curvature and by a plane normal to the pipe centerline and located
3-11/16 inches upstream from the start of curvature. The axial velocity

profile was calculated from the measured total pressure as follows

W W (P~pl 1
W(i, W@l Y, p W

4’% (“pr) (13)

From Reference 27 the ratio of average to centerline velocity is taken to
be 0. 837 which corresponds to a 1/8 turbulent velocity profile and a
Reynolds number between 1.1 X 10% and 1.1 X 10%, Hence the axial

velocity as normalized by the centerline velocity is

%-@—J = 0. 837 (CPT)”2 (14)

Figure 5 shows the values of W/Wg, computed from Equation 14 and
the measured CpT‘ A 1/8 turbulent velocity profile is also shown for
comparison purposes. Since the lack of agreement between the theoret-

ical and the experimental points is uniform, it can probably be attributed

to the fact that ’W/W@J is actually different from the value assumed or
that p, in Equation 13 should be the uniform static pressure at the

measuring station rather than that at the reference station slightly
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upstream. One of the important things to note from Figure 5 is that the

velocity appears symmetrical about the centerline indicating the absence

of upstream flow disturbances which could alter the flow field in the pipe

bend test section. 27

The minimum pressure coefficients (Cpmin, wall) measured at

the inside wall of the pipe bends are shown in Figure 6 as a function of

pipe Reynolds number, Re. For the four bends of largest radii of
5 curvature (R/Z'a =2, 1.5, 1.25, 1.00), the pressure coefficients indicate
an independence of Reynolds number over the range investigated. For
; the bend of smallest radius of curvature (R/2a = 0.75) the pressure
coefficient varies with Reynolds number (Figures 6 and 7) but appears
J to become independent of Reynolds number with values of Re greater
k than about 1.4 X 10°, The independence of Cpwall With Reynolds number
is in accord with the relationship obtained for other bend parameters,
namely the flow discharge coefficient15: 16 and bend excess loss coeffi-
cient. 19 These results also support the conclusions reached in the
analytical portion of the program. 13 To ascertain if there were other
independent variables which would affect the results, a test run was
made deviating from the normal procedure. In this run the flow rate
was held essentially constant and the Reynolds number was allowed to
vary by the changing of the water viscosity as it became heated. These

points are indicated in Figure 6 for the small radius bend. For the

AAAAAAAAAA

range of variables examined in this exploratory investigation, the pres-

sure coefficients were indistinguishable from those of other runs.

In Figure 8 the pressure profiles over the outside and the inside
of the bends are presented. The bends of largest radii of curvature

yield pressure coefficients at the wall which are essentially in accord

with the results of Yarnell and Nagler;27 i.e., the minimum pressure
occurs at a deflection angle of about 22. 5 degrees and the maximum
pressure at about 60 degrees. However, as the radius of curvature is

reduced (Figures 8c and 8d), the point of minimum pressure shifts to
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about 30 degrees bend deflection angle. In addition, a region of constant
pressure, which is first evident for the R/2a = 1. 50 bend, appears

at the inside wall at a deflection angle of 67.5 degrees and continues

to the exit of the bend. This region is interpreted to be the portion of
the flow in which the boundary layer has separated; this was observed

also by Weskel8 with velocity traverses at the outlets of bends of various

deflection angles.

The pressure variation on the bend of smallest radius of curvature
(Figure 8e) deserves special mention. First, it is to be noted that the
point of minimum pressure has shifted back to a deflection angle of 22.5
degrees. The region of separation, exemplified by the constant pres-
sures, is seen to be independent of Reynolds number, which is surprising
since separation is a viscosity induced phenomenon and should therefore
be a function of lReynolds number, Furthermore, in the straight section
downstream of the bend the higher pressures occur at the lower Reynolds
numbers, whereas the reverse is true for the bend itself. The pressures
in the bend would be expected to decrease rather than increase with
increasing Reynolds number since a decrease in minimum pressure

would represent an approach towards potential flow pressures.

Data from the Kiel probe and three-dimensional prism probe
traverses are shown in Figure 9. The data are taken along a line formed
by the intersection of the plane of curvature with a plane normal to the
pipe centerline and located at the 6,,;, deflection angle. Clearly the two
types of total pressure measurements are in satisfactory agreement.

As with the wall pressure measurements for the four larger radius
bends, the data are independent of Reynolds number and the data points
represent averages taken over the Reynolds number range of 0.7X 10° <

Re <1.5x10°%,

The total pressure measurements indicate that the assumption of

constant total pressure is not too inexact for the central core. If the flow
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at the entrance to the bend is ideally assumed to be such that the core

velocity is equal to the average velocity, then the total pressure coeffi-

cient would be -1.0 for constant total pressure. Actually the core

velocity is greater than the average velocity at the bend entrance, thus

yielding a constant total pressure coefficient less than -1.0. Close

examination of the total pressure coefficient indicates that the average

in the central core (which is not clearly delineated by the total pressure

5 data) would indeed be somewhat smaller than -1.0,

The static pressure and velocity in the central core generally
} follow the trend expected for potential free vortex flow. In addition,
the assumption of K;' = R' along with the others leading up to Equations 11
3 and 12 appear to be justified for the central core. The static pressure

near the inside wall, however, is more closely approximated by the

potential flow assumption and, because of its significance from the
standpoint of cavitation, deserves special mention. From the data of

Weskel8 one is led to believe that the minimum pressure in the flow

field should be expected not at the wall but at some small distance
(called 62,9 in Reference 13) from the inside wall. This distance is
in effect a measure of the thickness of the ''region of eddy motion'™ near
E the inside wall. Within the resolution of the measurement techniques,
the present results indicate that the minimum pressure occurs im-
; mediately at the wall and that the pressure distribution in the region
of eddy motion is a monotonically decreasing function altered by the

viscous effects near the wall such that the distribution lies increasingly

further from the free vortex type of pressure distribution as the

inner wall is approached. The difference between the present results

and those of Weskel8 could lie in the fact that Weske's measurements

were made at the exit planes of bends exhausting into the atmosphere.

a
|
!
st

*See Reference 13 for a definition,
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Since disturbances are propagated upstream, the comparison of those
measurements with the ones taken upstream of the bend exit is not

entirely valid.

Figure 10 presents the measured pitch angle between the velocity
vector and a vector tangent to the bend centerline. The magnitude of
the angle (the positive direction indicates secondary flow from the inner
to the outer walls of the bend) is a measure of the intensity of the
secondary motion at the cross-sectional plane corresponding to the
Onin Position. As would be expected, the intensity of secondary circu-
lation increases with decreasing bend radius. There are, however,
suprisingly large pitch angles near the outer wall indicating the existence
of a thin region where the r component of velocity is rapidly decelerated
to zero at the wall. The data of Figure 10 are not averaged for all runs
as was done previously, the scatter being primarily due to random

pulsations in the test loop affecting the manometer-pressure indications.

Figure 11 presents a comparison of the measured minimum wall
pressures with the results from potential flow theory. As illustrated
by the measured static pressure distribution across the bend (Figure 9),
the pressure measured at the wall will be greater than the potential
wall pressure because of the viscous effects in the region of eddy motion

at the inner wall.

Finally, Figure 12 presents the relationship between the empiri-
cal coefficient Cy,11 and the radius of curvature. The fact that the data
points do not lie on a smoofhly faired curve could possibly be an indica-
tion of a number of effects. First, it could be an indication of 2 slight
installation misalignment of one of the bends or, more possibly, it could
be due to normal scatter of the data and the fact that Equation 10, when

solved for Cya11s is in the form of a difference between two terms of very
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A Re = 0.5 x 108
O Re > 1.7 x 10%H
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DIMENSIONLESS RADIUS OF CURVATURE, R'

Figure 12. Variation of Cwall with Radius of Curvature, R'
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nearly equal magnitude. However, the values of 2 number of bend para-
meters, especially those related to the viscous effects in the bend such
as loss coefficients, 19 discharge coefficients, etc., oscillate with
changing radius of curvature. Since Cy,,}] is an algebraic function of
the average boundary layer thickness, it is quite possible that it could
also experience such a relationship with radius of curvature. More

measurements are needed at higher R' to establish the validity of this

supposition.
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CONCLUSIONS

Wall pressure measurements in the plane of curvature and velocity,

total pressure, and static pressure traverses across the plane of

minimum wall pressure have led to the following conclusions for 90-

degree circular pipe bends.

For a sufficiently high Reynolds number the pressure
coefficients are independent of Reynolds number. The
value at which the transition to a constant wall pressure
coefficient takes place is Re = 1.4 X 10 for the smallest
bend radius of curvature tested (R/2a = 0.75). For the
larger bend curvatures the transition point was not
observed for the range of Reynolds numbers tested

(0.5 X 10° < Re < 1.7 X 10°).

The minimum wall pressure occurs ‘at a deflection angle

of 22.5 degrees for the two largest curvatures (R/2a= 2, 1.5)
and the smallest curvature. For the intermediate curvatures
(R/2a = 1, 25, 1.00) the minimum pressure is at 30-

degree deflection angle. For all bends tested the maximum
pressure on the outside wall occurs at a deflection

angle of about 60 degrees.

For bends with a radius of curvature (R'/Za) less than
1.50 a region of constant wall pressure appears at
about 67.5 degrees on the inside wall and persists to
the bend exit. This region is expected to coincide with

a region of separated flow.

The minimum wall pressures at the inside of the bend are
greater than that predicted from potential flow with the

difference increasing for smaller bend curvatures.
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L In the central core the flow variables are closely
approximated by the free vortex assumption with K,' = R';
however, the potential flow assumption more closely

approximates the minimum static pressure.

° The minimum pressure is observed to occur at the wall.
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