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PREFACE

The research results reported in this document were produced with the support of a
National Institute of Standards and Technology (NIST) initiated industry-
government consortium. This is an established cooperative research effort on
generic technical issues to produce industry-needed flow metering improvements.
In this mode of operation, there is a high degree of interaction between the
representatives of the consortium member companies and the NIST researchers.
These interactions include: (1) the planning of the specific focus of the NIST
research efforts, (2) the discussions and analyses of the results obtained, and (3) the
conclusions drawn for the particular phase of the work. For this reason, it is
pertinent to acknowledge both the support given to this phase of the research
program and the technical contributions made by the representatives of the
consortium members.
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ABSTRACT

This report presents recent results obtained in a consortium-sponsored research
program on flowmeter installation effects being conducted at NIST. The piping
element tested and reported here is a generic header which has a specific arrangement
of one inlet and two outlets. Laser Doppler velocimetry (LDV) velocity measurements
are reported for the pipeflows produced downstream of the header with and without a
conventional 19-tube concentric tube bundle flow conditioner.

The results indicate that the secondary flow produced by the generic header is very
similar to that produced by the closely coupled double elbows out-of-plane piping
configuration. The axial velocities are slower than the ideal flow near the pipe center
and higher near the walls. Transverse velocity distributions show a very strong swirl
eddy flow pattern produced by this header. This swirl eddy is relatively stable and
organized and its dissipation is slower than that observed for the double elbows out-of-
plane. The 19-tube tube bundle is quite effective in reducing the transverse velocities
associated with the energetic, swirl flow from this header.

Several profile indexes are presented to characterize the swirl intensity of the header
flow and the shape of the velocity profiles. These indexes can also be used to develop
criteria for improving flow meter performance in the outlet piping from this header.



INTRODUCTION

In many cases, flowmeters are being retrofitted into fluid systems that were not
designed for them. This invariably means the meters are being inserted into "nonideal”
installation conditions where the upstream piping conditions produce pipeflow
distributions that differ from those ideal installation conditions used to design the meter.
"Ideal" installation conditions are where the meter location is preceded by sufficiently
long, straight lengths of constant diameter piping that the meter's performance is not
affected when the meter is installed further downstream.

The prevalent concern in the flow measurement community is for increased metering
accuracy levels. These levels are desired for existing meter systems - either by
upgrading the flow conditions at meter's entrance or by replacing the device's auxiliary
components so that accuracy levels are increased. Various flow conditioning devices
are frequently recommended for improving flowmeter performance where installation
conditions are not ideal. However, the pipeflows generated by these devices have to
be considered with respect to the type and design of flowmeter installed downstream
of the specific piping configuration. It has been shown previously[1-7]" that certain
flow conditioner installations can produce serious deviations from the performance of
specific meters in ideal installation conditions.

The NIST industry-government consortium research program on flowmeter installation
effects 1s designed to help to improve fluid metering performance when installation
conditions are not ideal. This program has the main objective of producing a basic
understanding of the flow phenomena that are produced in prevalently encountered,
nonideal installation conditions and to quantify these phenomena relative to the pipe
flow in ideal installation conditions. The experimental program is based upon the
measurements of pipe flows from selected piping configurations using laser Doppler
velocimetry (LDV). The program uses basic experimental research tools available to
the fluid dynamicist to measure, understand, and parameterize the salient features of the
pipeflow phenomena. The successive phase of the program is to evaluate quantitatively
how these phenomena influence selected types of fluid meters and how to use these
evaluations to produce satisfactory flow measurements.

Square bracketed integers refer to references given in the reference section on page 17.
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This research effort has also included experimental studies of the flow into and out of
several tube bundle flow conditioners. These results have produced detailed
descriptions of the effects these devices have on different pipe flows. The
performances of both orifice and turbine flowmeters have also been determined for
different installation locations downstream of selected pipeline elements, both without
and with tube bundle flow conditioners. The results show that while the conventional
19-tube tube bundle successfully removes swirl from these pipeflows it apparently
produces other effects in the streamwise velocity profiles that cause several different
types of perturbations both on orifice and turbine meters performance [1].

Previous phases of this research program have produced LDV measurements for a
single elbow, double elbows-out-of-plane, the tee-used-as-an-elbow, the concentric
reducer, and the 45° elbow. Conventional, long-radius elbows are used in all of these
studies; the radius of the centerline through these elbows is 1.5 pipe diameters.
Detailed results of these studies can be found in [1-5]; summary descriptions of these
studies are given in [6-8].

In all these studies, the working fluid is water and the piping is 52.5 mm (2 in
diameter), smooth, stainless steel. Water temperature is controlled using a heat
exchanger to maintain a set temperature of 21+0.5 °C. The pertinent parameters
considered important in the experiments are Reynolds number, and pipe relative
roughness. The relative roughness of this pipe has been measured with a profilometer
to indicate a value of 0.006% based on interior pipe diameter. The diametral Reynolds
number in the test section was 10° using bulk average velocity.

This report presents the recent results obtained in the flowmeter installation effects
program. The primary piping element tested and reported is a generic header
configuration. Header or manifold configurations are commonly found in various,
industrial plants. One of the most common reasons to use header configurations is to
improve the overall rangeability of flow rate measurements by using headers with
multi-outlet meter stations. Other purposes of header configurations in multi-run meter
pipings are to reduce capital costs in making flow rate measurements. Headers or flow
manifolds are also used to rearrange the flow loop direction or to serve as a settling
chamber in designing flow loops. Despite the wide spread industrial use of headers,
there is very little information available regarding the flow patterns emerging from
headers or the effects of these flows on meter performance. Recently, flow
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disturbances caused by special headers and their effects on metering performance have
been the subjects of various investigations [9,10]. However, many of the
configurations used in these investigations are the combinations of the specific header
and various upstream piping elements such as single elbow, reducer, riser, etc. It
seems evident that the flow upstream entering a pipe element such as an elbow,
reducer, etc. or a header may greatly influence the flow pattern exiting the element or
header. Rather than test the combination of a header with some complicated or
unknown upstream/downstream piping elements, the objective of the present study is
to study the flow pattern produced solely by the generic header. To do this, the piping
configuration upstream of the header was installed to insure that the entering pipe flow
is an otherwise, fully developed, equilibrated one.

TEST CONFIGURATION: A Generic Header

Figure 1 shows a sketch of the generic header geometry, that is denoted H342. This
generic header consists of one inlet and two outlets having the same pipe size. The
direction of the inlet pipe is normal both to the header and to the outlet pipes. The
diameters of the inlet, the header, and outlet pipes are 77 mm (3 in), 103 mm (4 in), and
52 mm (2 in), respectively. H342 denotes the relative diameter ratios of 3:4:2. In the
test, the header is installed vertically and the upper outlet (the one near the inlet) is
outlet #1 and the lower outlet (the one far from the inlet) is outlet #2. Other parameters
needed to be specified for this header test are the flow rates in each outlet and the
outlet selected for the velocity measurement. To identify a specific test and flow
condition, the complete designation will be H342-F1/F2-n. Where F1/F2 gives the ratio
of the flow rates flowing through the outlet #1 and outlet #2. The last digit "n" is used
to denote the outlet for the test. In the test described in this report, F1/F2=100/0 and
n=1. That is, all flow is going through outlet #1 and no flow exits outlet #2 and tests
are performed at the outlet #1. The test results include flow measurements with and
without the conventional 19-tube concentric tube bundle flow conditioner. Although
other flow divisions can be arranged, it was thought that, in this condition, the effect
of the header on the flow downstream will be most significant, i.e., the worst case for
downstream meter performance, due to the largest possible flow rate in the outlet pipe.
Tests for other flow divisions are in progress.

Figure 2 shows the piping arrangement and the coordinate system used in the test. A
right handed coordinate system is used which has the origin (i.e., X=Y=7=0) in the

4



entrance plane of the outlet pipe (the exit plane of the header at the header tank
diameter) and at the pipe centerline. The positive Z direction is downstream; the
positive Y direction is upward; the X direction is, therefore, to the right looking
upstream. The mean velocities in the X, Y, and Z directions are U, V, and W,
respectively; and the corresponding turbulence velocities are u', v', and w', respectively.
In this study, only two velocity components, the axial velocity, W and the vertical
velocity, V are measured. The horizontal component, U is not measured. In what
follows, nondimensionalized quantities will be used to describe and to plot results.
Lengths and velocities are normalized using the pipe diameter, D and average-bulk
velocity, W,, respectively.

To study the flow effects produced by the generic header configuration, efforts have
been made to ensure a fully developed pipe flow that is free from other disturbances
enters the header configuration. The upstream piping was arranged so that over 45 pipe
diameters of straight, constant diameter piping preceded the header. This inlet pipe
section was a single piece of standard piping to assure a concentric constant diameter
along the entire section without any misalignment that could result from joints.
Upstream of this straight length of piping, the inlet flow was arranged to have a special,
radial inlet so that no axial vorticity was produced by this entrance condition. Although
the pipeflow entering the header was not directly measured, all LDV measurements
from previous phases of our program made downstream from a single elbow showed
that the effects of the elbow were negligibly small after about 30 pipe diameters for
Reynolds number 10°. Since in this 75 mm (3 in) diameter pipe, the Reynolds number
was 66000 (corresponding to 10° in the 52 mm pipe), the pipeflow entering the header
was assumed to be fully developed. With these reference profiles entering the header,
the exiting pipeflows can be interpreted, for this conventional piping configuration, to
be due solely to this generic header.

A conventional, 19 tube, concentric tube bundle flow conditioner was also tested with
the generic header. The results for the combined configuration are presented below.
In this report only velocity measurement results will be presented. The results for the
flowmeter performance downstream of this generic header configuration will be
presented separately [11].



EXPERIMENTAL RESULTS

A) LDV Velocity Measurements

1. Downstream of the Header
The LDV results obtained downstream from the generic header piping configuration
are presented in tabular format in Appendix A, Mean and Turbulence Velocity Profiles
for Header H342-100/0-1.

Figure 3 shows LDV measurements of the mean axial velocity profiles, W/W,, versus
horizontal radial position, X/D, at successive downstream locations, Z/D, from the
header for Re=10°. The solid curve is the fully developed, equilibrated pipeflow
distribution put forth by Bogue and Metzner [12]. The data clearly indicate that the
header significantly modifies the axial velocity profile as the fluid passes through the
header. These axial velocity profiles are symmetric about the pipe centerline along the
horizontal diameter. In the region near the pipe center, the flow is slower than the fully
developed pipe flow, while near the pipe walls the flow velocities exceed the fully
developed pipe flow. The centerline deviation from the ideal profile at the most
upstream location of Z/D=3.35 is about 22% of the bulk velocity. Near the wall the
deviations are about 15% of the bulk velocity in excess of ideal profile values. These
deviations decrease with downstream distance. However, even for the measured
location of Z/D=30, the profile is still very uniform over about 80% of the center core
of the pipeflow. At this location, the centerline velocity is about 12% of the bulk
velocity below the ideal velocity.

Figure 4 presents the mean axial velocity profile, W/W,, versus the vertical radial
position, Y/D, at successive downstream locations, Z/D, from the header for

Re = 10°.  Again, the solid curve is the fully developed, equilibrated pipeflow
distribution of Bogue and Metzner. These axial velocity profiles are also symmetric
about the pipe centerline along the vertical diameter. With downstream distance, these
deviations decrease so that at Z/D=30, the central core flow is only about 10% of the
bulk velocity below the ideal values. At this location, the profile is considerably more
smoothly varying than the fully developed distribution. Both figures 3 and 4 indicate
that, for these conditions, these axial mean velocity profiles do not conform well to the
fully developed distribution even 30 diameters from the header.



Figure 5 presents vertical mean velocity profiles, V/W,, versus horizontal radial
position, X/D at successive downstream positions from the header for Re = 10°. Here,
the ideal, fully developed pipeflow is zero as shown by the solid line. The velocity
profiles indicate that this pipe flow has a severe, clock-wise swirl. These data indicate
that the swirl distribution is essentially that of a rigid body rotation. The peaks in the
vertical velocity component are located near the pipe walls. Due to the nonslip
condition, the velocity at the walls is zero. However, the velocity at or near the wall
was not measured. It has been deemed not worthwhile to make the LDV measurements
in the sub-layers of the flow near the wall owing both to the difficulty and to the nature
of this flow. Inside the sub-layer, the tangential velocity gradient should be very large
for this highly swirled flow field. At the location nearest the header, Z/D=3.35, the
upward and downward vertical velocities near the pipe walls are about 22% and -35%
of the bulk velocity, respectively. With downstream distance these deviations diminish
slightly so that at Z/D=30.0, the most distant location measured, the peak vertical
velocity is about 20% of the bulk velocity upward near the -x side wall and is about
-18% downward near the wall at the +x axis. This single eddy flow is very similar to
that from the closely-coupled double elbows out-of-plane configuration [3,4,9]. The
major difference between these flows and those from the double elbows out-of-plane
is that there is little rotation present in the exiting flow at the center of the pipe for the
double elbows out-of-plane, while the header flow shows essentially solid body rotation
even at the nearest measured location. With increased downstream distance, the swirl
produced by the double elbows out-of-plane approaches solid body rotation except near
the pipe walls where the usual wall boundary condition appears. The decay of the swirl
from the header seems to be slower than that observed from the double elbows out-of-
plane configuration.

Figure 6 shows the vertical mean velocity profiles versus the vertical radial position at
successive downstream locations from the header for Re = 10°. Again, the solid line
shows that the ideal flow distribution is zero everywhere. These profiles indicate that
all vertical velocities are small, being slightly downward nearer the header at Z/D=3.35
and slightly upward further from the header at Z/D=30.0.

Figures 7 and 8 present, respectively, the distributions for the root-mean-square (r.m.s.)
values of the axial component of the turbulent velocity, w/W,, versus the horizontal and
vertical radial positions from the pipe centerline for Re=10°. Figures 9 and 10 present
profiles of the r.m.s. values of the vertical component of the turbulent velocity, v/W,
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for Re = 10°. These measurements for different downstream distances from the header
are plotted with the results measured by Laufer as shown via the solid curve for
Re=41000 (see [13]).

These results indicate that the turbulent intensity profiles are all higher than the ideal
values (Laufer's results) and are symmetric about the pipe centerline, along either
horizontal or vertical diameters. The distributions of the axial turbulence intensities
are fairly smoothly varying across the pipe cross section, while there are high levels of
turbulence in the vertical component of the turbulent velocity at the pipe centerline.
Close to the header exit, at Z/D=3.35, the axial component of the turbulent velocity is
about 13% of the bulk velocity across most of the pipe cross section, as shown in
figures 7 and 8, and the vertical component of the turbulent velocity is about 14% of
the bulk velocity at pipe centerline as shown in figures 9 and 10. With downstream
distance, these turbulence levels decrease and approach the ideal values of Laufer.
However, even at Z/D= 30.0 all the turbulence intensities are still larger than, and the
profiles are more uniform than, Laufer's data. Both the mean and turbulence velocity
profiles indicate that the pipe flow in this outlet pipe is still in developing stages 30D
downstream from the header.

2. Velocity Comparisons Among Different Configurations

Since the header arrangement and test conditions are very similar to the double elbow
configuration studied previously, it is interesting to compare the respective exiting
velocity profiles. In this section the velocity profiles, produced by the generic header,
denoted according to the convention described above as H342-100/0-1 are compared
with those from two double elbows out-of-plane configurations: a) the closely coupled
double elbows, denoted by 2L0, and b) an arrangement having 2.4D of straight pipe
between the elbows denoted 21.2.4. The data are compared at similar locations; one
near the outlet at Z/D=3 and the other further downstream at about Z/D=30.

Figure 11 shows comparisons of the axial velocity profiles along the horizontal
diameter at two axial locations downstream from the different piping configurations for
Re=10. Figure 12 shows a similar comparison along the vertical diameter. In both
figures, the upper figure is for Z/D=3, approximately, and the lower figure is
essentially for Z/D=30. The solid curve is the fully developed, equilibrated pipeflow
by Bogue and Metzner [12]. At the near location, all three flows are very different
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from the ideal velocity profile with the header flow more uniform across the entire cross
section of the pipe and the double elbow flows having maxima flows nearer the wall.
These seem to indicate that the header configuration has provided more time for the
swirl to be established in the header and thus the swirl is more completely established
as it leaves the header, while the time for the fluid to pass through the double elbows
is relatively short and thus the exiting flows are still developing. Although there are
some differences in the quantitative details of the profiles, all three configurations
basically produce slower axial mean velocities near the pipe center.  Further
downstream as shown in the lower figures, the header flow at Z/D=30D is still very
different from the ideal profile while the flow for the 2.4D spaced double elbows is
fairly close to the ideal profile. This seems to indicate that the header flow swirl is
more coherent and stable and thus its decay is much slower.

Figures 13 and 14 show comparisons of the vertical velocity profiles at two axial
locations downstream from the three piping configurations for Re = 10°. In figure 13
the results along the diameter parallel to X, the direction of the inlet flow, are
presented, while in figure 14 the measurements along Y, the diameter normal to the
inlet flow direction are shown. Also, the upper plot in these figures is for locations
near Z/D=3 while the bottom figure is for Z/D near 30. Here, the fully developed
pipeflow is zero as indicated by the solid line. The data indicate again that the three
configurations produce qualitatively similar vertical velocity profiles. The radial
velocities, as shown in figure 14, are very small for all three cases. The swirl
velocities, as shown in figure 13, are significant for all three cases. The header flow
seems to produce the most energetic, stable swirl among the three configurations.
Near the header exit, the flow is essentially solid body rotation, while the two double
elbows out-of-plane configurations produce very little swirl near the center of the pipe.
Further downstream, as shown on the lower figure, all three flows exhibit essentially
solid body rotation and the intensity of the swirl for the header flow is the strongest
among the three cases.

3. Velocity Downstream of the Header and 19-Tube Tube Bundle

In this section, the results of the velocity measurement obtained in the pipe downstream
of the header and the 19-tube tube bundle are presented. The LDV results for the
generic header configuration with a 19-tube tube bundle downstream of the header are
presented, in detail, in tabular format in Appendix B, Mean and Turbulence Velocity
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Profiles for Header H342-100/0-1 and a 19-Tube Tube Bundle.

Figure 15 shows the sketch of the header configuration and the tube bundle installation
location. The tube bundle is installed at a fixed location relative to the header. The
upstream and downstream ends of the tube bundle are at Z=4.26D and 6.2D,
respectively. The distance downstream from the exit plane of the tube bundle flow
conditioner is denoted by the length, C, in diameters. The arrangement of the tube
bundle is also shown in the figure 15. The tube bundle used is the conventional 19 tube
concentric design. The unit is a geometrically scaled version of the prevalent unit used
in large pipe sizes according to orifice meter technology (see [14]). It is comprised of
tubes having a diameter of 9.5 mm, wall thickness of 0.4 mm, and tube length of 101.6
mm (approximately 2D length).

Figures 16 and 17 present, respectively, profiles of the time-averaged, streamwise
velocity components along the horizontal radial positions for Re=10°, The solid curve
is the fully developed, equilibrated pipeflow distribution put forth by Bogue and
Metzner [12]. The 19-tube tube bundle is installed as shown in figure 15 at the fixed
position of Z-C=6.2D and the velocity profiles are measured at several axial distances,
C, downstream of this tube bundle. These results show, just downstream from the 19-
tube tube bundle at C/D = 2.0, the jetting effects of the flows from the individual tubes.
These jetting effects diminish very quickly so they cannot be seen at C/D=6.0 These
results show that, even the tube bundle does not alter significantly the axial mean
velocity profile near the tube bundle ( e.g., at C/D=6), the tube bundle does enhance
the process of changing the axial mean velocity to the ideal fully developed profile.

At C/D=22, the axial mean velocity is fairly close to the profile of Boque and Metzner.

Figures 18 and 19 present measurement results for the vertical component of the time-
averaged velocity profile along the X and Y diameters downstream of the header and
19-tube tube bundle for Re = 10°. At all stations measured, the mean vertical velocities
are very small and below 2%. These show that the 19-tube tube bundle is very
effective in reducing the transverse velocities. Particularly, figure 18 shows that the
energetic, single eddy flow generated by the header and clearly visible via the vertical
velocity component along the X axis as shown in figure 5 is reduced by this tube bundle
to 2% or less just downstream of the tube bundle exit. Further downstream, the vertical
velocities are below 1% of the bulk velocity, except at a small region near the wall at
negative X.
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Figures 20-23 present r.m.s. distributions of the streamwise and vertical components
of the turbulent velocity measured downstream of the header and 19-tube tube bundle
along the X and Y diameters. The profiles measured nearest the tube bundle exit show,
via the peaks in these distributions, the effects of the interactions between the jetting
flows from the individual tubes. The ideal distributions from Laufer's work at
Re=41000 are shown via the solid lines. The decay of the turbulence is so rapid that
only the value at the first measured location is larger than those of the Laufer data. At
all other measured stations, the turbulence intensity is lower than the Laufer data.

Also, these measured profiles are more uniform across the pipe cross-section. These
data indicate the turbulence distribution is still dominated by the effects of the multi-jet
mixing flows and the pipeflow is still developing downstream of the 19-tube tube
bundle even at C/D=22. These results indicate that these pipeflows are still decaying
at these locations downstream of the tube bundle, apparently due to the multi-jet
turbulence. The viscous effects of the pipe wall boundary layer have not completely
traversed the entire pipe cross section and equilibrated these flows. Thus, it is
concluded that these pipeflows are still evolving toward fully developed distributions.

B) Characteristics of the Mean Velocity Profile

The results presented above include both the mean and turbulence velocity profiles
downstream of the selected header. The next effort is to characterize and understand
these velocity profiles in order to find some criteria for improving the meter
performance prediction prospects in these nonideal conditions.

Different piping configurations produce different velocity profiles. These velocity
profiles change the pipe flow characteristics from those of the fully developed
distributions of ideal flow and these in turn can significantly affect flowmeter
performance. Based on the measured velocities, important flow field parameters can
be defined and quantified. Depending on the particular piping configuration some
parameters may be more important than the others in affecting meter performance.
Previous research results have shown that swirling flows produced by several different
pipe configurations can have very strong effects on the meter performance of selected
meters [1,6,7].

Various parameters can be used to characterize the degree of the swirl flow. The swirl
angle at a point in the flow, defined by the vertical inclination angle of the velocity
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vector as ¢ = arctan (V/W), 1s good example. It is a measure of the flow vector's
deviation from the ideal streamline direction. Figure 24 shows the profiles of the point
swirl angle ¢ vs. horizontal radial position at different downstream locations from the
header. The swirl produced by the header configuration is quite similar to that from the
closely-coupled double elbows out-of-plane configuration. At the upstream location
of 7Z=3.35D, the swirl angle approximates +16° near one side of the pipe wall and -20°
near the other side. These swirl angles change as the distance downstream increases.
In the absence of flow conditioners, this swirl is still very strong (+ 12°) at the 30D
distance downstream. Figure 25 shows point swirl angle distributions at different
downstream locations from the header and the 19-tube tube bundle. Except near the
exit of the tube bundle, the point swirl angles are all very small and less than 1°. These
data show again that the tube bundle flow conditioner is very effective in removing
swirl from pipe flow.

It is noted that there is only one large swirl eddy produced in this header configuration.
To characterize the decay of the swirl flow, a mean swirl angle, S,, is defined as

S,=(® +d)/2 %))

where ¢, and ¢_ are, respectively, the maximum magnitudes of the point swirl angles
in the positive and negative X directions along the horizontal diameter at a given axial
location Z.

Figure 26 shows the comparisons of the decays of the mean swirl angles downstream
from different piping configurations. Data are shown for five piping configurations:
header H342-100/0-1; double elbows out-of-plane(closely coupled, 2.42D spaced, and
5.32D spaced); and header with tube bundle. These data show the header produces
the most energetic swirl and has the slowest decay rate among the five cases. At axial
position, Z/D=30, the mean swirl angles are about 12°, 7°, and 2° for the header, closed
coupled double elbows out-of-plane, and 2.42D spaced double elbows out-of-plane,
respectively. The mean swirl angles for the other two cases are negligibly small.  This
is further testimony to the severity of the swirl produced by this header piping
configuration. The large initial mean swirl angle for the double elbows out-of-plane is
due to the large point swirl angle near the wall. These large swirl eddies decay very
rapidly due to the wall boundary condition as well as the diffusion of the vorticity to
the pipe center as they move downstream. The initial diffusion of the swirl for the
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double elbows out-of-plane is enhanced due to the fact that the initial axial vorticity is
small in the pipe center for the double elbows out-of-plane configuration. The decay
of swirl flows can also be quantified by a pipe swirl number defined as follows:

+0.

s
WVX | X
S, - 4 1 X | 4oy @
W D?

0.5

The swirl number, S,, corresponds to an integral of the angular momentum over the
entire pipe cross-section. Figure 27 shows the streamwise distributions of the swirl
numbers for Re = 10° for the same five piping configurations (H342-100/0-1, L+X-Ys
with three different spacings, s=0, 2.42 and 5.32D, and H342-100/0-1 with tube
bundle). These data indicate that the header piping produces very energetic, long-
lasting, single-eddy, swirled flows. As noted for the mean swirl angle, the swirl
number, S, for the header is the largest and shows the slowest decay with downstream
distance among the five configurations. The S, values for closely coupled (s=0) double
elbows-out-of-plane are much smaller than those for the header. The values of S, for
spaced (s = 2.4 and 5.3 diameters) double elbows-out-of-plane and for the header with
the tube bundle are all negligibly small.

Another useful quantity regarding the pipe flow profile is the degree of the flatness or
peakness of the mean velocity profile. To quantify the peakness of the velocity profiles
produced by the piping configurations, a number of peakness parameters are introduced
(see [15]). These include:

P-W /W -1 3)
P=W2/ W2 -1 @
P,-1-W /W, 5)

P,-W /W, (6)
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P ] (W-W) d(/D) / W, )
P f”'s(w:-w ?) d@/D) / W} ®

P f""SW(wc-W) 4D / w} o

where W, is the velocity at the pipe centerline location and W, is the velocity at a point
near the wall, defined as r=0.475D. All the parameters have similar meaning for
characterizing the velocity profile peakness. A larger peakness index will mean high
flow velocities near the pipecenter, i.e., a more "peaky" profile near the center core.
Both P, and P, show the overshoot of the centerline velocity from the average bulk
velocity, except P, is normalized by the averaged bulk velocity while P, is normalized
by the centerline velocity. P, quantifies the excess of the centerline dynamic pressure
over the dynamic pressure based on the averaged velocity. P, is the ratio between the
centerline velocity and the velocity near the pipe wall (at 2.5% diameter from the wall).
The parameters P, P,, and P, are obtained only by the single point velocity at the pipe
centerline. P, is determined by two local velocities, while Ps, P, and P, are determined
from integrations of velocities over the pipe diameter. These integrated quantities are
similar to the displacement thickness and momentum thickness parameters commonly
used in studying boundary layer flows.

Other investigators have introduced some of these parameters in their studies. For
example, Klein [16,17] called P, a blocking factor in studying turbulent, developing
pipe flow and the effects of inlet conditions on conical-diffuser performance. In
studying the effect of flow profiles on orifice meter performance Ghazi [18] has
introduced the parameters F, and F, which are closely related to the peakness
parameters, P, and P, respectively; in which F=1-P, and F, = 1/P,.

Besides these peakness parameters, other parameters that quantify how the flow is
displaced from the center of the pipe can also be used. A more peaky flow means that

14



the flow is faster at and near the pipe center with slower flow further from the pipe
centerline. A displacement parameter is introduced to quantify the average flow
displacement from the pipe centerline for a selected quantity as follows:

j:;a W 2r® dr

D, - N
Dfn';"wmrndr

(10)

In this report, the results for only two flow displacement parameters will be presented.
D,, is for the dynamic pressure, W and D,, is for the first radial moment of the
dynamic pressure, W?r. Likewise, only two peakness parameters, P, and P, are
presented here.

These profile peakness and flow displacement parameters are determined as functions
of the axial distance downstream from different piping configurations for Re=10°.
Figure 28 shows the evolution of the profile peakness, P, downstream from different
piping configurations. In the figure the change of the peakness from the ideal flow
condition is plotted. Figure 29 shows the evolution of the profile peakness, P, for the
flow from five piping configurations as noted. Figures 30 and 31 show the evolutions
of the profile displacements D,, and D,,, respectively, for the same five configurations.
Again, all these flow profile indexes presented are given by the values that differ
significantly from the ideal condition. Thus, if a profile is flatter than the ideal profile
the change of the peakness relative to the ideal will be negative. In this case, the flow
field is displaced from the centerline and the change of the displacement relative to the
ideal should be positive. On the other hand, if the change of the peakness is positive,
or the relative change of the displacement is negative, the axial mean velocity profile
is more peaked at the pipe center.

These data show that, for small values of Z/D, the changes in the peakness, parameter
are negative and the changes in the displacement are positive. With downstream
distance, the values tend to approach the ideal values. They also show that the header
flow with no flow conditioning has profile indexes that deviate more from the ideal
values than most of other configurations.
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SUMMARY AND CONCLUSIONS

Experimental measurements have been made, using laser Doppler velocimetry in the
pipe flows produced by a generic header. With a limited set of measurements of fluid
velocity, the profile characteristics of the mean velocity downstream of a header are
described both qualitatively and quantitatively. Several profile indexes are introduced
to characterize the profile swirl, peaknesses, and flow displacements. These indexes
could be used to develop criteria for improving flow meter performance in nonideal
installation conditions. The velocity data indicate that the header produces, initially,
a velocity profile that is highly swirled and more smoothly varying than the fully
developed distribution that is pertinent to the Reynolds number and relative roughness
conditions.

The secondary flow produced by the header is very similar to that for the closely-
coupled double elbows out-of-plane configurations. As compared to fully developed
pipe profile, the header flow velocities near the pipe center are much slower, and those
near the pipe walls are faster. At the location, 30D downstream from the header, the
profile is fairly flat across most of the center core of the pipe, and it is symmetric. A
strong single eddy swirl distribution is generated by the turning action of this header
configuration. Results indicate that the single eddy produced by the header is relatively
stable and organized and its dissipation is slower than the swirl from previously studied
double elbows out-of-plane cases. Additionally, these flows are accompanied by levels
of turbulence that are slightly lower than those for the double elbows out-of-plane. The
net results are that the flow effects from the header dissipate more slowly than those
from the double elbows out-of-plane. Data for the conditions tested show that the
single-eddy swirl pattern produced by the header persist to well beyond 30D from the
exit of the header. The extent to which this swirl propagates down the pipe has not yet
been completed. The flow also has smoothly varying turbulence distributions across
the pipe even at Z=30D and the flow is still developing toward a fully developed
pipeflow condition.

The results obtained when a tube bundle is installed in the outlet piping show that, just
downstream of the 19 tube bundle, the pipeflow is dominated by the effects of the
multi-jets from the individual tubes. The axial velocity profiles exhibit very smoothly
varying velocity distributions in which the major portion of the center core of the
pipeflow is quite slow in comparison with the fully developed distributions. The 19-
tube bundle is quite effective in reducing transverse velocities. At 22D downstream of
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the tube bundle, the effect of the pipe wall boundary layer has not yet completely
propagated over the entire pipe cross section and thus the pipeflow is still in the
process of evolving toward the fully developed distribution.
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Header H342

One Inlet: 77 mm Dia.
Two Qutlets: 52 mm Dia.
Tank Body: 103 mm Dia.

52mm outlet

77mm Inilet
All dimensions are

‘ * A nominal and in mm
178

152

T 813
Outlet-1

— 103 330

|

!

152
Outlet-2 v

Figure 1 The Generic Header Geometry, H342 Consisting
One Inlet and Two Outlets.
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Figure 11 Comparison of the Axial Velocity Profile vs.
Horizontal Radial Position at Two Axial Locations Downstream
from Different Piping Configurations. Re=100,000.
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32



JUdURSURLIY JJpung IqN], ANIJUIDUC)
Qqny, ¢1 2Yy) puk uone|jeIsuj d|pung IGN], puv JIPELIH Y3 JO SIYIIMNS S] oINosiy

(sseuxoly} llem wwp'0 ‘gl WWG'g)elpung eqnL-gl

- wwo'Lop  ——*>

|||||||||||||||||||||||||| MO

CptH 13pedH
(LU0 ,

O = ac9 —-—
Z

[-39pn O

Ay

ww g 7S=(] I3mel(q 2dig

olpung 2qnJ-6]

33



dlpung IqnJ-¢I Y} pue JIPBIF] AY) WO.IJ SUOIIEIOT] WRIANSUMO(
JUAIIIJI(] I8 UONISOJ [BIPBY [BIUOZLIOK] "SA AJIIO[IA [BIXY UBIJA] Y3 JO SI[JodJ O 9ANIIy]

a/x
0S'0 G20 000 G2'0- 0S'0-
L} ) ] | ) - T T T | — | ] ] T L} —  § T L T mN.o
I 07T TST v )
S'LI L'€T v Juz)d nSog —
g€l L6l ] VPN 4
= . u
) “ 000°001="
. d[pung aqnJ-¢] ¥
. 1-0/001-ZvEH 13pEdIH
- 00°L

1 1 1 1 1 1 1 1 1 1 1 I L 1 1 I Il 1 1 mN.—.

IM/m

34



d[pung AqnI-¢] Y} PuUB JIPBIE] Y} WO.IJ SUOIBIO] WBIIISUMO(
JUIIPFI( 38 UOBISOJ [BIPBY [BINIIA *SA KJII0[IA UBIIA [BIXY Y3} JO SI[Y01d LT ansiy

a’A
050 GCo 000 GC'0- 06'0-
T T T T T T T T T T T T T T T T T T T WN.O
K 0Tt T8t J
LT L€t JOUZR % Inog ——

000°001="
slpung aqnL-61 ¥ [-0/001-ThEH 1FPEIH

O e O w4 <«

1

00°4

1 1 1 1 ] 1 1 1 1 1 1 1 1 1 1 —l L 1 1 mNF

QIm/m

35



0S0

-3[pung 2qnI-¢T Y} Pue JIPEIF Y} WO.J SHOPBIOT WEILSUMOQ
JUIYI(] I8 UONISO [BIPRY [BIUOZIZOY °*SA A}IO[IA UBIIA [BILIDA 3Y) JO SAYOId 81 XY

a’x

000

060-

000°001=Y
sjpung 3qnI-61 % 1-0/001-TPE€H 2P¥H

0T TST
SLT L€T
S'€l L6l
o'or  T91
09 TU
0T T8
an az

ocoenomd4d <«

G100-

0000

GL00

0€00

QdMm/A

36



0S0

dpung NI -6 AY) pue JIPBIF Y} WOILJ SUOHEIOT WIBIIISUMO(]
JUAIIJI(Y I8 UOHISOJ [BIPBY [BINIIA *SA AJIDO[IA UBIA] [BINIIA Y) JO SIJOIJ ] 9INSI]

a’/A
Gco 000 GC0o- 0S°0-
T T T T T T T T T T T Y T T T T T T T GLO0-
i A o~ \n/ Jﬂ n o ]
..... N o LN B~y
= Dl n «.l\.l. U../ - o & . u ) *
%/\. .IXW\I\ o //.O/ - .Ul\onlﬂl Uwo.\\< /4/I\M4 /\....T/IM, \\\1%~IM| 0000
o Ry T S Ayt TR
- \ S Jd \ 7
\ A /
- 0T 18T v o \ \\ /, 5100
SLT L€t v M [edp] ——
S°€l Lel n
B 001 91 D
09 (441 ®
| 0t T8 o 000°001=Y
a Wz jpung 3qnJ-61 % [-0/001-TH€H 13peIH
1 1 1 1 | 1 1 1 L i 1 1 1 1 1 1 1 1 1

0e00

AIMm/A

37



d[pung N J-6[ Y3 puL IIPBIY Y} WO.1J SUOHIBIOT WBINSUMO(
JUIIILI( I8 UOHISOJ [BIPBY [BIUOZIZOH "SA ANIOIA JUIINQINY, [BIXY dY) JO SA[Jo1g (T 9ANBig

a’x
050 §¢°0 00°0 G¢0- 0S'0-
¥ ] 1 LI 1 1 ] L L k] 1 T L ¥ T 1 Ll L L) L oo-o
f ]
r ]
I 60’0
i Mo
~
T 2
=
i oL'0
- 07T T8T v N —° 4
SLT L€ v . .
i S€l L6l = 000°Ip=oY “ayne| —
L 00l 791 o
07 T8 . 000°001=2
i o ) ] ] 1
e.\._u az olpung qnj-61 ¥ 1-0/001-C¥€H 1PPeIH

T | 1 1 1 I 1 L | I y N . m—..o

38



-apung I -6 Y} puk IIPLIH Y} WoJJ SUOHBIOT WedNSuUMo(q
JUSISJFI( JE UOBISOJ [BIPBY [EINIIA SA KJRORA JUINQIN, [BIXY 3Y) JO SIYoId TT M3l

a/’A
0S'0 G20 000 6Z'0- 0S°0-
v T v L I L) T T I 1 T L ¥ T 1 v v 4 T oo.o
L
- 4500
I g
S~
- <
(=
_ . . 4010
! SLT L€ v 000°Ip=0Y ‘Jojney ——
g€l L6l »
- 0’01 91 a
09 ca °
r 0T ©8 o 000'001="4 ]
" a wz Jjpung aqni-¢I % 1-0/001-ZHE€H 1Ipe3H ]
1 1 1 [ [ I ) 1 1 1 1 1 1 3 { 3 4 1 1 mFo

39



d[pung 3qnJ-¢I Y} pus JIPBIY Y} W0.1J SUONEBIO] WBILSUMO(] JUJJIQ
38 UOnISOJ [BIPBY [BIUOZIZOH "SA A)IIO[IA JUINQIN ], [BIIIA IY) JO SIYOIJ TT ANl

a’/x

000

06°0-
000

0T TST v PP ——
Sl LT v 000°Iy=oY ‘19jne]
- SEl  L61 m -
00l 791 o
i 0TI e 000°001="Y
0°c 8 ° fpung qnj-6I % [-0/001-TF€H PPPEIH
L 1 QHM-V H—\N 1 1

oL0

40



Jjpung IqnJ -6 Y} pue JIPELIR Y} WOo.j SUOIIBIO] WBILSUMO(] JUWAIIJIJ

J€ UONISOJ [BIPBY [BIIIA °SA AJIDOPA JUINQINT, [BINIIA Y] JO SIJOAJ €T oINS

a/A
000 GC0-

06°0-

¥

0t T8t
LT L€t
S'€T  L61
001 T91
09 TT
0T T8
Q\n_v az

O e O0Omd 4

000°1p=2Y ‘1ojne] ——

000°001=Y
pung dqn1-6I ¥ [-0/001-Tr€H 1PPEdIH

000

oL'0

41



*19PBI YY) WOIJ SUOIBIOT WBIISUMO(

JUAIIJJI( J& UOPISOJ [BIPBY [BUOZLIOF °SA ¢ J[Suy MIMS Y} JO SI[IJoag PT 9ansig

a’x
0S°0 GC0 000 GC0- 0S0-
] L} L i | L) Ll | |  J R | L L 1 L) L L B iJ
ﬁ. °~— 4 0¢-
L Dnllo”n/ .
N o 0'0E v |
| ....I. /Ul”‘/ 0°ST v §
P Wil s oL
- _ m N . o i -
| 1./1/4/. . .. /m,.M phL o | mu
v ~ I.... d,//n.v'/ . nade
R .. V.. . ‘. . Ju//”” 1~ % o “
= (g
! 1° &
- =
L (9]
U
- 4 0L
I 000°001=4 1
i 1-0/001-Z¥€H 1PPBIH
L | 1 1 1 1 | -1 1 ' 1 ON

42



-3[pung 3qnL-¢I Y} pue JIPBIH IY) WO} SUOBIO] wednsumoq
JUAIJI(] I UONISOJ [BIPEY [BUOZLIOH 'SA ¢ JSuy HIMS Y) Jo SIPoad ST 3IMBLY

a’/x
000 GC0-

0Tt

S°LI
S'€l
0°01
0'9
0'¢
ad

(414
L'€T
L'el
91
(44}
(4}
a/z

Oe O md <«

000°001=_Y
sjpung aqnL-6I ¥ 1-0/00I-TV€H 1PPEH

[8aq] ‘¢ Buy Mg

43



‘suopeangyuo) surdig

U1 WO WHILSUMO(] 'S [BUY [AIMS UBIJA Y} JO SABII( Y, 9T 9aNBI]

a/Z duesiq [BIXY

001 08 09 (114 0z 0
I LS T 1 T T T 1 T T T
[eap]
=S e e e — / 0
llllllllllll o— ©- |°I°\\°r -0
TR ——— I..IP ......... D...
AN P - e Q.I/ld/ ‘A
NS T T —— v | =
— — — W
T N ] w
N 2
N =,
~ ]
o =
- Jjpung dqnI-6] ¥ 1PELIH o oo 0t =
i ICSA-X+T ‘smoqigdjqnoq N \ w0
WIA-X+1 ‘smoqugdqquoq v A V1 =
I 0X-X+T ‘smoqig a|qnoq o \ \ =
1-0/001-TPEH 13P83H o ™~ , 03
o——g \ | =
000001 =24 /w
[ I 2 1 3 1 1 [ I 3 2 1 g g 3 1 [ 1 1 ON

44



‘suoneandyuo)) surdig
JUIRYJI( WO WBINSUMO(] 'S Jaquin) [IIMS ) JO SABII( YL, LT 9Ind1g

a/Z Puesiq [eIxy

010 ] 08 09 (1) 4 0c 0
 § | | — 1 L L] — 1 T ¥ | L] L -\ N ?-O'
A P ]
o
s[pung oqnj-61 9 9PLIH o -
ZE'SA-X+T ‘smoqg a|qnoq  a Vi 1
" WIA-X+T ‘smoqaadqnoq v J 5800
I 0X-X+T7 ‘smoqigdqnoq o o\ /o
-7 I3pud
i 1-0/001-TPEH 4P3PB3H o ) . IK
¢ =9 yd
000001 =" _
yd
i yd 4 ¥0°0-
I o o — /ﬂ \
op .
- =TT oo SN
I.dl.dllIIIIIIIIIIIIIIIIAI/ 0—-0--—0—0—0-—0 000
1e9p] i
£ p 1 1 1 1 3 3 3 { 1 ) [ I 1 1 1

IS Jaquny [IMS

45



‘suoneangyuo)) suidig
JUIRYJIJ WOLJ WRILSUMO(] ] SSIUNEIJ 101 Y} JO UOYN[OAT Y §T 2INBI]

d/Z dduesiq [BIXY

00l 08 09 oV (14 0
T T ¥ T T T L] 1 T ¥ T 1 T T T ] T L v O.OI
i a[pung aqnj-g[ X P H O A
i LESA-X+T ‘smoqg sjqno@ A \R I
i WIA-X+T ‘smoqg dqnoq v y, .
0A-X+T1‘smoqg ajqnoq [ \o |
1-0/001-Z¥€H “I9P¥IH O \mﬂ d»
SN T
000°001 =4 o7
B \O / \\ﬂ/ 1€0°
o / £ V.
/ . 4\ R
oo \\W\ ’
! / / 1
\\\\\\ o 7
G T T T \\\ / -

A xv -
L“._q Vu\ Q 00
Y ~ e ———— v Jyoag jed

NS 1yo1d vapI |
1 1 1 _§ 2 2 2 | [ 2 2 1 1 2 2 [ 1 1 I

46

L -4 ssauyedg Jo suey)



‘suopjeansyuo) suidig

JUIPI(I W0JJ WBIISUMO(] *J SSIUNBIJ I[1JO.IJ Y} JO UOHN[OAT] YL 6T NSy

d/Z Puesi(q [BIXy

oot 08 09 ov 0z 0
T 14 ¥ 1 T T T T T T T T r T r I ' ; y D m.OI
lpung Iqn]-¢] ¥ JOPBIH O Mn_
I TESA-X+T ‘smoqigaqnoq A o \n 1
WTIA-X+T ‘smoqaajqnoq v o < ....Q ;
N OA-X+T‘sMmoqigaqno O B / | .
1-0/001-Zv€H “PPBIH O 7 py
o \\n\/o
- 000001 =Y o \\ & A -
P,
/7
/)7 o\
B e —-—n y 4 10-
\\\\\ /D\ i
—_— /
\D\ —_ \\ AV\
I . |
N/ \\h\ o.\
B = v
\\\\\\ 00
\\\\\\\\ dyo.aq eap]
~—w-v—"
2 1 1 1 3 1 1 1 1 1 1 1 1 1 1 1 ' A .

Va-°d ssauyedg Jo IBuey)

47



‘suoneandyuo)) uidig yuddIq
wo.y weasumo(q % juawadedsi(q A[yyoa Y3 JO UOHN[OAT YL, (F 2ANDi]

a/Z dduesiq [BIXY

00l 08 09 1] 4 0c 0
T T T 1 T T T T T T T T T T T T
.\\‘M N -
SN T —— _ a[youd [eapy
7 \ ~~ = X
4
\ D ,,,,,, \%4// /.
- T T T —— a” AN 9. .
I R AT
o N \

o[pung aqnj-61 % I3pedIH
CE'SA-X+T ‘smoqig sjqnoQ
W IA-X+T ‘smoqiy dqnoQ
0X-X+T ‘smoqi7 sjqnoq
1-0/001-ZP€H “1OpeoH

000°001 =94

oodpbo

000

¢00

¥0°0

q - %q ymawdedsiq Jo 3Buey)

48



d/Z uesiq [BIXY

‘suoneangdyuo)) suidig U1
wo.uy wednsumoq g yuawadedsi ap1yoad 3Y) JO UORNJOAT YL 1€ 9ANBI]

00} 08 09 oY 02 0
\/ ] T T T T Y T T T T T T ] v T T
AL O a
LN TTT— / N\ -
(\ / lllll — Vﬂlﬂ // ayoa g [esp]
n——— =
. N
- / \\ / ﬁ o
AN / \
NN
N o . /,q/ » .
/O/ / / \ /
A O—R o\ |
Jpung 3qni-] ¥ JPEH O \ Ad b
! 1€'SA-X+T ‘smoqig ajqnoq A o/ y
WIX-X+1 ‘sMoqgdiqnoq v \ .....v
O
O

0X-X+7 ‘smoqy d[qnoQq
1-0/001-Z¥€H “19pBoH

000°001 =24

000

c0'0

00

slz(I _ IZ(I JuamaoB[dS!([ Jo aﬁueq;)

49



APPENDIX A

Mean and Turbulence Velocity Profiles
for Header H342-100/0-1

Velocities in the Outlet Pipe #1
with Outlet #1 Fully Opened and Outlet #2 Fully Closed.
Water Temperature = 21.5 °C
Water Kinematic Viscosity =9.71958*107 m?%s
Pipe Diameter, D = 5.25 c¢m (2.07 in)
Reynolds Number Re =100000
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1) Velocity Profile at ¥=0, and Z=3.35D

X/D

-0.460
-0.421
-0.383
-0.345
-0.307
-0.268
-0.230
-0.192
-0.153
-0.115
-0.077
-0.038
0.000
0.038
0.077
0.115
0.153
0.192
0.230
0.268
0.307
0.345
0.383
0.421
0.460

W/W,

0.950
1.012
1.030
1.023
1.014
1.010
1.000
0.997
0.996
0.992
0.991
0.993
0.990
0.984
0.985
0.986
0.986
0.987
0.993
0.997
1.000
1.005
1.013
1.005
0.972

w' /W,

0.144
0.138
0.130
0.130
0.127
0.125
0.127
0.123
0.124
0.123
0.127
0.132
0.131
0.131
0.132
0.133
0.131
0.131
0.132
0.129
0.129
0.126
0.128
0.130

0.140

O O O O O O 0O O O O

V/W,

.246
.233
.207
.179
.150
.115
.093
.057
.033
.013
.001
.034
.050
.063
.089
.109
.130
.154
.175
.219
.254
.291
.323
.351
.355

v'/W, ¢.Deg.

.

O O O O O O O O O O O O O O 00O 0 O oo o o O o o

Al

.150
.138
.132
.125
.125
.128
.130
.133
.136
.140
.141
.146
<145
.143
.138
.136
.133
.132
.131
.135

139

.144
.150
.153
.160

14.52
12.97
11.36
9.92
8.41
6.50
'5.31
3.27
1.90
0.75
-0.06
-1.96
-2.89
-3.66
-5.16
-6.31
-7.51
-8.87
-9.99
-12.39
-14.25
-16.15
-17.69
-19.25
-20.06
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2)Velocity Profile at X=0, and Z=3.35D

Y/D

-0.460
-0.421
-0.383
-0.345
-0.307
-0.268
-0.230
-0.192
-0.153
-0.115
-0.077
-0.038
0.000
0.038
0.077
0.115
0.153
0.192
0.230
0.268
0.307
0.345
0.383
0.421
0.460

W/W,

0.945
0.993
0.992
0.984
0.984
0.985
0.983
0.975
0.981
0.983
0.983
0.986
0.989
0.986
0.985
0.979
0.983
0.983
0.982
0.978
0.976
0.968
0.959
0.942
0.875

w' /W,

0.136
0.136
0.132
0.128
0.127
0.128
0.128
0.124
0.128
0.126
0.126
0.127
0.129
0.128
0.126
0.123
0.122
0.122
0.124
0.125
0.123
0.122
0.123
0.126
0.135

V/W,

-0.006
-0.014
-0.031
-0.039
-0.044
-0.057
-0.040
-0.050
-0.050

-0.056

-0.047
-0.052
-0.049
-0.048
-0.049
-0.040
-0.040
-0.036
-0.028
-0.030
-0.028
-0.026
-0.016
-0.017

0.001

v'/W, ¢.Deg.
0.078 -0.36
0.105 -0.81
0.106 -1.79
0.112 -2.27
0.116 -2.56
0.120 -3.31
0.123 -2.33
0.126 -2.94
0.130 -2.92
0.133 -3.26
0.138 -2.74
0.141 -3.02
0.144 -2.84
0.145 -2.79
0.141 -2.85
0.140 -2.34
0.138 -2.33
0.138 -2.10
0.134 -1.63
0.128 -1.76
0.120 -1.64
0.112 -1.54
0.102 -0.96
0.096 -1.03
0.085 0.07
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3) Velocity Profile at Y=0, and Z=7.44D

X/D

-0.460
-0.421
-0.383
-0.345
-0.307
-0.268
-0.230
-0.192
-0.153
-0.115
-0.077
-0.038
0.000
0.038
0.077
0.115
0.153
0.192
0.230
0.268
0.307
0.345
0.383
0.421
0.460

W/W,

0.828
0.908
0.966
0.994
1.005
1.009
1.009
1.013
1.015
1.015
1.015
1.016
1.018
1.016
1.015
1.018
1.017
1.014
1.016
1.015
1.012
1.008
1.006
0.987
0.956

w' /W,

0.138
0.123
0.118
0.113
0.113
0.111
0.109
0.108
0.107
0.103
0.105
0.102
0.100
0.102
0.102
0.102
0.101
0.102
0.103
0.105
0.109
0.112
0.114
0.119

0.132°

O O O O OO 0o O O O 0o

V/W,

.227
.228
.218
.197
.172
.145
.124
.093
.071
.044
.019
.007
.025
.050
.080
.101
.120
.148
.179
.202
.228
.251
.272
.285
.282

v' /W,

0.145
0.131
0.123
0.116
0.108
0.102
0.104
0.101
0.103
0.103
0.104
0.107
0.109
0.106
0.102
0.099
0.096
0.092
0.090
0.089
0.087
0.090
0.092
0.096
0.126

A3

¢.,Deg.

15.33
14.10
12.72
11.21
9.71
8.18
7.01
5.25
4.00
2.48
1.07
-0.39
-1.41
-2.82
-4.51
-5.67
-6.73
-8.30
-9.99
-11.26
-12.70
-13.98
-15.13
-16.11
-16.43
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4) Velocity Profile at X=0, and Z=7.44D

Y/D

-0.460
-0.421
-0.383
-0.345
-0.307
-0.268
-0.230
-0.192
-0.153
-0.115
-0.077
-0.038
0.000
0.038
0.077
0.115
0.153
0.192
0.230
0.268
0.307
0.345
0.383
0.421
0.460

W/W, w'/W,

0.901
0.967
0.991
0.993
0.993
0.999
1.005
1.008
1.007
1.013
1.012
1.015
1.015
1.017
1.021
1.020
1.017
1.016
1.017
1.015
1.012
0.998
0.989
0.964
0.891

0.121
0.107
0.104
0.104
0.103
0.100
0.098
0.099
0.098
0.097
0.101
0.100
0.101
0.099
0.099
0.098
0.097
0.096
0.098
0.097
0.102
0.099
0.104
0.110
0.127

V/W, v'/W,

0.003
-0.011
-0.011
-0.018
-0.014
-0.018
-0.018
-0.021
-0.015
-0.018
-0.020
-0.024
-0.025
-0.024
-0.020
-0.017
-0.017
-0.015
-0.013
-0.014
-0.011
-0.011
-0.009
-0.004

0.001

0.056
0.065
0.071
0.076
0.084
0.092
0.095
0.098
0.100
0.102
0.102
0.106
0.109
0.107
0.103
0.100
0.098
0.094
0.089
0.085
0.083
0.081
0.080
0.081
0.078

A4

¢.,Deg.

0.19
-0.65
-0.64
-1.04
-0.81
-1.03
-1.03
-1.19
-0.85
-1.02
-1.13
-1.35
-1.41
-1.35
-1.12
-0.95
-0.96
-0.85
-0.73
-0.79
-0.62
-0.63
-0.52
-0.24

0.06
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5) Velocity Profile at Y=0, and Z=12.44D

X/D

-0.460
-0.421
-0.383
-0.345
-0.307
-0.268
~0.230
-0.192
-0.153
-0.115
-0.077
-0.038
0.000
0.038
0.077
0.115
0.153
0.192
0.230
0.268
0.307
0.345
0.383
0.421
0.460

W/W,

0.926
0.984
1.010
1.015
1.021
1.022
1.024
1.026
1.027
1.027
1.027
1.024
1.025
1.024
1.028
1.030
1.030
1.030
1.029
1.024
1.018
1.006
0.986
0.951
0.882

w' /W,

0.112
0.101
0.095
0.089
0.088
0.088
0.088
0.088
0.087
0.086
0.087
0.089
0.090
0.093
0.089
0.089
0.089
0.091
0.092
0.093
0.094
0.096
0.100
0.104
0.108

V/W,

0.253
0.226
0.211
0.191
0.174
0.154
0.137
0.112
0.093
0.069
0.041
0.015
-0.003
-0.022
-0.055
-0.081
-0.103
-0.136
-0.164
-0.182
-0.214
-0.224
-0.245
-0.259
-0.257

v'/W,

0.115
0.103
0.095
0.093
0.090
0.089
0.085
0.085
0.090
0.091
0.094
0.096
0.096
0.094
0.089
0.086
0.083
0.086
0.086
0.088
0.088
0.091
0.094
0.098
0.110

AS

¢.Deg.

15.28
12.94
11.80
10.66
9.67
8.57
7.62
6.23
5.17
3.84
2.29
0.84
-0.17
-1.23
-3.06
-4.50
-5.71
-7.52
-9.06
-10.08
-11.87
-12.55
-13.95
-15.23
-16.25
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6) Velocity Profile at X=0, and Z=12.44D

Y/D

-0.460
-0.421
-0.383
-0.345
-0.307
-0.268
-0.230
-0.192

-0.153
-0.115
-0.077
-0.038

0.000
0.038
0.077
0.115
0.153
0.192
0.230
0.268
0.307
0.345
0.383
0.421
0.460

W/W, w'/W,

0.894
0.967
0.997
1.007
1.020
1.025
1.030
1.033
1.030
1.026
1.025
1.025
1.024
1.022
1.023
1.025
1.026
1.026
1.021
1.018
1.013
1.006
0.989
0.956
0.869

0.113
0.101

0.092

0.092
0.090
0.087
0.086
0.084
0.088
0.084
0.087
0.088
0.089
0.089
0.085
0.086
0.088
0.086
0.089
0.088
0.087
0.0590
0.094
0.101
0.120

V/W,

0.000
-0.003
-0.005
-0.006
-0.008
-0.007
-0.010
-0.007
-0.010
-0.007
-0.010
-0.007
-0.010
-0.008
-0.006
-0.004
-0.005
-0.008
-0.008
-0.005
-0.006
-0.004
-0.004
-0.005
-0.002

v' /W,

A6

.059
.054
.059
.061
.064
.069
.073
.077
.082
.087
.091
.094
.095
.094
.092
.089
.086
.082
.078
.072
.066
.065
.062
.059
.060

¢ .Deg.

0.00
-0.18
-0.29
-0.34
-0.45
-0.39
-0.56
-0.39
-0.56
-0.39
-0.56
-0.39
-0.56
-0.45
-0.34
-0.22
-0.28
-0.45
-0.45
-0.28
-0.34
-0.23
-0.23
-0.30
-0.13
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1) Velocity Profile at ¥Y=0, and Z=21D

O O O O O O O OO0 0 O o o

X/D

.460
.421
.383
.345
.307
.268
.230
.192
.153
.115
.077
.038
.000
.038
.077
.115
.153
.192
.230
.268
.307
.345
.383
.421
.460

©C O KH K KFHPEFERPERERRPREPERPBRERRPRBRMEMHBdRPBRARBROOO

W/W,

.914
.979
.013
.030
.041
.045

.044

.045
.048
.048
.049
.050
.049
.052
.050
.051
.050
.045
.046
.046

.038

.032
.013
.986
.914

w' /W,

OOOOOOOOOOOOOOOOOOOOOOOOO

.100
.091
.086
.082
.080
.078
.075
.074
.073
.072
.071
.071
.072
.072
.073
.072
.074
.073
.074
.077
.080
.083
.087
.092
.102

O O O O 00O OO0 O oo O o o

V/W,

.245
.236
.217
.194
174
.159
.139
.108
.089
.067
.043
.025
.011
.017
.032
.058
.080
.102
.114
.140
.157
.175
.194
.212
.228

v' /W,

0
0
0
0
0
0
0
0
0
0
0
0
0.
0
0
0
0
0
0
0
0
0
0
0
0

A7

.095
.089
.083
.080
.079
.076
.075
.075
.078
.080
.083
.084

083

.083
.081
.080
.081
.081
.082
.083
.084
.086
.089
.093
.100

¢.,Deg.

15,
13.
12.
.67
.49
.65
.58
.90
.85
.66
.35
.36
.60
.93
.75
.16
.36
.57
.22
.62
.60
.62
.84
.13
.01

10

O B N W a2 O;n 3 0 v

01
55
09
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8) Velocity Profile at X=0, and Z=21D

Y/D

-0.460
-0.421
-0.383

-0.345

-0.307
-0.268
-0.230
-0.192
-0.153
-0.115
-0.077
-0.038
0.000
0.038
0.077
0.115
0.153
0.192
0.230
0.268
0.307
0.345
0.383
0.421
0.460

O OB B HKMEPEPERPHEKEEEHEIEMERBRRRKRRKERERRKEREKEEREREROOO

W/W,

.913
.984
.019
.037
.049
.052
.053
.057
.054
.054
.056
.054
.052
.052
.053
.053
.053
.056
.048
.049
.041
.034
.015
.983
.920

w' /W,

O O 0O O O O O O OO O O O O OO OO O o o o oo o o

.104
.095
.089
.083
.081
.078
.076
.074
.073
.073
.072
.072
.072
.073
.073
.073
.074
.075
.076
.078
.080
.084
.089
.095
.108

V/W, v'/W,
0.003 0.052
0.002 0.056
0.001 0.058

-0.001 0.061

-0.001 0.064

-0.002 0.068

-0.002 0.071

-0.001 0.076

-0.002 0.080
0.002 0.081
0.005 0.082
0.008 0.083
0.008 0.083
0.007 0.083
0.006 0.081
0.005 0.079
0.005 0.075
0.005 0.072
0.007 0.069
0.005 0.065
0.004 0.059
0.005 0.057
0.006 0.055
0.001 0.054
0.000 0.052

A8

¢.Deg.

0.19

.12

0.06

0O O O O O 0O O O 0O O 0o oo o o O O

.06
.05
.11
.11
.05
11
.11
.27
.43
.44
.38
.33
.27
.27
.27
.38
.27
.22
.28
.34
.06
.00
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9) Velocity Profile at Y=0, and Z=25D

O O O O O O O O o O O O O

X/D

.460
.421
.383
.345
.307
.268
.230
.192
.153
.115
.077
.038
.000
.038
.077
.115
.153
.192
.230
.268
.307
.345
.383
.421
.460

O P P B B KRB R HPRPBREBBRPBRRBRMEBRPBRPPOOO

W/W,

.859
.952
.999
.019
.034
.045
.053
.059
.062
.061
.059
.059
.060
.059
.061
.059
.060
.061
.057
.056
.052
.044
.026
.004
.925

wl

O O O O O O 0O O OO OO O O O O O O OO O O o O O

/W,

.102
.092
.087
.083
.078
.075
.072
.072
.071
.069
.069
.068
.068
.069
.069
.069
.069
.070
.070
.072
.074
.079
.083
.088

.096

O O O O O OO O 0o o o o o

V/W,

.209
.208
.201
.182
.166
.149
.126
.108
.093
.068
.051
.029
.014
.002
.020
.036
.053
.072
.086
.108
.123
.139
.159
.170
.174

v'/W,

.089
.080
.076
.072
.069
.067
.066
.067
.069
.071
.073
.073
.074
.073
.072
.071
.071
.072
.073
.074
.073
.076
.07S
.082
.088

0O O O 0O O © O O OO0 O 0O OO0 0O 0O O oo O O O o o o

A9

¢.,Deg.

13
12

[y
o

O = N W ol 6y ® VW

.67
.32
11.
.13
.12
11
.82
.82
.00
.67
.76
.57
.76
.11
.08
.95
.86
.88
.65
.84
.67
.58
.81
.61
.65

38
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10) Velocity Profile at X=0, and Z=25D

Y/D

-0.460
-0.421
-0.383
-0.345
-0.307
-0.268
-0.230
-0.192
-0.153
-0.115
-0.077
-0.038
0.000
0.038
0.077
0.115
0.153
0.192
0.230
0.268
0.307
0.345
0.383
0.421
0.460

W/W,

0.907
0.973
1.012
1.030
1.042
1.054
1.059
1.061
1.064
1.064
1.067
1.065
1.064
1.064

1.065

1.061
1.060
1.054
1.053
1.045
1.045
1.034
1.012
0.974
0.914

wl

O 0O O O OO O O 0O 0O 0O 0O O O O O OO o oo O o o o

AL

.101
.092
.087
.082
.079
.076
.072
.071
.070
.069
.068
.068
.068
.069
.069
.069
.070
.071
.073
.076
.078
.082
.086
.0%0
.098

O O O O O O OO0 OO OO OO O O oo O o o o oo

V/W,

.004
.003
.004
.003
.005
.006
.005
.005
.007
.009
.009
.009
.006
.007
.007
.007
.008
.010
.012
.010
.010
.010
.009
.008
.002

v'/W,

.051
.052
.054
.056
.058
.060
.063
.065
.068
.071
.073
.074
.074
.073
.072
.070
.067
.065
.061
.058
.056
.053
.052
.051
.050

O O O O O O O 0O O O O OO O OO O O o o o o o o o

Al0

¢.,Deg.

0.25
0.18
0.23
0.17
0.27
0.33
0.27
0.27
0.38
0.48
0.48
0.48
0.32
0.38
0.38
0.38
0.43
0.54
0.65
0.55
0.55
0.55
0.51
0.47
0.13
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11) Velocity Profile at Y=0, and Z=30D

O O O O O 0O 00 OO0 0O o o

X/D

.460
.421
.383
.345
.307
.268
.230
.192
.153
.115
.077
.038
.000
.038
.077
.115
.153
.192
.230
.268
.307
.345
.383
.421
.460

O O K H B PP RRPRPRREPRERBERMBRPRRBPRRHBMRBRARPBB OO

W/W,

.869
.961
.004
.025
.039
.053
.059
.065
.070
.074
.074
.075
.079
.077
.074
.076
.075
.072
.070
.067
.062
.040
.015
.988
.927

w' /W,

O O O OO0 O OO0 O O 0O O O 0O O O 0 0O O OO0 O OO O

.097
.089
.084
.080
.077
.073
.071
.070
.068
.067
.067
.065
.066
.066
.067
.068
.067
.068
.069
.070
.074
079
.083
.087
.097

O O O O O 0O O O O O O O o o

V/W,

.197
.193
.187
.170
.156
.131
.113
.091
.076
.060
.041
.025
.008
.002
.014
.029
.048
.063
.077
.097
.106
.122
.137
.144
.155

v'/W,

.081
.075
.070
.067
.064
.062
.060
.059
.059
.061
.064
.064
.064
.064
.064
.063
.061
.060
.062
.063
.066
.069
.071
.076
.082

O O O O O O O O O O O O O 0O O OO O OO0 O OO o O

All

¢.,Deg.

12

[y
o

O O B N W b b OV O W

.77
11.
.55
.42
.54
.09
.09
.88
.06
.20
.19
.33
42
.11
.75
.54
.56
.36
.12
.19
.70
.69
.69
.29
.49

36
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12) Velocity Profile at X=0, and Z=30D

Y/D

-0.460
-0.421
-0.383
-0.345
-0.307
-0.268
-0.230
-0.192
-0.153
-0.115
-0.077
-0.038
0.000
0.038
0.077
0.115
0.153
0.192
0.230
0.268
0.307
0.345
0.383
0.421
0.460

W/W,

.895
.969
.006
.031
.045
.057
.064
.068
.070
.073
.076
.078
.077
.079
.076
.073
.073
.070

HH R RRBRRPRBRRPRRPEBERBRBRRBPOO

(WY
o
[23)
n

1.058
1.054
1.037
1.020
0.984
0.919

OOOOOOOOOOOOOOOOOOOOOOOOO

w' /W,

.098 -0
.090 -0
.084 -0
.080 -0.
.077 -0
.073 0
.071 -0
.069
.068
.067
.066
.066
.066
.066
.067
.067
.067
.070
.071
.074
.077
.080
.084
.088
.096 -0

0O 0O 00O 0O OO0 0O o0 0 O o o o o o o

V/W,

.002
.002
.003

002

.004
.000
.001
.000
.000
.000
.002
.004
.005
.007
.005
.006
.009
.010
.009
.010
.017
.013
.012
.011
.002

v' /W,

.050
.053
.055
.057
.058
.059
.061
.061
.061
.062
.064
.065
.066
.066
.065
.063
.062
.058
.056
.053
.052
.051
.050
.049
.049

OOOOOOOOQOOCOOOOOOOOOOOOO

Al2

¢ ,Deg.

O O 0O 0O 0O OO0 0O o0 o0 o o o o0 o o o

[
(=]

.13
.12
17
.11
.22
.00
.05
.00
.00
.00
.11
.21
.21
.37
.27
.32
.48
.54
.48
.54
.92
.72
.67
.64
.12



APPENDIX B

Mean and Turbulence Velocity Profiles
for Header H342-100/0-1 and a 19-Tube Tube Bundle.

Velocities in the Outlet Pipe #1
with Outlet #1 Fully Opened and Outlet #2 Fully Closed
19-Tube Tube Bundle in Outlet #1
Tube Bundle Entrance Location, Z= 4.26D

Tube Bundle Exit Location, Z= 6.2D

Water Temperature = 21.5 °C
Water Kinematic Viscosity = 9.71958*107 m?¥s

Pipe Diameter, D = 5.25 cm (2.07 in)

Reynolds Number Re =100000
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1) Velocity Profile at ¥Y=0, Z=8.2D, and C=2D

X/D

-0.460
-0.421
-0.383
-0.345
-0.307
-0.268
-0.230
-0.192
-0.153
-0.115
-0.077
-0.038
0.000
0.038
0.077
0.115
0.153
0.192
0.230
0.268
0.307
0.345
0.383
0.421
0.460

W/W, w'/W,

1.052
1.054
1.047
1.030
1.014
1.009
1.045
1.092
1.088
1.060
1.014
1.043
1.098
1.099
1.065
1.017
1.011
1.070
1.083
1.047
1.016
1.041
1.064
1.059
1.046

0.105
0.108
0.101
0.088
0.076
0.067
0.078
0.091
0.096
0.087
0.073
0.081
0.092
0.090
0.083
0.072
0.081
0.091
0.087
0.078
0.072
0.085
0.093
0.097
0.094

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

-0.
-0.

0
0
0
0
-0
-0

V/®,

.019
.011
.010
.012
.016
.020
.016
.008
.003
.009
.014
.015
.004
.007
.010
.013
.005
001
001
.005
.004
.002
.001
.006
.006

v'/W,

0.070
0.065
0.063
0.060
0.055
0.057
0.065
0.062
0.054
0.055
0.058
0.066
0.062
0.055
0.060
0.060
0.061
0.056
0.058
0.063
0.065
0.067
0.067
0.069
0.068

B1

¢.Deg.

1.
0.
0.
0.
0.
1.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
-0.
.05
.27
0.
.11
.05
.32

-0
0

0
0
-0

-0.

03
60
55
67
90
14
88
42
16
49
79
82
21
36
54
73
28
05

23

33
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2) Velocity Profile at X=0, Z=8.2D, and C=2D

Y/D

-0.460
-0.421
-0.383
-0.345
-0.307
-0.268
-0.230
-0.192
-0.153
-0.115
-0.077
-0.038
.000
.038
.077
.115
.153
.192
.230
.268
.307
.345
.383
.421
.460

O O O O O O O OO O O o o

W/W, w'/W,

0.966
1.016
1.026
1.011
0.975
0.962
1.001
1.027
1.021
1.009
1.028
1.067
1.093
1.075
1.025
1.005
1.043
1.069
1.033
0.992
0.978
1.008
1.032
1.022
0.961

0.100
0.095
0.083
0.074
0.066
0.062
0.067
0.078
0.082
0.070
0.073
0.081
0.089
0.086
0.079
0.073
0.082
0.087
0.081
0.073
0.066
0.077
0.087
0.093
0.093

V/W,

0.001
0.001
0.004
0.006
0.006
0.008
0.009
0.007
0.010
0.014
0.006
0.011
0.018
0.012
0.011
0.012
0.014
0.015
0.008
0.007
0.003
-0.002
-0.005
-0.004
-0.002

v' /W,

0.066
0.063
0.060
0.056
0.051
0.046
0.055
0.058

0.052

0.056
0.059
0.062
0.062
0.058
0.052
0.057
0.055
0.051
0.059
0.058
0.056
0.057
0.060
0.060
0.060

B2

¢.,Deg.

0.06
0.06
0.22
0.34
0.35
0.48
0.52
0.39
0.56
0.79
0.33
0.59
0.94
0.64
0.61
0.68
0.77
0.80
0.44
0.40
0.18
-0.11
-0.28
-0.22
-0.12
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3) Velocity Profile at Y=0, Z=12.2D, and C=6D

X/D

-0.460
-0.421
-0.383
-0.345
-0.307
-0.268
-0.230
-0.192
-0.153

- -0.115

-0.077
-0.038
0.000
0.038
0.077
0.115
0.153
0.192
0.230
0.268
0.307
0.345
0.383
0.421
0.460

W/W,

0.979
1.009
1.027
1.016
1.018
1.035
1.058
1.076
1.077
1.074
1.073
1.074
1.073
1.073
1.072
1.068
1.067
1.066
1.067
1.064
1.061
1.053
1.041
1.018
0.994

w'/ﬁg

0.071
0.064
0.058
0.052
0.047
0.044
0.041
0.039
0.038
0.037
0.035
0.036
0.035
0.036
0.037
0.037
0.038
0.039
0.040
0.041
0.044
0.049
0.056
0.069
0.080

0
0
0
0
0
0
0
0
0
0
0
0
-0
0
0
-0

-0
-0
-0
-0

V/W,

.012
.012
.009
.011
.008
.007
.004
.001
.002
.001
.001
.002
.002
.000
.000
.001
.001
.002
.002
.004
.001
.002
.003
.003
.005

v'/W,

0.061
0.052
0.043
0.037
0.031
0.030
0.029
0.029
0.028
0.027
0.026
0.026
0.026
0.027
0.027
0.026
0.028
0.028
0.029
0.029
0.032
0.033
0.041
0.050
0.063

B3

¢.Deg.

0.70
0.68
0.50
0.62
0.45
0.39
0.22
0.05
0.11
0.05
0.05
0.11
-0.11
0.00
0.00
-0.05
-0.05
0.11
0.11
-0.22
-0.05
-0.11
-0.17
-0.17
-0.29
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4) Velocity Profile at X=0, Z=12.2D, and C=6D

Y/D

-0.460
-0.421
-0.383
-0.345
-0.307
-0.268
-0.230
-0.192
-0.153
-0.115
-0.077
-0.038
0.000
0.038
0.077
0.115
0.153
0.192
0.230
0.268
0.307
0.345
0.383
0.421
0.460

W/W,

0.968
1.011
1.028
1.043
1.061
1.065
1.070
1.072
1.074
1.075
1.075
1.076
1.075
1.070
1.069
1.070
1.065
1.063
1.058
1.053
1.043
1.039
1.028
0.993
0.936

w' /W,

0.067
0.056
0.051
0.046
0.043
0.041
0.038
0.037
0.037
0.036
0.035
0.035
0.035
0.035
0.035
0.035
0.036
0.037
0.038
0.040
0.043
0.049
0.059
0.071

0.077

V/W, v'/W
-0.001 0.055
-0.002 0.041

0.002 0.032
0.003 0.030
0.000 0.029
0.003 0.028
-0.001 0.027
-0.002 0.027
-0.001 0.027
0.000 0.026
0.002 0.026
0.001 0.026
0.001 0.025
0.003 0.025
0.001 0.026
0.002 0.026
0.001 0.026
-0.001 0.026
-0.001 0.026
0.001 0.028
0.001 0.029
0.001 0.032
0.003 0.035
0.004 0.041
0.001 0.055

B4

¢.Deg.

-0.06
-0.11
0.11
0.16
0.00
0.16
-0.05
-0.11
-0.05
0.00
0.11
0.05
0.05
0.16
0.05
0.11
0.05
-0.05
-0.05
0.05
0.05
0.06
0.17
0.23
0.06
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5) Velocity Profile at ¥=0, Z=16.2D, and C=10D

X/D

-0.460
-0.421
-0.383
-0.345
-0.307
-0.268
-0.230
-0.192
-0.153
-0.115
-0.077
-0.038
0.000
0.038
0.077
0.115
0.153
0.192
0.230
0.268
0.307
0.345
0.383
0.421
0.460

O H K KB P RPRRPERRPRPRPRRRBPRHRPBPRRPRRPERERPRRPRHODO

W/W,

.931
.992
.020
.036
.044
.059
.072
.087
.099
.103
.108
.111
.107
.109
.106
.102
.099
.096
.092
.084
.076
.058
.042
.012
.982

w'/W,

O O O 0O OO0 0O 0O 0O O 0O 0O 0O O 0O O O o o O o o o o

.081
.069
.063
.056
.051
.046
.042
.039
.037
.035
.034
.034
.033
.033
.034
.034
.035 -
.037
.038
.041
.046
.054
.065
.075
.086

O 0O O O O O o O o

V/W,

.021
.017
.016
.013
.007
.006
.001
.003
.000
.002
.002
.002
.002
.002
.003
.002
.002
.002
.003
.002
.003
.003
.004
.002
.002

v' /W,

O O 0O 0O O OO 0O 00O 0O O OO OO0 O O OO o o o o o

B5

.063
.054
.046
.039
.032
.028
.026
.026
.025
.025
.024
.024
.024
.024
.025
.024
.026
.026
.026
.027
.027
.029
.042
.053
.064

¢.,Deg.

0O 0O O O 0O O O O K’

.29
.98
.90
.72
.38
.32
.05
.16
.00
.10
.10
.10
.10
.10
.16
.10
.10
.10
.16
.11
.16
.16
.22
.11
.12
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6) Velocity Profile at X=0, Z=16.2D, and C=10D

O O O O O O O O 0 O O o O

Y/D

.460
.421
.383
.345
.307
.268
.230
.192
.153
.115
.077
.038
.000
.038
.077
.115
.153
.192
.230
.268
.307
.345
.383
.421
.460

W/wb

I R S T o S o S T = T o T o S e S S Sy S e S — W T Y WOy )

.949
.003
.047
.064
.081
.090
.095
.099
.102
.105
.105
.107
.109
.109
.103
.103
.094
.086
.080
.074
.062
.043
.018
.981
.922

O O O O O O O 0O OO O O O O O O 0O 0o O O o 0o o o o

w'/W,

.078
.058
.048
.044
.042
.039
.037
.036
.035
.035
.034
.034
.034
.034
.034
.035
.036
.036
.037
.039
.045
.049
.059
.069
.083

V/W,

.002

0.004
0.002
0.001
0.000

.002
.001
.001
.002
.001

0.000
0.000
0.000
0.000

.001
.002
.003
.003
.001
.003

0.000
0.003

.001

0.002

.001

v' /W,

O O O O O O O O O O O O O OO0 00 OO O O O O O o

B6

.058
. 047
.038
.032
.029
.028
.026
.025
.025
.024
.023
.023
.023
.023
.023
.023
.024
.025
.025
.027
.028
.033
.039
.046
.056

¢.,Deg.

-0.12
0.23
0.11
0.05
0.00

-0.11

-0.05

-0.05

-0.10

-0.05
0.00
0.00
0.00
0.00

-0.05

-0.10

-0.16

-0.16
0.05

-0.16
0.00
0.16
0.06
0.12

-0.06
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7) Velocity Profile at Y=0, Z=19.7D, and C=13.5D

X/D

-0.460
-0.421
-0.383
-0.345
-0.307
-0.268
-0.230
-0.192
-0.153
-0.115
-0.077
-0.038
0.000
0.038
0.077
0.115
0.153
0.192
0.230
0.268
0.307
0.345
0.383
0.421
0.460

W/W, w'/W

.904
.966
.004
.044
.054
.072
.081
.096
.107
.115
.125
.133
.134
.132
.132
.129
.127
.123
.118
.105
.092
.072
.031
0.981
0.911

P R R P KRR RBERBRREREBERRBRERMBEMRBRRBHSRMOO

0.083
0.074
0.067
0.062
0.056
0.052
0.048
0.043
0.039
0.036
0.035
0.034
0.033
0.033
0.034
0.035
0.036
0.037
0.039
0.043
0.050
0.059
0.071
0.080
0.089

O O O O O 0O OO OO0 O O o o

1
o o

V/W,

.014
.013
.011
.008
.009
.008
.007
.007
.005
.004
.002
.001
.001
.002
.001
.002

0.001
0.000
0.001

.001
.001
.002
.002
.000
.003

v /W,

0.067
0.057
0.052
0.046
0.038
0.034
0.030
0.028
0.027
0.026
0.025
0.025
0.024
0.024
0.024
0.024
0.024
0.024
0.026
0.027
0.028
0.031
0.045
0.056
0.067

B7

¢.,Deg.

0O O O O O O O OO O O O O O

|
o O

.89
.77
.63
.44
.49
.43
.37
.37
.26
.21
.10
.05
.05
.10
.05
.10

0.05
0.00
0.05

.05
.05
.11
.11
.00
.19
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8) Velocity Profile at X=0, Z=19.7D, and C=13.5D

O O O O O O O O O O O O o

Y/D

.460
.421
.383
.345
.307
.268
.230
.192
.153
.115
.077
.038
.000
.038
.077
.115
.153
.192
.230
.268
.307
.345
.383
.421
.460

O O R KB H B B B HPRRRAERBRRPP KB RBRKMBMdRBRERPBRAS OO

W/W,

.925
.971
.015
.049
.073
.096
.112
.121
.128
.132
.135
.134
.136
.135
.135
.130
.128
.122
.114
.107
.091
.064
.012
.972
.907

O O O O O O O O O O O O O O OO O OO O O o oo o

w' /W,

.084 0
.067
.060
.054
.045
.042
.039
.036
.034
.034
.034
.033
.033
.033
.033
.032
.033
.032
.034
.037
.047
.057
.067
.076 -0
.086 -0

I |
o o

O O O O O O O O O O O O OO O O o o o o

V/W,

.000
.004
.001
.000
.002
.004
.005
.004
.003
.002
.004
.005
.004
.002
.002
.005
.006
.004
.004
.004
.005
.005
.004
.001
.002

OOOOQOOQOOOQOOOOOOOOOOOVOO

v' /W,

.052
.048
.044
.039
.034
.031
.029
.029
.028
.028
.027
.026
.026
.027
.027
.027
.027
.028
.029
.030
.032
.036
.043
.050
.054

B8

¢,Deg.

0
-0

1
O O O O O O O O O O O O O O OO o O o o o

| |
o o

.00
.24
.06
.00
.11
.21
.26
.20
.15
.10
.20
.25
.20
.10
.10
.25
.30
.20
.21
.21
.26
.27
.23
.06
.13
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9) Velocity Profile at ¥=0, Z=23.7D, and C=17.5D

X/D

-0.460
-0.421
-0.383
-0.345
-0.307
-0.268
-0.230
-0.192
-0.153
-0.115
-0.077
-0.038
0.000
0.038
0.077
0.115
0.153
0.192
0.230
0.268
0.307
0.345
0.383
0.421
0.460

W/W,

.888
.955
.001
.027
.056
.076
.096
.108
.127
.137
.153

.167
.168
.168
.159
.156
.144
.131
.116
.099
.071
1.040
0.993
0.882

R R R R R R H R RRBRBERRREBHEREKMEERRMRBRBPREROO

.163.

w' /W,

0.086
0.079
0.071
0.067
0.062
0.057
0.053
0.049
0.043
0.038
0.036
0.035
0.035
0.035
0.036
0.037
0.039
0.042
0.045
0.048
0.055
0.064
0.075
0.082
0.091

V/W,

O O O O O O O O OO0 O o o o

1
o

o O O O O O O

-0.
-0.

.010
.014
.013
.011
.009
.008
.008
.008
.007
.007
.005
.002
.001
.001
.001
.001
.001
.002
.003
.002
.002
.002
.003

001
002

v' /W,

.069
.060
.054
.048
.044
.040
.036
.032
.029
.027
.026
.025
.025
.025
.025
.025
.024
.026
.026
.027
.027
.034
.045
.058
.065

O O O O O O O OO O O OO OO0 OO OO O O O o o o

B9

¢, Deg.

O O O O O O O O O OO O 0o oo o

1
0o O O O O O O o

1 I
o O

.65
.84
.74
.61
.49
.43
.42
.41
.36
.35
.25
.10
.05
.05
.05
.05
.05
.10
.15
.10
.10
.11
.17
.06
.13
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10) Velocity Profile at X=0, Z2=23.7D, and C=17.5D

¥Y/D

-0.460
-0.421
-0.383
~-0.345
-0.307
-0.268
-0.230
-0.192
-0.153
-0.115
-0.077
-0.038
0.000
0.038
0.077
0.115
0.153
0.192
0.230
0.268
0.307

0.345.

0.383
0.421
0.460

W/W,

.865
.943
.991
.031
.065
.094
.118
.134
.150
.154
.161
.164
.165
.167
.164
.160
.154
.144
.130
.113
.079
.041
1.005
0.965
0.891

e R R A e o N R S S o T — N — I - )

O O O O O O O O O O O O O OO0 00 OO0 oo O oo o o

w' /W,

.087
.074
.066
.058
.050
.046
.041
.036
.035
.034
.034
.033
.034
.034
.034
.034
.034
.036
.038
.045
.054
.062
.071
.078
.087

0O O O O O O O O O O O O O OO OO0 OO OO0 OO0 o

-0

V/W, v'/W,
.003 0.049
.004 0.049
.004 0.046
.003 0.043
.004 0.038
.003 0.033
.001 0.032
.002 0.030
.002 0.029
.002 0.029
.003 0.028
.002 0.027
.003 0.026
.003 0.026
.004 0.025
.005 0.026
.005 0.026
.006 0.027
.005 0.028
.005 0.031
.005 0.036
.005 0.042
.005 0.047
.002 0.051
.002 0.052

B10

O O O O O OO O O O O O O O O O O OO O o o o o

|
o

¢ .Deg.

.20
.24
.23
.17
.22
.16
.05
.10
.10
.10
.15
.10
.15
.15
.20
.25
.25
.30
.25
.26
.27
.28
.29
.12
.13
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11) Velocity Profile at Y=0, Z=28.2D, and C=22D

X/D

-0.460
-0.421
-0.383
-0.345
-0.307
-0.268
-0.230
-0.192
-0.153
-0.115
-0.077
-0.038
0.000
0.038
0.077
0.115
0.153
0.192
0.230
0.268
0.307
0.345
0.383
0.421
0.460

W/R, w'/W,

0.878
0.943
0.996
1.032
1.064
1.087
1.104
1.119
1.137
1.157
1.168
1.182
1.189
1.193
1.192
1.190
1.184
1.163
1.144
1.124
1.093

1.065.

1.033
0.972
0.886

0.090
0.081
0.075
0.070
0.064
0.060
0.055
0.052
0.047
0.042
0.038
0.036
0.036
0.036
0.037
0.038
0.041
0.044
0.048
0.054
0.060
0.069
0.076
0.082
0.090

O O O O O 0000 OO o o

V/W,

.014
.014
.011
.008
.003
.005
.003
.005
.004
.003
.003
.000
.000
.002
.001
.001
.002
.000
.001
.001
.003
.001
.001
.003
.000

v'/W,

0.065
0.061
0.056
0.052
0.048
0.045
0.042
0.038
0.033
0.029
0.027
0.026
0.025
0.025
0.026
0.025
0.026
0.027
0.029
0.033
0.038
0.046
0.054
0.061
0.065

Bl11

¢,Deg.

O O O O O O O O O O O O O

.91
.85
.63
.44
.16
.26
.16
.26
.20
.15
.15
.00
.00
.10
.05
.05
.10
.00
.05

0.05
0.16

.05
.06
.18
.00
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12) Velocity Profile at X=0, Z=28.2D, and C=22D

O O 0O 0O 0 O O O 0O O O O O

Y/D

.460
.421

.345

.307
.268
.230
.192
.153
.115
.077
.038
.000
.038
.077
.115
.153
.1582
.230
.268
.307
.345
.383
.421
.460

W/W, w'/W V/W,
.853 0.089 -0.001
.939 0.080 -0.001
.989 0.073 0.004
.031 0.067 0.004
.066 0.062 0.003
.097 0.057 0.004
.123 0.051 0.002
.142 0.046 0.001
.161 0.041 0.000
.170 0.039 0.002
.176 0.038 0.003
.181 0.036 0.002
.183 0.036 0.004
.185 0.037 0.005
.184 0.037 0.004
.178 0.038 10.004
.166 0.039 0.004
.151 0.043 0.002
.126 0.048 0.002
.101 0.056 0.003
.069 0.063 0.002
.041 0.068 0.003
.001 0.075 0.003
.962 0.081 0.003
.871 0.089 0.001

O 0O R B B KRB RKMRKEEBREBERRPBRRRPRRRPERRPRRRPERSRBROODO

v' /W,

.050
.051
.048
.045
.042
.038
.034
.033
.032
.030
.029
.028
.027
.027
.026
.027
.028
.031
.034
.036
.040
.044
.049
.050
.050

0 O 0O 0O 0 0O O 0 0O 0 O o O O O O O O O

o 0O O O O

B12

¢.,Deg.

-0

|
o

0O O O 0O 0O O O O O O O 0 O O O 0O o O o o o O O

.07
.06
.23
.22
.16
.21
.10
.05
.00
.10
.15
.10
.19
.24
.19
.19
.20
.10
.10
.16
.11
.17
.17
.18
.07
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