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ABSTRACT

Application of Computational Fluid Dynamics in Flow Measurement and Meter Design

by

Zachary B. Sharp, Doctor of Philosophy
Utah State University, 2016

Major Professor: Dr. Michael C. Johnson
Department: Civil and Environmental Engineering

Computational Fluid Dynamics is a very effective tool for understanding fluid
flow and predicting how flow will respond to different boundary conditions. With this
knowledge, the focus of this research is applying computational fluid dynamics to
problems dealing with flow measurement in closed conduits using differential producing
flow meters like Venturis. After discussion with many meter manufactures and a
thorough literature review, specific areas of research were determined which will
contribute to better understanding of differential producers and will add to the limited
literature available on such meters. This research will present the findings of
computational fluid dynamics coupled with laboratory data in the following areas:

1. Determine the effects of sudden pipe wall offsets on Venturi flow meters. This
research includes both the effects of the pipe wall offset on the meter discharge
coefficient as well as determining the minimum distance between the offset and

the Venturi so that there is no longer any effect on meter performance. It also



v
shows how well computational fluid dynamics can predict Venturi discharge
coefficients via comparison to laboratory data.

2. Investigate the design of pressure recovery cones on different Venturi flow meter
designs including determining the optimal angle of recover cone required to
minimize permanent pressure loss.

3. Investigate truncated recovery cones such that a meter can be manufactured using
a shorter length. This research also includes determining the best way to truncate
the meter to minimize head loss while not changing the flow metering capability
of the flow meter.

This research will be CFD based with laboratory data used to calibrate and
validate the CFD results.

(199 pages)



PUBLIC ABSTRACT

Application of Computational Fluid Dynamics in Flow Measurement and Meter Design

Zachary B. Sharp

Flow measurement has been an important part of society for hundreds of years.
For this reason there are many methods to measure flow rates both in open channel
scenarios like irrigation canals and also in closed conduits like pipelines that supply water
for human use. This research focused on Venturi flow meters which have been used to
measure flow since the 1890’s. The object of this research was to use computational
fluid dynamics and laboratory data to provide industry with applicable answers to some
under researched areas in flow measurement. The areas chosen for this research include
areas requested by meter manufacturers. This fact helps the readers to understand how
valuable this information will be to the flow measurement industry.

The results include guidelines for manufacturers and meter users to utilize
regarding how close a Venturi can be installed to a change in pipe diameter so its flow
metering capabilities are not compromised. This information will help with proper
installation of flow meters in the field and the laboratory for flow meter calibrations. The
research also provides details on how to design the recovery cone for various Venturi
designs to minimize the energy loss from fluid passing through the meter. The results are
valuable to many including meter manufactures, industry where the meters get used, and

academia alike as the results are very applicable and were previously not available.
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NOTATIONS

A= Cross sectional area of the pipe (in?)

D = Inlet pipe diameter (in)

d = Venturi throat diameter (in)

E = Total head at specified location in the pipe (psi)

g = Acceleration due to gravity (ft/s?)

P = Pressure at some location in the pipe (psi)

AP = Differential pressure between the high taps and low taps (psi)
QO = Total flow rate (1b/s)

V' = Average pipe velocity (ft/s)

Ca = Venturi Discharge Coefficient

p = density of water (Ib/ft?)



CHAPTER 1

INTRODUCTION

Computational Fluid Dynamics (CFD) is a numerical approach to analyze a
system involving fluid flow. It is a method that has been used since the 1960’s by the
aerospace industry but has been more widely used for the last 30 years. CFD can be used
to analyze aerodynamics, hydrodynamics, chemical processing, and turbo machinery to
name just a few. The strengths of CFD are vast with specific strengths beneficial to this
research including flexibility in problem solving, nearly unlimited data from simulations
and the ease of changing or adjusting certain elements of a simulation. Often times it is
difficult to set up a physical experiment where there is unlimited adjustability of one or
more parameters. Doing so is both expensive and at times difficult to manufacture. CFD
however, has no problems with this approach to research and is very effective at assisting
in determining the differences in results even if the absolute answer varies from
laboratory data.

Some of the strengths of CFD make it an obvious tool to use for this research.
Excessive fabrication costs and the time consuming nature and challenge of obtaining
laboratory data result in CFD being the most economical as well as the most informative
with regard to flow patterns and understanding fluid behavior. Using CFD simulations in
flow measurement applications is not new, however using it to help develop meter
designs and to review and understand past designs is a good application for this powerful
tool. This research exposes some great applications for CFD and effective ways to use it

for design and analysis.



Problem Introduction

Venturi Discharge Coefficients with Sudden Offsets

Although accurate flow measurement is a requirement in many applications, flow
meters are often installed in non-favorable conditions. Ideally, a flow meter should be
installed per manufacturer prescribed conditions; however in some cases, this does not
happen. Any time a flow meter is installed in close proximity to a flow disturbance, such
as a pipe fitting or a valve, the installation should be investigated to ensure there will be
no negative effects on the meter’s performance. A favorable circumstance would be to
have at least 20 diameters of straight pipe with the same inside diameter as the meter’s
inlet installed upstream of the flow meter. However, this does not always happen nor is it
always possible. This portion of the research used both Computational Fluid Dynamics
and laboratory data to determine the effects that sudden changes in pipe diameter can
have on the discharge coefficients of Venturi flow meters. This part of the study was
two-fold; first, to determine how accurately Computational Fluid Dynamics can match
laboratory data in predicting pipe fitting effects on discharge coefficients of Venturi flow
meters, and second, to use Computational Fluid Dynamics to determine how much
distance is needed following a sudden change in pipe diameter before the Venturi
discharge coefficient is no longer affected by the sudden diameter change. Figure 1
shows an image of a Venturi design with no offset upstream of it (ideal conditions), a
sudden contraction upstream of it, and a sudden expansion upstream of the meter

respectively.



Velocity: Magnitude (ft/s)
0.00000 9,8463 19.693 29.539 39.385 49232

A) No offset upstream of a Venturi

Velocity: Magnitude (ft/s)
0.00000 2.8835 19.767 29.65]1 39.534 49418

B) A sudden contraction upstream of a Venturi

Velocity: Magnitude (ft/s)
0.00000 Q,9805 19.961 29.941 39.922 49,902

C) A sudden expansion upstream of a Venturi

Fig. 1. Velocity plots with Different offsets upstream of Venturis



Recovery Cone Angle Optimization

There are many varying applications for flow meters. Many of them require very
accurate flow measurement (within 0.25% of actual) while other applications accept flow
measurements with uncertainties better than 2%. Some applications attempt to minimize
head loss while others rely on the flow meter to produce head loss in the system. There
are also applications where there are limits on head loss imposed that a flow meter cannot
exceed. In many instances where highly accurate flow measurement and low head loss
are required, Venturi flow meters are a viable option. The accuracy of a Venturi in flow
measurement is well established and documented, however the design of recovery cones

and their associated head loss is not.

One case in point is a project where a meter manufacturer was given design
criteria for a choking Venturi to be used in a nuclear application. The Venturi ended up
needing to be near a 0.2 beta ratio (defined as the ratio of the Venturi throat diameter to
the inlet diameter) to choke under the conditions given and have a permanent pressure
loss of less than 7% of the corresponding meter differential pressure. While the Utah
Water Research Laboratory was employed to help optimize the recovery cone design, the
manufacturer was very interested in research that would help solve problems like this in

the future.

This portion of the research uses Computational Fluid Dynamics and laboratory
data to show how changing the angle of the recovery cone on a Venturi can change the
head loss characteristics. Results show that to minimize head loss the optimum recovery

cone angle is a function of meter design, beta ratio, and Reynolds number. This research



will focus on how sensitive recovery cone design can be to pressure recovery and not
only present the optimum angles for minimizing pressure but what parameters make the
biggest difference in pressure loss and how much change in permanent pressure loss to

expect with different recovery cone designs

Recovery Cone Truncation

While information regarding optimal recovery cone angles is informative it does
not help in cases where there are length requirements for the meter. Little information is
available that gives insight to the head loss added for different levels of a truncated
recovery cone on a Venturi flow meter. This portion of the research will provide insight
so that Venturi flow meters can be shortened without compromising flow metering
performance. It will also provide information on head loss for different levels of
recovery cone truncation. As can be expected this kind of research can be very costly
without CFD. Both the cost to build so many incremental variations of different flow
meters and laboratory accessibility prohibit this type of data from being collected. While
Figure 1 shows a classical Venturi design with a full recovery cone, Figure 2 shows a

Halmi Venturi design with a truncated recovery cone.

Literature Review
Venturi flow meters have been used to measure flow rate for more than 100 years

(Finnemore and Franzini 2006). Over that time period, many variations of the Venturi



Velocity: Magnitude (ft/s)
3.0109 6.0219 9.0328 12.044 15055

Fig. 2. Venturi with truncated recovery cone

flow meter have been developed, and a large amount of discharge coefficient and head
loss data have been collected. There has also been substantial effort spent to determine
the required pipe diameters needed between various pipe fittings and the Venturi flow
meter to maintain the accuracy of the meter. The American Society of Mechanical
Engineers (ASME 2005, ASME 2007) reports the distance of straight pipe needed before
a Venturi after an elbow, two elbows in plane, two elbows out of plane, various fully
open and partially throttled valves, pipe reducers and pipe expanders. All of the
recommended distances are relative to the beta ratio of the Venturi. Others have reported
straight pipe requirements for all types of flow meters which include most of the same
flow disturbances as reported by the ASME (Baker 2000, ISO 2003). Many meter
manufacturers have also performed research on their own designs to determine the
distances needed between their meter and various pipe fittings (BIF 2016). One pipe
disturbance, however, that is not found in the literature is a sudden change in pipe

diameter adjacent to or relatively close to the meter, although most research recommends



matching the meter and pipe diameters on the inlet end of the meter (ASME 2005).
Ideally a meter should always be built to match the pipe, however, in some cases the pipe
is in service and the exact pipe diameter is unknown until the time of meter installation.
In other instances, a calibration laboratory may not have the exact pipe the meter will be
installed in. As water continues to become more and more of precious resource, accuracy
in flow measurement will also become more important. Understanding the effects caused
by pipe wall offsets will help improve meter accuracy under the right circumstances.

There has been research performed on Venturi flow meters with Computational
Fluid Dynamics (CFD) for various reasons over the years. One study used CFD to
analyze the trend of discharge coefficients on multiple differential pressure flow meters
ranging from very low Reynolds numbers to very high Reynolds numbers (Hollingshead
et al. 2011). Hollingshead showed success in calculating discharge coefficients using
CFD compared to laboratory data. This particular research also showed the great
flexibility researchers can have using CFD. Hydraulic laboratories have limits in flow
rates and pressure that prevent them from testing over the vast Reynolds number ranges
that were investigated by Hollingshead with CFD. While CFD is not a replacement for a
laboratory calibration, it is a useful tool for identifying trends or relative differences
associated with changes in the installation.

Prajapati (Prajapati et al. 2010) also showed good success using CFD in flow
metering applications. Their research used CFD to determine the permanent pressure
loss of various differential producing flow meters including a Venturi, Wedge, V-Cone,

and concentric Orifice plate flow meters. In 1908, Gibson showed experimental data for



expansions in circular, square and rectangular conduits that showed the angle in which
the head loss is minimized through the expansion (Gibson 1908). His results showed that
for circular and square conduits, regardless of the ratio of pipe diameters, the inclusive
angle for which head loss is minimized to be 5.5 degrees. Gibson also showed that for
different area ratios of rectangular pipe the expansion angle in which the head loss was
minimized was near 10 degrees. This information is often referred to in literature as the
Gibson method for Venturi recovery cone design. The research lacks important
information such as how long the pipe was prior to the expansion leaving the
development of the flow profile in question. It is also uncertain if these data can be
applied to Venturi recovery cone designs as the flow profile will be different in straight
pipe versus the throat of a Venturi. The ASME MFC code (ASME 2007) on fluid flow
measurement in pipes lists acceptable ranges of the recovery cone for a classical or
AMSE (name changes with different codes) Venturi flow meter as between 7 and 15
degrees inclusive. It also lists head loss information for a meter with the 7 degree cone
and a 15 degree cone but nothing in between. This code also gives the design
information for a nozzle Venturi in which the recommended inclusive recovery cone
angle is limited to less than 30 degrees. For both meter designs, the code says that the
recovery cone can be truncated up to 35% of its length. This refers to a sudden truncation
such that the resulting diameter at the end of the recovery cone is less than the diameter
of the pipe downstream of the flow meter. The code indicates this will increase the head
loss of the device but does not list how much increase to expect. All of these generalized

factors leave holes in the literature pertaining to recovery cone design.



Using CFD and laboratory data together provides an effective tool for
determining the effect of various flow disturbances on flow meter performance or the
design of a recovery cone. CFD provides a cost effective way of extending laboratory
data and offers a complete set of pressure and velocity data whereas the laboratory data
only gives pressure data at the pressure tap locations. With CFD however, pressure or
velocity data can be calculated at any location in the flow domain at any time during or

after the simulation, which can add insight to analysis that laboratory data does not.
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CHAPTER 2

EXPERIMENTAL PROCEEDURE AND SCOPE OF WORK

All data for this dissertation were collected at the Utah Water Research
Laboratory (UWRL). For any laboratory data, water was supplied to the test setup from
First Dam, a small impoundment located on the Logan River near the UWRL. The
approach to each research topic presented herein was procedurally similar apart from the
uniqueness of the topics. Baseline tests were performed in the laboratory for a classical
Venturi tube and a Halmi Venturi tube with more than 40 diameters of straight pipe
matching the meter inlet diameters were installed upstream from the meter. The meters
were tested over inlet Reynolds numbers ranging from 60,000 to 1,200,000. The flow
meters were provided to the UWRL by meter manufacturers for experimental and
research use and each had a beta ratio of approximately 0.60. The straight pipe flow
meter data included discharge coefficients and permanent pressure loss for each Venturi.
To assist with the pipe offset problem, various schedules of 12-inch diameter pipe were
then tested upstream of the sample Venturi meters to simulate sudden pipe expansions
and contractions. The changes in Cs from the baseline tests over the same Reynolds
number range were determined. To assist with the recovery cone problems each flow
meter had a removable portion of the recovery cone so the pressure loss was collected for
both meters with a full and truncated recovery cone.

The same tests were then reproduced using CFD. The CFD data were collected at

the UWRL using STAR-CCM+, a commercially available CFD solver. The CFD



11
simulations were set up to match, as close as possible, the experimental setup from the
physical data. The CFD results were then compared to the results of the experimental
data. All mesh convergence, and CFD model calibration were completed at this time in
the research. Once the comparison of CFD and physical data were satisfactory the CFD

simulations were expanded to complete the research as explained for each topic.

Venturi Discharge Coefficients with Sudden Offsets

To show the effects of pipe wall offsets on Venturi’s as a whole, CFD was used.
In order to do this effectively the research was expanded to different line sizes (to see if
size scale effects exist), Venturi designs, beta ratios, and a wider range of Reynolds
numbers for both sudden pipe contractions and sudden pipe expansions upstream of the
flow meters. CFD was also used to determine the minimum distance required between a
sudden pipe offset and Venturi to remove any effect that offset has on the discharge
coefficient. This was done by moving the offset in the CFD model farther upstream from
the meter inlet until the Venturi discharge coefficient matched that of the baseline data. It
should be noted that the CFD results were compared to laboratory data for a wide range

of installations to verify the validity of the results.

Recovery Cone Angle Optimization
To determine the effect recovery cone angles have on the permanent head loss of
Venturis various Venturi designs were tested. The classical (ASME) Venturi, Halmi

Venturi, Universal Venturi, Nozzle Venturi and the as-cast classical Venturi Tube were
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included in the study. The study not only determined the effect of the meter design on
the optimal recovery cone angle but of the beta ratio and Reynolds number as well. The
CFD models were used to develop curves of head loss versus recovery cone angles for
the different meter designs and beta ratios. These curves were then used to predict the

angle of recovery cone with the lowest head loss.

Recovery Cone Truncation

To determine the head loss from truncating recovery cones the same Venturi
designs evaluated in the recovery cone optimization study were analyzed. The ASME
(classical) Venturi, Halmi Venturi, Universal Venturi, Nozzle Venturi and the as-cast
classical Venturi Tube were tested for each recovery cone design. The tests included
various beta ratios and recovery cone angles coupled with different truncations to

discover the most efficient way, in terms of pressure loss, to truncate a recovery cone.

Scope of Work
More than 1000 CFD runs were produced to complete the proposed tasks. CFD
was used to evaluate the effects of incrementally changing the distance between the offset
and Venturi, the angle of recovery cones, and the level of truncation. As mentioned,
CFD coupled with laboratory data were used throughout the testing to determine the
following:
1. The effect various pipe wall offsets have on the discharge coefficients of several

Venturi flow meter designs.
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2. The minimum distance required between pipe wall offsets and the Venturi such
that there is no longer any effect on the discharge coefficients of different Venturi
designs.

3. The optimum angle of the recovery cone on different Venturi flow meters to
minimize head loss.

4. The sensitivity of varying angles of recovery cones and the effect it has on
permanent pressure loss for different Venturi designs.

5. The most efficient way to truncate Venturi recovery cones such that meters can be
manufactured at shorter lengths while continuing to minimize head loss.

6. The head loss associated with different levels of truncated recovery cones for

various Venturi designs.

While the main points of the research are listed above there were more key
findings from the research that are discussed in detail in the reports. This dissertation is
in a multi paper format. The first paper (chapter 3) will be published in the August 2016
edition of Journal AWWA and the papers in chapters 4 and 5 have been submitted to
journals and are in the review process. It is also noteworthy to reiterate the input from
industry in these research topics leading one to believe the contribution to the literature

will be noticed providing useful guidance for future Venturi mater designs.
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CHAPTER 3

EFFECTS OF ABRUPT PIPE DIAMETER CHANGES ON VENTURI FLOW
METERS

Abstract

Although accurate flow measurement is a requirement in many applications, flow
meters are often installed in less-favorable conditions. Ideally, a flow meter should be
installed per the manufacturer prescribed conditions; however in some cases, for a
number of reasons this does not happen. Any time a flow meter is installed in close
proximity to a flow disturbance, such as a pipe fitting or a valve, the installation should
be investigated to ensure there will be no negative effects on the meter’s performance. A
favorable circumstance would be to have at least 20 diameters of straight pipe with the
same inside diameter as the meter’s inlet installed upstream of the flow meter. However,
this does not always happen nor is it always possible. This study uses both
Computational Fluid Dynamics and laboratory data to determine the effects that sudden
changes in pipe diameter can have on the discharge coefficients of Venturi flow meters.
The study was twofold; first, to determine how accurately Computational Fluid Dynamics
can match laboratory data in predicting pipe fitting effects on discharge coefficients of
Venturi flow meters, and second, to use Computational Fluid Dynamics to determine how
much distance is needed following a sudden change in pipe diameter before the Venturi

discharge coefficient is no longer affected by the sudden diameter change.

Coauthored by Michael C. Johnson? P.E., Member AWWA, Steven L. Barfuss® P.E., Member AWWA
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Background

Venturi flow meters have been used to measure flow rate for more than 100 years
(Finnemore 2006). Over that time period, many variations of the Venturi flow meter
have been developed, and a large amount of discharge coefficient and head loss data has
been collected. There has also been substantial effort spent to determine the required
pipe diameters needed between various pipe fittings and the Venturi flow meter to
maintain the accuracy of the meter. The American Society of Mechanical Engineers
(ASME 2005) reports the distance of straight pipe needed before a Venturi after an
elbow, two elbows in plane, two elbows out of plane, various fully open and partially
throttled valves, pipe reducers and pipe expanders. All of the recommended distances are
relative to the beta ratio of the Venturi. Others have reported straight pipe requirements
(Baker 2000), which include most of the same flow disturbances as reported by ASME.
One pipe disturbance, however, that is not found in the literature is a sudden change in
pipe diameter adjacent to or relatively close to the meter, although most research
recommends matching the meter and pipe diameters on the inlet end of the meter
(ASME 2004). Ideally a meter should always be built to match the pipe, however, in
some cases the pipe is in service and the exact pipe diameter is unknown until the time of
meter installation.

There has been research performed on Venturi flow meters with Computational
Fluid Dynamics (CFD) for various reasons over the years. One study used CFD to
analyze the trend of discharge coefficients on multiple differential pressure flow meters

ranging from very low Reynolds numbers to very high Reynolds numbers (Hollingshead
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et al. 2011). Hollingshead showed success in calculating discharge coefficients using
CFD compared to laboratory data. This particular research also showed the great
flexibility researchers can have using CFD. Hydraulic laboratories have limits in flow
rates and pressure that prevent them from taking data over the vast Reynolds number
ranges that were investigated by Hollingshead with CFD. While CFD is not a
replacement for a laboratory calibration, it is a useful tool for identifying trends or
relative differences associated with changes in the installation.

Using CFD and laboratory data together provide an effective tool for solving
hydraulic problems like the effect of various flow disturbances on flow meter
performance. CFD provides a cost effective way of extending laboratory data and offers
a complete set of pressure and velocity data whereas the laboratory data only gives
pressure data at the pressure taps. With CFD however, pressure or velocity data can be
calculated at any location in the flow domain at any time during or after the simulation,

which can add insight to analysis that laboratory data does not.

Theoretical Background

The equation used to calculate the discharge coefficient (Cs) for a Venturi is
derived from the Bernoulli energy equation. To generalize the equation such that it can
be used for compressible and incompressible fluids, conservation of mass must be
maintained. A general equation to determine the discharge coefficient (Cs) for a Venturi

is given by:
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(1)

where Q is the mass flow rate, Cq is the discharge coefficient, dris the flowing diameter
of the throat, Dyis the flowing diameter of the meter inlet, g is the acceleration due to

gravity, AP is the difference in piezometric pressure from the inlet to the throat, p, is the

flowing density of the fluid, and Y is the gas expansion coefficient for gasses or 1 for
liquids.

As can be seen in Eq. 1, Cy is directly proportional to Q. If then, Cus is determined
incorrectly and is inaccurate by 2% then the resulting flow calculation will also be off by
2%. Every differential-based flow meter has a discharge coefficient that can be
calculated using different variations of Eq. 1. While it is possible to predict the discharge
coefficient, especially for some well documented meter designs, the best results are found
when the meter is calibrated in a laboratory setting and assigned its discharge coefficient
which corresponds to the specific set of pressure taps used. When the meter is calibrated
in a laboratory setting, it should be calibrated in a pipe configuration that is representative
of the conditions in the field to achieve the highest degree of accuracy when installed.
When a laboratory calibration is not possible, it becomes necessary for the
manufacturer’s predicted performance data to be used to determine how a meter will
perform in piping that deviates from recommended installations. If there is no
recommendation or experience from the manufacturer, CFD can act as an alternative to

physically modeling the pipe in a laboratory to assess the differences to be expected as
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compared to an ideal installation. CFD is well suited for determining both the relative
differences in Cys from pipe installation effects and the distances required after pipe

disturbances such that Cy is no longer affected.

Experimental Procedure

All data for this study were collected at the Utah Water Research Laboratory
(UWRL). For the physical data, water was supplied to the test setup from First Dam, a
small impoundment located on the Logan River near the UWRL. This study was
designed to show the change in Cy as a result of sudden changes in pipe diameter
upstream from the meter. A baseline test was performed in the laboratory for a classical
Venturi tube and a Halmi Venturi tube where more than 40 diameters of straight pipe
matching the meter inlet diameters were installed upstream from the meter. The meters
were tested over inlet Reynolds numbers ranging from 60,000 to 1,200,000. The flow
meters were provided to the UWRL for experimental and research use and each had a
beta ratio of approximately 0.60. Various schedules of 12-inch diameter pipe were then
tested upstream of the sample Venturi meters to simulate sudden pipe expansions and
contractions. The changes in Cs from the baseline tests over the same Reynolds number
range were determined.

The same tests were then reproduced using CFD. The CFD data were collected at
the UWRL using Star-CCM+, a commercially available CFD solver (CD-adapco 2016).
The CFD simulations were set up to match as close as possible the experimental setup

from the physical data. The CFD results were then compared to the results of the
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experimental data for a specific pipe offset. This was completed for three pipe
configurations where the offset was 0.5, 2 and 4 diameters upstream from the meter inlet
pressure taps.

As shown in the experimental results section, the CFD and physical data
compared well. The CFD simulations were then expanded to show the effects of pipe
wall offsets on Venturi’s in different line sizes, with different Venturi designs, beta ratios,
and a wider range of Reynolds numbers for both sudden contractions and sudden
expansions. CFD was also used to determine the distance required after a sudden pipe
offset to remove any effect that offset has on the Venturi discharge coefficient. This was
done by moving the offset further upstream from the meter inlet until the Venturi
discharge coefficient matched that of the baseline data. It should be noted that the CFD
results were compared to laboratory data for a wide range of installations to verify the

validity of the results. This will be shown later in the paper.

Experimental Results

During this study, over 200 CFD data runs were completed. As mentioned
previously, the primary objectives for the study were to determine how well CFD could
predict the discharge coefficient (Cq) of various Venturi designs and to predict how Cy is
affected by pipe diameter offsets as well as using CFD to determine the distance a
Venturi needs to be installed from an offset to no longer be affected. Noteworthy is that

all CFD runs were simulated using progressively finer meshes and simulated until the
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solution was mesh independent and grid convergence occurred. Furthermore, the

laboratory discharge coefficient data has a maximum experimental uncertainty of 0.25%.

Comparison of CFD to Experimental Data

In order to gain understanding of the CFD results, they were first compared to the
results from the experimental data. One of the reasons CFD was used to determine the
distance downstream of a sudden change in pipe diameter a meter should be installed is
because it is expensive to acquire different lengths of varying pipe diameters for so many
laboratory setups. The UWRL did purchase lengths of all of the 12-inch pipe schedules
for the study, but CFD was used to vary the standard wall pipe lengths between the offset
and the meter. With this in mind, the UWRL did have a few pipe spools that were used
to increase the distance from the offset to the meter so the confidence in the CFD model
could be increased. The experimental data that the CFD were compared to were for the
Halmi Venturi Tube and the Classical Venturi Tube with 0.5, 2.0 and 4 pipe diameters
between the Venturi’s pressure taps and the pipe wall offset.

The offset tested in the laboratory was from a 12-inch schedule 160 pipe with an
I.D. of 10.126 inches to 12-inch standard pipe with an [.D. of 12.00 inches. This offset
was defined as a 15.6% sudden expansion upstream from the meter. For clarity, an
expansion is defined as a sudden increase in diameter experienced by the flow as it
approaches the meter. Figures 3 and 4 show the discharge coefficient for each meter

plotted against the Reynolds number. The plots show the discharge coefficient with
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different meter inlet pipe diameters between the sudden pipe expansion and the meters

for both the experimental and numerical data.

Discharge Coefficient
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Discharge Coefficient For Classical Venturi with a 15.6% Expansion
Various Pipe Diameters from the High Taps
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Fig. 3. Classical Venturi discharge coefficients with a 15.6% expansion for both
physical and numerical data

As shown in Figures 3 and 4 the agreement between the CFD and experimental

data is very good when a 15.6% expansion occurs upstream from a Classical or Halmi

Venturi meter. It should be noted that although the value of the discharge coefficient

matches well with these Venturis, this was not a critical part of this study. The critical

part of this study was how well CFD can predict the change in the Cs caused by the
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sudden change in pipe diameter. Figures 3 and 4 indicate that the CFD captures the

change rather well.
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Fig. 4. Halmi Venturi discharge coefficients with a 15.6% expansion for both
physical and numerical data

After the CFD model was proven reliable, it could then be used to determine the

required distances between an offset and Venturi flow meter. As mentioned previously,

the experimental laboratory data that were collected for this study were used to document

the effects of installing various differential pressure flow meters in different pipe

schedules so that a pipe wall offset was created immediately upstream of the meter.
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These experiments were performed in varying schedules of 12-inch pipe and all of the
meters tested were standard wall (12-inch I.D.). All differential producing meters had a
beta ratio of approximately 0.6. The full results of the experimental data for this research
were published in Journal AWWA (Pope et al. 2015) and show that Cys is most certainly
affected by the pipe wall offsets.

It would take many more CFD simulations to test the entire range of pipe
schedules investigated in Pope’s research so only two were chosen for proof of concept.
The two upstream pipe schedules that were tested with the CFD simulations were 12-inch
schedule 100 (11.064 inch I.D.) and schedule 160 (10.126 inch .D.). These schedules
equate to a 7.8% and 15.6% change in diameter from the standard wall (12.00 inch 1.D)
pipe. These schedules were chosen for use in the CFD simulations because the 7.8%
change in diameter is where the change in C4 was consistently greater than the meter’s
published accuracy and the 15.6% change was the largest diameter change tested during
the experimental work, which accordingly resulted in the largest change in Ca.

One limitation of the experimental data was that the sudden expansions that were
tested had a larger change in diameter than the sudden contractions that were tested. It is
feasible however, to have the same magnitude of sudden contraction as the sudden
expansion in the experimental data. This would mean a 12-inch schedule 100 or 160
meter would be installed in a larger standard schedule 12-inch pipe. A full background
on pipe schedules and sizes available can help one see this picture clearly and can be
found in literature (Nayyar 2000). The CFD simulations therefore also include a 7.8%

and a 15.6% sudden contraction prior to the meters. Figure 5 shows velocity contour
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plots from the CFD of a Classical Venturi with a 7.8% expansion and contraction as well
as a 15.6% expansion and contraction. The images in Figure 5 are all with the offset
close coupled to the flow meter such that the offset was 0.5 pipe diameters from the high
pressure tap location.

As previously stated, each of the differential flow meters tested experimentally in
the laboratory were 12-inch meters and had a beta ratio of approximately 0.6. To
determine how the same meter designs with different beta ratios are affected by the
sudden expansion and contractions the various Venturi meters were tested in the CFD
simulations with beta ratios of 0.4, 0.6, and 0.75. These are all common beta ratios
available in commercial Venturi meters and provided enough information to predict how
meters with other beta ratios than those tested should respond. Figure 6 shows a CFD
velocity contour plot of each beta ratio of a Classical Venturi with no pipe wall offset

upstream of the meter.

Velocity: Magnifude (ft/s)
0.00000 9.8138 19.628 29,441

A) 7.8% expansion
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Velocity: Magnitude (ft/s)
0.00000 08172 19.634 29.452 30.269 49.086

B) 7.8% Contraction

Velocity: Magnitude (ft/s)
0.00000 Q0805 19.961 29.941 30,922 49,902

C) 15.6% Expansion

Velocity: Magnitude (ft/s)
0.00000 9.8835 19.767 29.651 39.534 49418

D) 15.6% Contraction

Fig. 5. CFD Velocity contour plots showing different offsets tested with CFD
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Velocity: Magnitude (ft/s)
0.00000 23.734 47.468 71.202 94,936 118.67

A) 0.4 beta ratio

Velocity: Magnitude (ft/s)
0.00000 9.8463 19.693 29.539 39.385 49.232

B) 0.6 beta ratio

Velocity: Magnitude (ft/s)
0.00000 6.3805 12.761 19.141 25,622 31.9

C) 0.75 beta ratio

Fig. 6. CFD velocity contour plots of 0.4, 0.6, and 0.75 beta ratio Classical Venturi

For completeness both 4-inch and 48-inch Venturi meters were also tested with
CFD simulations in addition to the 12-inch meters to show how meters in different line

sizes respond to pipe wall offsets. Also, higher Reynolds numbers were tested using
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CFD to make sure no Reynolds number effects were present. The data were also

expanded to include a few runs with the Universal Venturi Tube (UVT) with CFD.

Determining Required Distance from Offset

To determine the distance the Venturi meter needs to be installed from the offset
such that Ca is no longer affected, the offset was moved farther upstream from the
Venturi meter until the change in Cswas less than the 0.25% calibrated accuracy (PFS
2014) of the meter. Figure 7 shows a 0.6 beta ratio HVT with a 15.6% expansion at
varying distances from the meter. This figure is helpful to visually see the changes in
velocity near the meter resulting from the offset. The figures that follow show plots of the
change in discharge coefficient from the baseline runs plotted against the distance from
the offset to the inlet pressure taps in step heights, where a step height is the difference in
radius from the offset pipe to the meter inlet.

Figures 8 through 11 show plots of the change in Cy for a 12-inch Halmi Venturi
Tube (HVT) with different beta ratios versus the distance from the offset to the meter
inlet taps in step heights. Figure 7 also shows data for a 4-inch HVT, a 4-inch UVT, and
laboratory data for a 12-inch HVT. Figures 12 through 15 show plots of the change in Cu
for the Classical Venturi with different beta ratios versus the distance from the offset to
the meter inlet taps in step heights. Figure 10 also shows data from a 48-inch Classical
Venturi and Figure 11 includes data from a 4-inch Classical Venturi and laboratory data

from a 12-inch Classical Venturi.
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Table 1 shows a summary of the distances required between the offset and the high-
pressure meter taps for Cs to be changed by 0.25% or less as compared to ideal
conditions.

It should be noted that the data presented in Figures 3 through 10 and Table 1
represent the average change in Cq over the Reynolds number range tested. Reynolds
number effects will be discussed later in the paper. It should also be noted that in some
cases the offset had no effect on Cs when tested at the shortest feasible distance. In these
cases the required distance could be less than shown in Table 1, however the values

shown would be conservative.

Velocity: Magnitude (ft/s)
0.00000 2.8967 5.7934 8.6902 i 587 14.48:

A) HVT with 6.4 step heights (0.5 pipe diameters) from offset to meter inlet taps.

Velocity: Magnitude (ft/s)
0.00000 2.8966 5.7933 8.6899 11.587 14.48.

B) HVT with 12.8 step heights (1 pipe diameters) from offset to meter inlet taps.



Velocity: Magnitude (ft/s)
0.00000 2.9484 5.8967 8.8451 11.793 14.742

C) HVT with 25.6 step heights (2 pipe diameters) from offset to meter inlet taps.

Velocity: Magnifude (ft/s)
0.00000 3.0109 6.0219 9.0328 12.044 15.05.

D) HVT with 51.2 step heights (4 pipe diameters) from offset to meter inlet taps.

Velocity: Magnitude (ft/s)
0.00000 3.0500 6.0999 Q. 1499 12.200 15.250

E) HVT with 64 step heights (5 pipe diameters) from offset to meter inlet taps.

Fig. 7. Contour velocity plots of a 0.6 beta ratio HVT with varying distances
between a 15.6% expansion and the meter inlet taps
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Discharge Coefficient Change vs Reynolds Number with 7.8% Expansion

Upstream of a Halmi Venturi
100.000%

10.000% -+

g
€
[
k=] *
=
3
o
o
& 9
5 1.000% B CFD 12-inch 0.4 beta HVT
£ A .
2 @ CFD 12-inch 0.75 beta HVT
a .
-E A A CFD12-inch 0.6 beta HVT
2 (3
]
S A
| |
0.100%
| A
[ |
0.010% ; ; ; . .
0 20 40 60 80 100 120
Step Heights from Offset

Fig. 8. Change in discharge coefficient vs. Reynolds number for the Halmi Venturi
Tube with a 7.8% pipe wall expansion at various distances upstream
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A CFD4-inch 0.6 beta HVT
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Fig. 9. Change in discharge coefficient vs. Reynolds number for the Halmi Venturi
Tube with a 15.6% pipe wall expansion at various distances upstream
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Discharge Coefficient Change vs Reynolds Number with 7.8%

Contraction Upstream of a Halmi Venturi
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Fig. 10. Change in discharge coefficient vs. Reynolds number for the Halmi Venturi
Tube with a 7.8% pipe wall contraction at various distances upstream
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Fig. 11. Change in discharge coefficient vs. Reynolds number for the Halmi Venturi
Tube with a 15.6% pipe wall contraction at various distances upstream
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Discharge Coefficient Change vs Reynolds Number with 7.8% Expansion
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Fig. 12. Change in discharge coefficient vs. Reynolds number for the Classical
Venturi Tube with a 7.8% pipe wall expansion at various distances upstream
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Change in Discharge Coefficient (%)
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Fig. 13. Change in discharge coefficient vs. Reynolds number for the Classical
Venturi Tube with a 15.6% pipe wall expansion at various distances upstream
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100.00%
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Discharge Coefficient Change vs Reynolds Number with 7.8%
Contraction Upstream of a Classical Venturi
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Fig. 14. Change in discharge coefficient vs. Reynolds number for the Classical
Venturi Tube with a 7.8% pipe wall contraction at various distances upstream
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Change in Discharge Coefficient (%)

Discharge Coefficient Change vs Reynolds Number with 15.6%

Contraction Upstream of a Classical Venturi
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Fig. 15. Change in discharge coefficient vs. Reynolds number for the Classical
Venturi Tube with a 15.6% pipe wall contraction at various distances upstream

In general, the data demonstrate that the smaller the beta ratio the more resilient

and less affected the meter is to upstream disturbances. It appears from Figure 12 and 13

that both the 4-inch and 48-inch meter sizes require slightly more step heights than the

12-inch meter to minimize the effect of the offset on Cyalthough there is no laboratory

data for comparison in these two sizes. As compared to laboratory data, the CFD

accurately predicted the effect of the offset on Cys and the required distance to remove that
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effect. It is the author’s opinion that CFD can be a helpful tool in predicting how

different piping arrangements can affect the performance of flow meters.

Understanding the Results

In an effort to discover why the coefficient is changed with a pipe wall offset
upstream of the meter, plots were created with the CFD software showing the total
energy distribution in the test domain. Figures 16 through 21 show these plots, with the
total energy on the y-axis and the position in the meter on the x-axis. In essence, these
plots show the energy grade line from upstream to downstream along the wall of the pipe
and meter and down the centerline of the domain. The reason there is a difference in the
total head along the wall and the centerline is of course because there is no velocity at the
wall (no-slip boundary condition) leaving the wall pressure representing the hydraulic
grade line, or just the piezometric head. All of the plots are for a 0.6 beta HVT, but each
plot has a different offset scenario upstream of the meter. Figure 16 shows a baseline run
with no pipe offset upstream of the meter and demonstrates the hydraulic and energy
grade lines without an offset. Figures 17 through 21 show the energy plots for the
scenarios showed in the contour plots of Figure 7 with a 15.6% expansion located 6.4,
12.8, 25.6, 51.2, and 64 step heights (0.5, 1, 2, 4, and 5 pipe diameters) upstream of the
high pressure taps respectively. The plots also indicate the location of the high and low
pressure taps.

The plots show that if there is not sufficient room for the pressure drop that occurs

after the expansion to recover, the offset will affect the meter discharge coefficient.



Table 1. A summary of the required distance between an offset and the high pressure taps such that the discharge
coefficient of a Venturi is changed bv less than 0.25%

Distance from Distance from Average
Venturi Offset Offset Offset Change in
Meter Size Meter Type Beta Ratio Description Step Height To High Taps To High Taps Coefficient
(inches) (inches) (step heights) (pipe diameters) (%)
12 HVT 0.40 7.8% Expansion 0.47 12.8 0.5 0.13%
12 HVT 0.40 15.6% Expansion 0.94 25.6 2 0.13%
12 HVT 0.40 7.8% Contraction 0.47 12.8 0.5 0.05%
12 HVT 0.40 15.6% Contraction 0.94 6.4 0.5 0.17%
12 HVT 0.60 7.8% Expansion 0.47 51.3 2 0.20%
12 HVT 0.60 15.6% Expansion 0.94 51.2 4 0.17%
12 HVT 0.60 15.6% Contraction 0.94 25.6 2 0.11%
12 HVT 0.60 7.8% Contraction 0.47 12.8 0.5 0.23%
4.026 HVT 0.60 15.6% Expansion 0.31 64.0 5 0.12%
4.026 UVT 0.60 15.6% Expansion 0.31 64.0 5 0.13%
12 HVT 0.75 7.8% Expansion 0.47 128.2 5 0.17%
12 HVT 0.75 15.6% Expansion 0.94 76.8 6 0.24%
12 HVT 0.75 7.8% Contraction 0.47 76.9 3 0.20%
12 HVT 0.75 15.6% Contraction 0.94 64.0 5 0.19%
12 Classical 0.40 7.8% Expansion 0.47 12.8 0.5 0.22%
12 Classical 0.40 15.6% Expansion 0.94 25.6 2 0.20%
12 Classical 0.40 7.8% Contraction 0.47 12.8 0.5 0.14%
12 Classical 0.40 15.6% Contraction 0.94 6.4 0.5 0.24%
12 Classical 0.60 7.8% Expansion 0.47 76.9 3 0.05%
12 Classical 0.60 15.6% Expansion 0.94 51.2 4 0.08%
12 Classical 0.60 15.6% Contraction 0.94 25.6 2 0.02%
12 Classical 0.60 7.8% Contraction 0.47 12.8 0.5 0.17%
4.026 Classical 0.60 15.6% Expansion 0.31 64.0 5 0.18%
47.25 Classical 0.60 2.6% Expansion 0.63 37.8 0.5 0.18%
47.25 Classical 0.60 7.8% Expansion 1.86 101.9 4 0.17%
47.25 Classical 0.60 15.6% Expansion 3.69 89.8 7 0.06%
12 Classical 0.75 7.8% Expansion 0.47 76.9 3 0.20%
12 Classical 0.75 15.6% Expansion 0.94 76.8 6 0.05%
12 Classical 0.75 7.8% Contraction 0.47 51.3 2 0.02%
12 Classical 0.75 15.6% Contraction 0.94 384 3 0.03%
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Noteworthy is the fact that all offsets, both contractions and expansions resulted in an
increase of the discharge coefficient from the ideal installation. All of the CFD runs were
made using a pressure boundary condition for the outlet of the model where the pressure
was held to 30 psi. As there is no difference in any of these models from the low
pressure taps to the outlet, the low-pressure reading of all of these scenarios remains very
close to the same. The high-pressure readings on the other hand, vary as the pressure
drop caused by the offset attempts to recover. These plots show that the change in Cu
comes from a change in the high tap pressure reading and not the low tap pressure

reading.

Reynolds Number Effects

To say that there are Reynolds number effects, or Reynolds number dependency,
means that a result of interest changes with Reynolds number. In this study, Reynolds
number dependency would mean one of two things. It could mean that the change in Cu
from an offset installation to the ideal installation varied with Reynolds number or that
the required distance between the offset and the meter inlet taps such that Cs was no
longer affected would again vary with Reynolds number. It turns out that the former is
true in some flow scenarios for this study, but the required distance to have no change in
Cadoes not depend on the Reynolds Number. For this study, the closer the offset to the
meter the larger the resulting changes in Cq, and the more noticeable the Reynolds

number effects are. However, both the CFD and laboratory data showed that as the
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0.6 Beta HVT Total Energy Plot
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Fig. 16. Total energy distribution for a 12-inch 0.6 beta HVT with no offset
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Fig. 17. Total energy distribution for a 12-inch 0.6 beta HVT with a 15.6%
expansion 6.4 step heights upstream of the high taps
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Fig. 18. Total energy distribution for a 12-inch 0.6 beta HVT with a 15.6%
expansion 12.8 step heights upstream of the high taps
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Fig. 19. Total energy distribution for a 12-inch 0.6 beta HVT with a 15.6%
expansion 25.6 step heights upstream of the high taps

42



43

0.6 Beta HVT Total Pressure Plot
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Fig. 20. Total energy distribution for a 12-inch 0.6 beta HVT with a 15.6%
expansion 51.2 step heights upstream of the high taps
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Fig. 21. Total energy distribution for a 12-inch 0.6 beta HVT with a 15.6%
expansion 64 step heights upstream of the high taps
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distance between the offset and the meter increase, the Reynolds number effects decrease.
Figure 22 shows the change in Cu plotted versus Reynolds number for a 0.75 beta ratio
HVT for three different distances from the offset to the meter. The offset is a 15.6%
contraction, so the step height is 0.937-inches, and the plot shows data with the offset at
6.4, 25.6 and 51.2 step heights away from the meter inlet taps.

As shown in the figure the change in Cq varies over the Reynolds number range
when the offset is 6.4 step heights away but once the offset is 25.6 or 51.2 step heights
away there are no longer Reynolds number effects. It should be noted that the Reynolds
number effects were the most severe with larger beta ratio meters and with sudden
contractions instead of expansions. It should also be noted that the required distance

where there is no longer any change in Cz does not depend on Reynolds number.

Using the Results

The results of this study predict the change in the discharge coefficient Ca for
sudden changes in pipe diameter at different distances upstream of a Venturi. This paper
can act both as a guide for how far a Venturi meter needs to be installed to minimize or
even remove the effect of the offset and gives guidance to the affect the offset can have
on the Cqof the meter if the meter installation is closer to an offset than desired.
This study also provides more assurance of the capabilities of CFD. For example, if a
meter installation has to be less than ideal, a CFD investigation could safely predict to
within 1%, the affect the installation could have on the meter Cs. This could be an
alternative to modeling the piping scenario in a laboratory setting which can be more

costly and time consuming than the CFD analysis.
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Fig. 22. Reynolds number effects on the discharge coefficient of a 0.75 beta ratio
HVT with varying distances between the offset and the meter

Discussion and Conclusions

This study used physical and numerical data to determine the distance required
from a sudden pipe expansion or contraction to the inlet taps on a Venturi flow meter so
the Venturi discharge coefficient (Ca) is no longer affected by the offset. Three different
beta ratios of 0.4, 0.6, and 0.75 were analyzed on 2 different types of Venturi flow meters
including the Classical Venturi tube, the Halmi Venturi Tube. A beta ratio of 0.6 was
also tested on the Universal Venturi Tube design for comparison. Line sizes of 4-inches,
12-inches, and 48-inches were investigated to determine if line size can change the results

for a given offset or for a given relative offset. A broad Reynolds number range was
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investigated to determine if the required distance between a pipe diameter offset and a
flow meter was Reynolds number dependant. The following list describes the key
findings of this study.

- A competent CFD analysis can accurately predict both the affect a pipe
offset can have on the Cys of a Venturi Flow meter and the required
distance between the offset and the meter such that there is no longer any
affect on Ca.

- While each Venturi design is generally similar, the required distance from
the offset to the inlet taps does slightly vary based on design.

- The smaller the beta ratio the less susceptible the Venturi is to upstream
disturbances like the offset.

- When the offset is close coupled to the meter such that there was 0.5 pipe
diameters from the offset to the meter inlet taps the change in Ca varied
slightly over a high Reynolds number range. However, the distance where
Ca was no longer affected was the same regardless of the Reynolds
number.

- Line size has minimal affect the distance required for a relative offset to
stop affecting Ca.

- An offset of the same size has different effects in different line sizes. In
other words an offset of 0.5 inches has a more extreme effect on Cq in a 4-
inch line than a 12-inch line and the same offset may not have any effect

in a 48-inch line.



In order to better understand the use of CFD in predicting piping effect on flow
meters future research could include testing different pipe fittings upstream of meters
both physically and numerically to determine if CFD can accurately predict the effect.
Some pipe fittings could include elbows, two elbows, Tee’s, or combinations of other
pipe fittings.

It is also important to mention that CFD is not a tool to replace laboratory
calibrations. One reason is that it is difficult to detect and model slight manufacturing
changes from meter to meter including pressure taps and surface finish to name a few.
For these reasons CFD should not be used to replace Laboratory calibrations but can be
used as an effective tool for determining changes to a meter’s performance based on

installation effects.
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CHAPTER 4

USING CFD TO OPTIMIZE VENTURI RECOVERY CONE ANGLES

Abstract

There are various applications for flow meters and often they require accurate
flow measurement (0.25% of actual flow or better) while other applications accept flow
measurements that are not as accurate. Some applications attempt to minimize head loss
while others have ample energy such that a flow meter with higher head loss is preferred.
There are also applications where there are limits on head loss imposed that a flow meter
cannot exceed. In many instances where highly accurate flow measurement and low head
loss are required, Venturi flow meters are a viable option. The accuracy of a Venturi for
flow measurement is well established and documented, however the design of recovery
cones and their associated head loss is not. This study uses Computational Fluid
Dynamics and laboratory data to demonstrate the relationship between the angle of the
recovery cone on common Venturi meter designs and the associated head loss. Results
from this study show that to minimize head loss, the optimum recovery cone angle is a
function of meter design, beta ratio, and Reynolds number. This research provides the
optimal recovery cone angle to minimize pressure loss for many Venturi designs and beta

ratios.

Coauthored by Michael C. Johnson? PhD, P.E., Steven L. Barfuss® P.E.
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Background and Literature Review

There are many different Venturi flow meter designs with some of the designs
being widely used while others are or at least started proprietary (BIF 2016, PFS 2014).
The most common Venturi designs include the American Society of Mechanical
Engineers (ASME) Venturi (or classical by some codes), Halmi Venturi Tube (HVT),
Universal Venturi Tube (UVT), nozzle Venturi, low loss Venturi, and the Dahl Tube.
This research will include the first 4 meters listed, which are the ASME, HVT, UVT, and
nozzle Venturi because the Dahl tube is not used as commonly. Design details for the
ASME Venturi and nozzle Venturi are covered in design Code Manuals while the other
two are, or began as proprietary designs (ISO 2003, ASME 2007). In the ASME code,
the design for the ASME Venturi includes a design for a machined, fabricated, and as-
cast Venturi. In the code, the machined and fabricated designs have the same
specifications for radii entering and exiting the throat, the as-cast design is different

however, and was also used in this research.

There has been research performed on Venturi flow meters to determine
installation effects on discharge coefficients including several pipe fittings and valves.
The literature is laden with information providing guidance on Venturi installation (Baker
2000, Baker 2003, Miller 1996, Rapier 1981, ASME 2005). Research on Venturis has
also been performed using Computational Fluid Dynamics (CFD) for various reasons in
recent years due to the proliferation of commercially available CFD solvers and modern

computing power. One study used CFD to analyze the trend of discharge coefficients on
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multiple differential pressure flow meters over a wide Reynolds number range
(Hollingshead et al. 2011). Hollingshead showed success in calculating discharge
coefficients using CFD compared to laboratory data then used CFD to extend the
Reynolds number range of the flow meters. This particular research also showed the
great flexibility researchers could have using CFD. Hydraulic laboratories are often
limited in flow rates and pressure, which correspondingly prevents them from taking data
over the Reynolds number ranges that were investigated by Hollingshead with CFD.
While CFD is not a replacement for a laboratory calibration, it is a useful tool for
identifying performance trends or relative differences associated with changes in meter
design. Prajapati also showed good success using CFD in flow metering applications
(Prajapati et al. 2010). Their research used CFD to determine the permanent pressure
loss of different differential producing flow meters including a Venturi meter, Wedge
meter, V-Cone meter, and concentric Orifice plate. CFD has also been used to study flow
characteristics in multiple pipe fittings including elbows, valves, and tees (Ramamurthy
et al. 20006).

Lacking CFD, Gibson showed experimental data for gradual expansions in
circular, square and rectangular conduits that showed the angle in which the head loss is
minimized through the expansion (Gibson 1908). His results showed that for circular and
square conduits, regardless of the ratio of pipe diameters, the inclusive angle in which
head loss was minimized was 5.5 degrees. Gibson also showed that for different area
ratios of rectangular pipe the expansion angle in which the head loss was minimized was

near 10 degrees. This information is often referred to in literature as the Gibson method
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for Venturi recovery cone design. The research lacks important information such as how
long the pipe was prior to the expansion leaving the development of the flow profile in
question. It is also uncertain if this data can be applied to Venturi recovery cone designs
as the flow profile will be different in straight pipe versus the relatively short length in
the throat of a Venturi.

The ASME MFC code on fluid flow measurement in pipes lists acceptable ranges
for the recovery cone of the ASME Venturi flow meter being between 7 and 15 degrees
inclusive (ASME 2007). It also lists head loss information for a meter with the 7-degree
cone and a 15-degree cone but nothing in between. This code also gives the design
information for a nozzle Venturi in which the recommended inclusive recovery cone
angle (RCA) is less than or equal to 30 degrees.

Fluid mechanics text books also provide information on this topic and show
similar curves to that of Gibson (Finnemore and Franzini 2006). The head loss in a
gradually expanding cone comes from two sources. First is the friction of the fluid along
the wall of the cone and the second is the head loss associated with the turbulence of the
fluid. Relatively, the head loss associated with the turbulence is usually the greater loss.
With that understanding, to reduce the pressure loss in Venturis there needs to be a
balance between the two sources of loss. If there is too much friction loss then the length
of the meter is too long so the friction is the predominant source of loss. If there is too
much turbulent loss the angle of the recovery cone is too large leading to separation of

the flow and no wall friction in the recovery cone. The optimal RCA occurs when each
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source of loss is optimized such that when combined the pressure loss of the meter is
minimized.

There are many applications where minimizing the head loss is of interest. One
case in point was a recent project at the Utah Water Research Laboratory where design
criteria for a choking Venturi to be used in a nuclear application was supplied. The
Venturi needed to be near a 0.24 beta ratio (defined as the ratio of the throat diameter to
the inlet diameter) to choke under the conditions given and have a permanent pressure
loss not exceeding 7% of the corresponding meter differential pressure. A combination
of CFD and laboratory testing was employed to optimize the recovery cone design to

meet the requirements.

The present research used Computational Fluid Dynamics along with laboratory
data to show the relationship between the RCA on a Venturi and the head loss
characteristics. Study results show that to minimize head loss the optimum RCA is a
function of meter design, beta ratio, and Reynolds number. The focus of the research was
on how sensitive recovery cone design can be to pressure recovery and not only presents
the optimum cone angles for minimizing pressure loss but also what design parameters
effect the optimum RCA and the change in permanent pressure loss to expect with

different recovery cone designs.
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Theoretical Background
The equation used to calculate the discharge coefficient (Cy) for a Venturi is
derived from the Bernoulli energy equation. To generalize the equation such that it can
be used for compressible and incompressible fluids, conservation of mass must be

maintained. A general equation to determine the discharge coefficient (Cy) for a Venturi

is given by (Crane 2010, Miller 1996):

C, = 0

2
d. g

Y
Df

where Q is the mass flow rate, Cq is the discharge coefficient, dris the flowing diameter

(1)

* Apr

of the throat, Dris the flowing diameter of the meter inlet, g is the acceleration due to
gravity, AP is the difference in piezometric pressure between the inlet to the throat

pressure tap locations, o, is the flowing density of the fluid, and Y is the gas expansion

coefficient for gasses and is 1.000 for liquids.

For meters included in code manuals, the shape of the meter profile and the
location of pressure taps where AP is measured are clearly dictated. For other meters,
manufacturers have design conditions as to the shape of the meter profile and the location
of the pressure taps. For determining the permanent pressure loss caused by a Venturi,
current codes state that pressure taps at least one pipe diameter upstream and six pipe
diameters downstream of the Venturi should be used. The measured value obtained from

these pressure tap locations becomes the gross permanent pressure loss of the meter. The
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net pressure loss is then determined by removing the Venturi from the line and testing the
same pipe and same pressure taps with no meter in the line. The difference in the
readings becomes the net permanent pressure loss which is often related to the AP by
dividing the pressure loss by the AP so the loss is reported as a percentage of the meter’s
differential pressure as measured between the high and low pressure taps (ISA 2008, ISO

2003, ASME 2007).

Experimental Procedure

All data for this study were collected at the Utah Water Research Laboratory
(UWRL). This study was designed to determine the optimum RCA for different Venturi
designs. Laboratory data were collected on a 12-inch ASME Venturi and a 12-inch HVT.
The meters were tested over inlet Reynolds numbers ranging from 60,000 to 1,200,000.
The flow meters were provided to the UWRL for experimental and research use and each
had a beta ratio of approximately 0.60.

Once the permanent pressure loss of the meters was determined, CFD was used to
reproduce the experiment. The meters were modeled per manufacturing drawings
provided by the meter manufacturer. The pipe in the CFD model was meshed such that a
surface roughness could be included in the model to produce the same pressure loss as
was found for the laboratory steel piping. Since the meters that were tested were
fabricated, the same roughness was then used in the meter body as the pipe with the

throats of the meters being modeled much smoother than the meter body. For
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comparison, the CFD models were also run with the wall of the whole Venturi modeled
as a smooth surface to assess how the optimum recovery cone was affected by surface
roughness. The CFD models were tested over the same Reynolds number range as the
laboratory tests and the results were compared.

As shown in the experimental results section, the CFD and physical data for the
12-inch meters compared well. To gain more confidence in the CFD, additional
laboratory data were collected for different meters and beta ratios and again CFD was
used to simulate the same tests. Once confidence in the CFD was achieved the CFD
simulations were then expanded for different Venturi designs, beta ratios, and a wider
range of Reynolds numbers. Multiple RCAs were then tested for each combination of

meter design, beta ratio, and Reynolds number.

Experimental Results

At the conclusion of this study, over 500 CFD data runs had been completed.
Each of the five Venturi designs was tested with two surface finishes, at least four RCAs,
and the Reynolds number and beta ratio information shown in Table 2. It is understood
that some of the beta ratios tested fall outside of some of the recommended limits
indicated by code and/or manufacturer, however because the intent of the testing was to
provide guidelines for cone design, the authors felt it important to cover a wide beta ratio

range for all meter designs.
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Table 2. The beta ratio and Reynolds numbers tested with CFD for each Venturi

design
Beta Ratio Inlet Reynolds Number
60,000 300,000 1,000,000 3,000,000 5,000,000
0.2 X X X
0.4 X X X
0.6 X X X
0.75 X X X

The primary objective for the study was to determine the optimum RCA required
to minimize permanent pressure loss for different Venturi designs with varying beta
ratios. Noteworthy is that prior to completing all of the CFD runs, some were simulated
using progressively finer meshes until the solution was mesh independent and grid
convergence occurred. As stated earlier, in order to match the laboratory data, friction
had to properly be accounted for in the mesh. Therefore, for the rough runs, while each
mesh was finer, the wall treatment was adjusted accordingly such that each mesh had the

same fiction factor as the laboratory piping.

Grid Convergence and Model Parameters

In order to determine the numerical uncertainty due to the mesh a procedure from
the AMSE Journal of Fluids Engineering was followed (Celik et al. 2008). In general the
procedure states that at least three meshes should be tested each with an average cell size
at least 1.3 times greater than the next mesh. During this study, four independent meshes
were used to determine the Grid convergence index (GCI) for gross loss on an ASME
Venturi. This was done both for 0.20 beta ratio and 0.60 beta ratio designs, and the GCI

for the discretization error did not exceed 0.5%. Table 3 shows a summary of the mesh
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convergence exercise performed on these two Venturi meters where ¢ is the gross loss of

the different Venturi designs and other variables are defined by Celik.

Table 3. Shows GCI for two numerical runs where GCI is less than 0.5%

Grid Convergence Index Runs
Parameter 0.2 Beta 0.6 Beta
R+ 1.400 1.429
R, 1.429 1.400
b1 189.098 27.747
b2 192.358 29.048
63 192.557 28.962
P 8.879 7.188
Q(p) -0.188 0.144
S 1 0
%o 188.92 27.64
&% 192.35 29.06
e, 1.724% 4.689%
- 0.092% 0.393%
GCI?'e 0.11% 0.49%

While the full grid convergence procedure was not completed on all 500 runs of
this study, it was assumed that due to the commonality of each run, the baseline grid
convergence tests that were performed were sufficiently applicable to all other similar
geometries that were tested. The CFD code used for this research was STAR-CCM+

version 10.06 by CD-adapco which is a double precision code using the finite volume

method (CD-adapco 2016). All numerical methods used were at least 2" order accurate

and all residuals were reduced by at least four orders of magnitude prior to stopping the
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solutions. The differential pressure and gross loss of the Venturi were also monitored
prior to stopping the simulations.

The inlet boundary condition for all CFD runs was taken from a fully developed
flow profile in which the velocity, turbulent kinetic energy, and turbulent dissipation rate
were used and input at the inlet of each model. As previously stated, the wall boundary
condition was modeled both as smooth and rough surfaces and when modeled rough, the
roughness height was set such that the numerical pipe friction matched that of laboratory
piping. When the wall was modeled as smooth the wall Y+ values were targeted to be
one and varied between 0.5 and 3 when there was flow separation. When the wall was
modeled as rough the wall Y+ values were targeted between 30 and 50 but varied as low
as 20 and high as 100 which is acceptable per STAR-CCM+ literature. The outlet
boundary condition was set as a pressure boundary in which an appropriate pressure was
maintained in which the pressure throughout the domain always remained positive. The
inlet and outlet boundaries were located at least two pipe diameters upstream or
downstream of any measurement point in the computational domain.

In addition to the numerical uncertainties, and perhaps more important, is the fact
the numerical data were compared to physical laboratory data. This comparison is shown
in the next section. The uncertainty of the physical data were also performed following
the ASME PTC 19.1 2005 test uncertainty standard in which all physical data had

uncertainties less than 0.25% with 95 percent confidence (ASME 2006).
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Comparison of CFD to Experimental Data

One of the reasons CFD was used for this research was due to the ease of
incrementally changing the angle of the recovery cone and the strength of CFD for
comparing differences in solutions with differing geometries. However, to gain
additional confidence in the CFD results and approach, actual laboratory test data were
used to compare with CFD results and to verify its accuracies. Laboratory experimental
data (to which the CFD was directly compared) were collected on a 12-inch HVT with a
10-degree recovery cone, a 12-inch ASME Venturi tube with a 14.66-degree recovery
cone, a 4-inch ASME Venturi with a 7-degree recovery cone, a 4-inch nozzle Venturi
with a 7-degree recovery cone, and a 48-inch HVT with a 10-degree truncated recovery
cone.

Because the majority of this study was done with CFD using different 12-inch
meter designs, more CFD to laboratory comparisons were done for this line size. The
validation done with the 4-inch and 48-inch meter sizes were a spot check of one flow
condition, which compared well. Figure 23 shows the comparison of the CFD and
laboratory data for the 12-inch meters in a plot of pressure loss versus Reynolds number.
Figure 23 shows how well CFD tracks the permanent pressure loss over a wide Reynolds
number range.

As shown in Figure 23, the agreement between the CFD and experimental data is
good. It should be noted that CFD also shows good comparison of discharge coefficients

for these Venturis; however this was not a critical part of this study. In fact, the absolute
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Fig. 23. Gross loss comparison for laboratory and CFD data

value of pressure losses is not near as important to the results of this study as the
difference in pressure loss from one RCA to the other. Since no lab data were available
where pressure loss is recorded for identical Venturis with different recovery cones, the
ability CFD has to track both 12-inch meters, one with a 14.66-degree cone and one with
a 10-degree cone, is very important to the results of the study. After the CFD model was
proven reliable in doing this, it was then used to test identical Venturis with identical

flow conditions while varying only the angle of the recovery cone.

CFD Results
As mentioned previously, the objective of the CFD work was to determine the

optimum RCA to minimize head loss through various Venturi flow meter designs. As it
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turn out this angle varies widely with different meter designs, beta ratios, Reynolds
number ranges, and also with wall roughness. Optimum included RCAs were found to
vary from 4.2 degrees to 14.3 degrees over all of the tests performed and as much as 8.2
degrees for one meter design. The results of this study were definitely different than the
authors expected and the optimum RCAs had enough variation to be surprising.
Noteworthy is the fact that the optimal RCAs do not always agree with the manufacturer
or the code recommendations for the meter tested. For example, the optimum RCA for
an ASME Venturi is less than 7 degrees for smaller beta ratios. Also the optimal RCA
for the HVT and UVT varies from the 10 degree recommendation down to 6 degrees for
the HVT and down to nearly 4 degrees for the UVT. It should be noted that the RCA
directly affects the overall length of the Venturi flow meter with smaller angles
lengthening a given meter design.

To determine the optimum angle, CFD data were used to develop plots of
pressure loss versus RCA to be able to determine what angle would have the least head
loss. In order to see what angle resulted in the minimum head loss, angles both above
and below the optimum angle needed to be tested. It took some trial and error to
determine what RCAs to test, so early on in the study more angles were tested than
needed. Figure 24 shows velocity contour plots from the CFD of a 0.6 beta ASME
Venturi for recover cones having inclusive angles of 5.5, 7, 10, and 14.66 degrees. The
data from the models that produced the images in Figure 24 were then used to create
Figure 25 and Figure 26. Figure 25 is a plot of the permanent pressure loss versus the

RCA for a 0.6 beta ASME Venturi at an inlet Reynolds number of 1,100,000 with wall
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surface roughness modeled and Figure 26 shows the same plot for the same Venturi and
flow conditions with a smooth wall surface. It should be noted that Figures 25 and 26 are
a small sample of the plots created for this study. On those plots, each point represents
one CFD run and 24 plots were created for each of the five meters tested totaling 120
plots which are all shown in Appendix A.

In the development of these head loss versus cone angle curves, the angles tested
were arbitrary since the goal was to determine the angle with the minimum pressure loss.
With curves developed for each meter design, beta ratio and Reynolds number tested, the
optimum RCA for each condition was determined using the developed curves. The same
curves were then used to determine how much the cone angle could be increased and
keep the head loss within 2% and 5% of the minimum head loss which occurs at the
optimum angle of the recovery cone. Table 4 provides a summary of the results and
shows the meter design, beta ratio, Reynolds number, optimum RCA for the smooth and
rough Venturi, and the RCA in which the permanent head loss across the meter will
increase by 2% and 5% from the optimum angle for the rough version of the full recovery
cone Venturi design. Noteworthy is the fact that while the surface roughness increased
the permanent pressure loss of the Venturis, the optimum RCA was not dramatically
affected. For the 0.60 and 0.75 beta ratio Venturis the optimum cone angle was
decreased with the rough Venturi, but not by enough to be outside of angle where the
head loss would increase by more than 2%. This helps the user have confidence in the
recovery cone information presented regardless of the surface finish of the meter being

used.
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Table 4. Summary of results for full recovery cone Venturi designs

Venturi Meter Inlet Throat  [Smooth Optimum|Rough Optimum| Cone Angle for | Cone Angle for
Meter Beta Reynolds Reynolds Cone Angle Cone Angle | 2% more Loss | 5% more Loss
Design Ratio Number Number (degrees) (degrees) (degrees) (degrees)
ASME 0.2 65904 331288 52 5.3 6.5 7.2
ASME 0.2 328240 1650018 5.3 5.2 6.4 7.2
ASME 0.2 1116665 5613320 5.1 5.1 6.2 7.0
ASME 0.4 65803 164654 52 6 74 8.3
ASME 0.4 1118327 2798238 5.8 5.8 7.0 7.8
ASME 0.4 3342164 8362956 5.8 5.8 7.0 7.8
ASME 0.6 65827 109971 71 7 9.0 10.2
ASME 0.6 1117207 1866422 8.7 8.1 10.1 11.4
ASME 0.6 5070032 8469800 9.7 7.9 9.9 11.2
ASME 0.75 65908 87890 10.9 7.2 9.5 11.4
ASME 0.75 1116941 1490592 12.1 10.8 14.4 16.9
ASME 0.75 5066185 6755900 12.2 11.9 16.8 21.6
HVT 0.2 65904 330540 5.8 6 7.2 8.0
HVT 0.2 327883 1644500 5.9 6.1 7.4 8.2
HVT 0.2 1116594 5599124 5.9 5.8 7.0 7.8
HVT 0.4 65818 164681 6.9 8.3 6.3 13.4
HVT 0.4 1118378 2798244 7.9 7 8.7 9.7
HVT 0.4 3342351 8362852 8.2 6.7 8.6 9.6
HVT 0.6 65894 109982 8.9 8.9 11.2 13.0
HVT 0.6 1117128 1864541 10.7 9 11.2 12.7
HVT 0.6 5065238 6340869 12 9.6 11.9 13.3
HVT 0.75 65892 87861 11.6 8.5 12.3 15.3
HVT 0.75 1117162 1489637 13.5 12.1 16.0 18.5
HVT 0.75 5076693 6774443 14 12.2 16.2 19.0
UvVT 0.2 65905 331307 4.8 55 6.7 7.4
UVT 0.2 327815 1646968 4.6 4.7 5.9 6.7
UVT 0.2 1116551 5609633 4.2 4.6 5.8 6.5
UVT 0.4 65821 164682 5.8 6.3 7.9 9.2
UVT 0.4 1118418 2798267 5.6 5.6 7.0 7.9
UVT 0.4 3342414 8362678 5.7 5.7 7.0 8.0
UVT 0.6 65853 109945 7.5 7.6 9.8 114
UVT 0.6 1117479 1865702 7.7 7.3 9.4 11.0
UVT 0.6 5067082 8459816 7.5 7.5 9.6 11.2
UVT 0.75 65921 87916 10.7 8.1 11.2 13.5
UVT 0.75 1117215 1489972 11.6 10.7 14.5 17.3
UVT 0.75 5066399 6756800 12.3 10.9 14.8 17.6
Nozzle 0.2 65905 332381 5.8 5.8 7.0 7.8
Nozzle 0.2 327872 1653564 6.1 5.9 7.2 8.0
Nozzle 0.2 1116655 5592269 5.9 5.7 7.0 7.8
Nozzle 0.4 65810 164669 6.5 7.6 9.5 10.7
Nozzle 0.4 1119067 2800763 7.3 7 8.9 10.0
Nozzle 0.4 3341281 8362324 7.7 7.2 9.2 10.2
Nozzle 0.6 65830 1398521 8.3 8 10.2 12.0
Nozzle 0.6 1121450 109950 9.6 9 11.5 13.0
Nozzle 0.6 5086853 6343931 10 8.9 11.3 12.9
Nozzle 0.75 65891 87868 12.5 9.3 13.3 16.9
Nozzle 0.75 1123195 1497817 14 12.5 16.5 19.0
Nozzle 0.75 5087025 6783716 14.3 12.6 16.5 19.1
As Cast ASME 0.2 65905 331255 4.9 5.1 6.2 6.9
As Cast ASME 0.2 327853 1647884 5 5.1 6.3 71
As Cast ASME 0.2 1116532 5612011 4.9 5 6.2 7.0
As Cast ASME 0.4 65789 164767 5 5.4 6.6 7.4
As Cast ASME 0.4 1122592 2809783 5.7 54 6.7 7.6
As Cast ASME 0.4 3341906 8365692 5.6 54 6.8 7.7
As Cast ASME 0.6 65907 109829 6.5 6.2 8.0 9.1
As Cast ASME 0.6 1117067 1861491 7.4 71 9.1 10.5
As Cast ASME 0.6 5066381 8442786 7.7 7.3 9.2 10.7
As Cast ASME 0.75 65893 87855 8.3 6.4 8.6 9.9
As Cast ASME 0.75 1117135 1489467 10.5 9 12.7 15.0
As Cast ASME 0.75 5065776 6754157 11.2 9.8 14.1 16.5

66
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Understanding the Results

There are many factors that contribute to the optimum angle of the recovery cone.
All of the variables tested in this research ended up having some contribution to the
resulting optimum angle, including; the meter design, beta ratio, Reynolds number and
wall roughness of the Venturi. Each of these will be briefly discussed to show its
contribution to the optimum RCA.

Meter Design: The meter design had a surprising effect on the RCA. For
example, for the rough wall 0.60 beta ratio runs with the inlet Reynolds number near
5,000,000, the optimum RCA varies from 7.5 degrees for the UVT to 9.6 degrees for the
HVT with all of the other designs in between. For the smooth wall 0.40 beta ratio runs
with an inlet Reynolds number of 3,300,000 the optimum RCA varies from 5.6 degrees
for the as-cast ASME Venturi to 8.2 degrees for the HVT with the angle for the other
designs again being in between. One observation made as to why the difference from one
meter to the next was the velocity profile entering and exiting the throat of the Venturi.
Figure 27 shows velocity contour plots for the smooth wall 0.40 beta ratio runs with a
3,300,000 inlet Reynolds number. Note the high velocity recorded by CFD in each meter
throat and the location of the reading. It appears that the meter designs with shorter inlets
and smooth transitions to the throat have a high velocity near the wall at the inlet of the
throat, which appears to affect the optimum RCA.

Beta Ratio: The beta ratio has the largest effect on the optimum angle of the
recovery cone. For each meter design, from a 0.2 beta ratio to a 0.75 beta ratio, the

smallest change in the optimum RCA was 5 degrees for the rough wall model of the
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Fig. 27. CFD Velocity contour plots showing some different recovery cone
angles

as-cast ASME Venturi and the largest change was 8.2 degrees for the smooth wall model
of the Nozzle Venturi. While there are many reasons to why there is such a large change
in the optimum RCA from the beta ratio a few key ones will be discussed. One major
reason as to why the RCA is different is simply due to the difference in acceleration from
the inlet to the throat of meters with different beta ratios. The velocity in the throat of a
0.20 beta ratio Venturi is 25.3 times that at the inlet, a 0.40 beta is 6.3 times larger, a 0.60
beta is 2.8 times larger, and the 0.75 beta ratio meter has a throat velocity 1.8 times larger

than the inlet. This may not make the difference in the optimum RCA obvious, however



70
when this acceleration is investigated further the CFD models show more acceleration
happens near the wall then at the center line of the meters. Figure 28 shows the velocity
profile at the exit of the throat of an ASME Venturi with a 0.20, 0.40, 0.60, and 0.75 beta
ratio meter design respectively. As can be seen in the figure the velocity profile from one
beta ratio to the next is drastically different which results is large changes of the optimal
RCA. If the same velocity profiles are compared for the same beta ratio but different
meter designs or different Reynolds numbers, the velocity profiles are noticeably
different most of the time but the difference is not near as drastic as with different beta
ratios. Figure 29 shows a plot of the optimum RCA versus the throat Reynolds number
for a HVT. This plot shows how the optimal RCA changes both with beta ratio and
Reynolds number and shows a much larger variation in RCA from beta ratio changes
than Reynolds number changes.

Reynolds Number: Reynolds number effects on the optimum RCA exist but are
small compared to the other two factors especially when the lowest Reynolds numbers
tested are not included in the comparison. This is reasonable since large beta ratio meter
will not be designed for Reynolds numbers less than 100,000. The largest effect from
Reynolds number was for the 0.60 beta HVT where the optimum RCA changed by 1.3
degrees between inlet Reynolds numbers of 1,000,000 and 5,000,000 (throat Reynolds
numbers of 1,870,000 and 8,460,000) where the smallest effect was no change in the
optimum angle. It is noteworthy that the Reynolds number effects are more significant
with larger beta ratio meters while with smaller beta ratio meters (0.40 and smaller) the

effect was not more than 0.5 degrees.
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Fig. 29. The effect that beta ratio and Reynolds number have on the recovery cone
angle

Wall Roughness: There were also wall roughness effects on the optimum RCA.
These were also small and did not result in more than a 2-degree change in the optimum
RCA when the beta ratio was 0.75. For beta ratios less than 0.40 there was no significant
change in the optimum RCA implying that friction losses become negligible in
determining the optimum RCAs for small beta ratio Venturis.

In general, the data demonstrate that the smaller the beta ratio, the smaller the
optimum RCA is and the less it can be affected by Reynolds number, wall roughness and
meter design. On the contrary the smoother the meter inlet and the larger the beta ratio,

the larger and more susceptible to change the optimum RCA is.
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Using the Results

This study produced optimum RCAs for a broad range of Venturi designs that can
be used for most instances of various Venturi meter designs. There is no implication that
the results need to be used in all recovery cone designs; however in any instance where
head loss is of sufficient concern, the data can provide design guidance that was
nonexistent prior to this study. The study also confirms that CFD, coupled with
experimental testing, is a useful tool in optimizing the cone angle of other unique Venturi
designs.

It has been stated that the ASME code calls for recovery cones angles to fall
between 7 and 15 degrees inclusive. These angles work fine and result in accurate flow
measurement. The CFD however, predicted optimum RCAs of 7.9 degrees for a rough
wall and 9.7 degrees for a smooth wall 0.60 beta ratio ASME Venturi. Ifa 15-degree
cone were to be used instead of either of these, the head loss would be between 9% and
15% higher. For a 0.40 beta ratio ASME Venturi the optimum recover cone angle was
determined to be 5.8 degrees. In this case if a 15-degree recovery cone were to be used,
the head loss would be 80% higher. In the case of a 0.20 beta ASME venturi the loss
would be 150% higher if a 15-degree recovery cone were used instead of the optimal 5.1-
degree included cone angle.

Each meter has a signature curve for the optimum RCA versus the recovery cone
length. This is a convenient way to determine the optimum RCA for beta ratios that were
not tested in this study. Figures 30 through 34 show these plots in the following order of

Venturi design; ASME Venturi, HVT, UVT, Nozzle Venturi, and the as-cast ASME
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Venturi. The plots include a formula to calculate the trend line for the optimum RCA
curve. The plots also include a second series that shows how much the RCA can be
increased (which would decrease the recovery cone length) while only increasing the
head loss by 2% of the minimum, which occurs at the optimum RCA. Note that each of
the plots represents the summary of least 96 data points.

Noteworthy is the fact that these plots do not indicate how much of a decrease in
pressure loss one can expect by using the optimum RCA versus some other angle. This is
something difficult to present in one plot however, using the plots coupled with Table 4
can provide the reader some insight (though not exact) as to how much increase in
pressure loss to expect from different RCAs. For example, if one wanted to use a 10-
degree included RCA on 0.4 beta UVT where the optimal angle is 5.7 degrees the
following can be assumed. Since a 7-degree angle gives a 2% increase in pressure loss
there is 2% in 1.3 degrees of angle increase or approximately 1.5% per degree. A 9-
degree angle gives a 5% increase from the optimal recovery cone, or a 3% increase in
pressure loss from the 7-degree recovery cone. That means there was a 3% increase in
pressure loss over a 2-degree increase in recovery which again equates to approximately
a 1.5% pressure loss increase per degree of RCA increase. One can then assume that a
4.3-degree increase in RCA from 5.7 to 10 degrees would then produce a 6.5% (1.5 x
4.3) increase in pressure loss. This type of procedure can be used for any meter with the
table or simply by using the plot and assuming a linear increase in head loss past the 2%

pressure loss increase line.
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It should also be mentioned that in order to determine the exact optimal angle of

the recovery cone, an iterative solution will be required. In other words, one can look at

the plot and get a good idea of the recovery cone length and angle needed; however after

designing the meter the length and angle should then be plotted to see how the design

compares to the optimal angle. If it plots above the line there will be an increase in head

loss, if it plots below the line the meter is being built too long and there will also be an

increase in head loss. It is also well understood by the authors that recovery cones as

long as ten inlet diameters can be difficult and very costly to build. In some of those

cases these data still provide some design criteria as to how much increase in head loss

will result from shortening the meter and allow the meter designer the ability to optimize

the meter design to minimize head loss and manufacturing costs.
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Discussion and Conclusions

This study used physical and numerical data to determine optimum RCAs for five
different Venturi designs. Four different beta ratios of 0.20, 0.40, 0.60, and 0.75 were
analyzed with two different Venturi wall roughnesses, three different Reynolds numbers
and multiple RCAs. The following describes some key findings of this study.

- CFD is capable of producing data predicting permanent pressure loss for
many different Venturi designs.

- Head loss measurements are sensitive to the recovery cone angle. In other
words, slight changes in the recovery cone angle can result is large
increases in permanent pressure loss.

- Smaller beta ratio meter designs result in smaller optimal recovery cone
angles. They also make the optimal cone angle less susceptible to change
from factors including meter design, wall roughness and Reynolds number
change the optimal angle.

- The change in the optimal recovery cone angle can vary widely for the
same meter design with different beta ratios. The optimum angle in some
meters changed as much as 8.2 degrees from a 0.20 beta ratio to a 0.75 beta
ratio.

- The optimal recovery cone angle can change as much as 3 degrees from

one meter design to another.
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- Changes in recovery cone angle from one meter to another are greater for
larger beta ratios. Changes in the optimal angle due to Reynolds number
and meter roughness are also greater with larger beta ratio meters.
- The optimal recovery cone angles found are not always included in code or
manufacturers specifications for the design recovery cone angle.

It is the author’s opinion that CFD needs to be coupled with laboratory data in
order to best utilize this powerful tool. It is very easy to believe the results of any CFD
simulation, however there are many ways to feed the model inaccurate information that
will always produce poor results. When properly used and verified however, CFD can be
used to extend the range of laboratory data, especially when it is not feasible to collect
the incrementally varying data in a laboratory. While it is not implied that all of the data
in this study is absolute, it should be understood that there are numerical uncertainties,
however the many instances shown of good data comparison with laboratory data gives

confidence in the results of this study.
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CHAPTER 5

USING CFD TO OPTIMIZE THE TRUNCATION OF VENTURI RECOVERY
CONES

Abstract

Venturi flow meters are one of the most commonly used devices for flow
measurement. The Venturi flow meter was introduced as a flow measurement
technology in the 1890s. Accuracy in flow measurement for many Venturi designs is
well established and documented; however, acceptable methods for optimizing the
recovery cone design, including recovery cone truncation, have not been thoroughly
investigated. This study uses Computational Fluid Dynamics coupled with laboratory
data to demonstrate the relationship between the truncation of recovery cones on common
Venturi meter designs and the associated head loss. The goal of the research is to present
a method for determining the appropriate angle to minimize head loss for a known
recovery cone length. For example, if the site installation requires that the length of a
Venturi be shorter than the standard meter design, the question arises as to whether there
will be more head loss if one were to increase the recovery cone angle to shorten the
meter, or to truncate the recovery cone. This study answers this question and also
presents the recovery cone angle which results in the least amount of permanent pressure

loss for Venturi meters with truncated recovery cones.

Coauthored by Michael C. Johnson? PhD, P.E., Steven L. Barfuss® P.E.
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Background and Literature Review
The most common Venturi designs presently used include the American Society

of Mechanical Engineers (ASME) Venturi (or classical by some codes), the Halmi
Venturi Tube (HVT) (PFS 2014), the Universal Venturi Tube (UVT) (BIF 2016), the
nozzle Venturi, the Low Loss Venturi, and the Dahl Tube. This research will include the
first 4 meters listed, which are the ASME, HVT, UVT, and nozzle Venturi because the
Dahl tube and Low Loss Venturi designs are not as common. Design details for the
ASME Venturi and nozzle Venturi are covered in ASME design Code Manuals (ISO
2003, ASME 2007) while the other two are, or began as proprietary designs. In the
ASME code, the design for the ASME Venturi includes a design for machined,
fabricated, and as-cast Venturi meters. In the code, the machined and fabricated designs
have the same specifications for radii entering and exiting the throat, the as-cast design is
different however, and was also used in this research totaling five meters that were tested

in this research.

With Venturi flow meters being such an old flow measurement technology there
has been great deals of research performed on them. Most to the research has been
focused on flow measurement performance and as a result there are guidelines for
Venturi installations downstream of many pipe fittings and valves (Baker 2000, Baker
2003, Rapier 1981, ASME 2005). There has been research performed on Venturi flow
meters using Computational Fluid Dynamics (CFD) for various reasons during the past
few years. One study used CFD to analyze the trend of discharge coefficients on multiple

differential pressure flow meters over a wide Reynolds number range (Hollingshead et al.
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2011). Another study used CFD to determine the permanent pressure loss in a wide
range of differential flow meters (Prajapati et al. 2010). CFD has also been used to study
flow characteristics in multiple pipe fittings including elbows, valves, and tees
(Ramamurthy et al. 2006). While CFD is not a replacement for a laboratory calibration,
it is a useful tool for identifying performance trends or relative differences associated
with changes in meter design. CFD was also used to determine the optimal recovery
cone angle for Venturi flow meters where the lowest total head loss through the meter
occurs.

The ASME MFC code (ASME 2007) on fluid flow measurement in pipes lists
acceptable ranges for the recovery cone of the ASME Venturi flow meter being between
7 and 15 degrees inclusive. This code also gives the design information for a nozzle
Venturi in which the recommended inclusive recovery cone angle (RCA) is less than or
equal to 30 degrees. The code also gives one detail applicable to this research, which
states that the recovery cone of a Venturi can be truncated up to 35% of its length without
affecting the discharge coefficient. It also states that this will increase the head loss
through the Venturi but does not state by how much.

Fluid mechanics text books (Finnemore and Franzini 2006, Gibson 1908) also
provide information on this topic and show curves that indicate the optimal cone angle in
an expansion to minimize head loss. It has been found that the head loss in a gradually
expanding cone comes from two sources. First is the friction of the fluid along the wall
of the cone and the second is the head loss associated with the turbulence of the fluid.

Relatively, the head loss associated with the turbulence is usually the greater loss.
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The head loss in a truncated expansion cone comes from the friction in the cone,
the turbulence caused by the gradual expansion, as well as the added turbulence caused
by the sudden expansion at the location of the cone truncation. In this instance, the head
loss from the turbulence is also the larger pressure loss. While the head loss caused by a
sudden expansions is known and documented in textbooks, the loss associated with a
sudden expansion from a gradual expansion is likely different depending on the angle of
the gradually expanding cone. It is also unknown how the losses from the contraction of
the Venturi inlet cone, the gradual expansion in the recovery cone, and the sudden
expansion of the recovery cone truncation interact with each other.

To minimize the pressure loss in Venturis with truncated recovery cones there
needs to be a balance between the sources of pressure loss. If there is too much friction
loss then the length of the gradually expanding portion of the meter is too long. If there
is too much turbulent loss then the angle of the recovery cone is too large leading to
separation of the flow. This case also produces conditions in which the higher velocities
separate from wall boundaries which reduce wall friction losses. On the other hand, as
recovery cone angle is reduced the sudden expansion occurring at the truncation
increases, which creates more head loss. In this study, to determine the optimal recovery
cone angle for Venturis with truncated recovery cones, it was determined that each source
of loss needed to be adjusted by holding the recovery cone the same length and adjusting
the recovery cone angle, which in turn adjusts the size of the sudden expansion.

In practice, there are many applications where minimizing the head loss is of

interest and there are also many applications where there are restrictions on the length of
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a meter due to space constraints. Even if minimizing head loss in not a top priority, a
meter design with less head loss than another will often be preferred. The present
research used Computational Fluid Dynamics along with laboratory data to show the
relationship between the recovery cone angle (RCA) in a Venturi with a truncated cone
and the head loss characteristics. Study results show that to minimize head loss, the
optimum RCA in a truncated recovery cone is mainly a function of meter design, and
beta ratio. It should be noted that Reynolds number effects and surface roughness

become insignificant due to the increase in head loss caused by the truncations.

Theoretical Background

The equation used to calculate the discharge coefficient (Cy) for a Venturi is derived from
the Bernoulli equation and the conservation of mass. To generalize the equation such
that it can be used for compressible and incompressible fluids, conservation of mass must
be maintained. A general equation to determine the discharge coefficient (Cqa) for a

Venturi is given by (Crane 2010, Miller 1978, Miller 1996):

(1

where Q is the mass flow rate, Cq is the discharge coefficient, dris the flowing diameter
of the throat, Dris the flowing diameter of the meter inlet, g is the acceleration due to

gravity, AP is the difference in piezometric pressure between the inlet to the throat
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pressure tap locations, o, is the flowing density of the fluid, and Y is the gas expansion

coefficient and is unity for liquids.

For meters included in code manuals, the shape of the meter profile and the
location of pressure taps where AP is measured are clearly dictated. For other meters,
manufacturers have design guidelines for the meter profile and the location of the
pressure taps. For determining the permanent pressure loss caused by a Venturi, current
codes state that pressure taps at least one pipe diameter upstream and six pipe diameters
downstream of the Venturi should be used. The measured value obtained from these
pressure tap locations becomes the gross permanent pressure loss of the meter (ISA 2008,
ASME 2007). The net pressure loss is then determined by removing the Venturi from the
line and testing the same pipe and same pressure taps with no meter in the line. The
difference in the readings from when the meter is in to when it is removed becomes the
net permanent pressure loss which is often related to AP across the meter’s pressure taps
by dividing the pressure loss by AP so the loss is reported as a percentage of the meter’s

differential pressure measured between the high and low pressure taps.

Experimental Procedure

All data for this study were collected at the Utah Water Research Laboratory
(UWRL). This study was designed to determine the optimum RCA for different Venturi
designs for cases where the recovery cone needs to be truncated. Laboratory data were
collected on a 12-inch ASME Venturi and a 12-inch HVT. Both meters had a section of

the recovery cone that could be removed such that there was a full recovery cone and a
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truncated recovery cone. The meters were tested over inlet Reynolds numbers ranging
from 60,000 to 1,200,000.

Once the permanent pressure loss of the meters with a full recovery cone and a
truncated recovery cone was determined, CFD was used to reproduce the experiments.
The meters were modeled in CFD using drawings provided by the meter manufacturer.
The pipe in the CFD model was meshed such that a surface roughness could be included
in the model to produce the same pressure loss as was found experimentally for the
laboratory steel piping. Since the meters tested in the laboratory were fabricated and not
machined, the roughness of the meters, other than the throat, were similar to that of steel
pipe. Therefore in the CFD model, the same roughness was used in the meter body as the
pipe with the throats of the meters being modeled smoother than the meter body. The
CFD models were tested over the same Reynolds number range as the laboratory tests
and the results were compared. It was very important that CFD was able to predict the
absolute value of the permanent pressure loss, but perhaps even more important that CFD
was able to predict the increase in pressure loss due to different truncations and RCAs.

One of the reasons CFD was used for this research is that laboratory setups with
identical meters with different recovery cones are not common. Therefore, the ability to
compare the CFD head loss results with two different meter designs tested in the
laboratory, both of which had truncated and full recovery cones, was important. The
ASME Venturi, which had a 14.6-degree recovery cone, was truncated by 34.5% of its
length, leaving a sudden expansion with diameter ratio of 85.9% from the exit of the

recovery cone to the nominal pipe diameter. The HVT Venturi had a 10-degree recovery
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cone and was truncated by 46.5% of its length, leaving a sudden expansion with a
diameter ratio of 81.9% from the exit of the recovery cone to the nominal pipe diameter.
Therefore, two meter designs with different recovery cone angles and truncation levels
were tested both in the laboratory and with CFD giving confidence in how well CFD is
able to match laboratory data under the changing circumstances this study would require.

In the experimental results section, the CFD and physical data for the 12-inch

meters are compared and agree well. Once confidence in the CFD was achieved the CFD
simulations were then expanded to different Venturi designs, recovery cone lengths, and
beta ratios. Reynolds number effects were also investigated and found to be minimal as
they were in previous research performed on optimizing RCAs for full recovery cones as
shown in the previous chapter. Multiple RCAs were then tested for each combination of
meter design, recovery cone length, and beta ratio to be able to characterize the
relationship between the optimal RCA and the length of the recovery cone. Once a meter
design, recovery cone length, and beta ratio combination was tested a new recovery cone
length was implemented. Once enough recovery cone lengths were tested for one meter

design and beta ratio combination, the beta ratio was changed and the process repeated.

Experimental Results

At the conclusion of this study, over 300 CFD data runs had been completed.
Each of the five Venturi designs was tested with four to five beta ratios, an average of
three recovery cone lengths (often more), and at least four RCAs. The beta ratios tested

include 0.20, 0.40, 0.60, and 0.75 for all of the meter designs and a 0.30 beta ratio for
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some of the designs. It is understood that some of the beta ratios tested fall outside
design codes and manufacturer recommendations, however to provide guidelines for cone
design a wide beta ratio range was necessary.

The primary objective for the study was to determine the optimum RCA required
to minimize permanent pressure loss for different Venturi designs with varying beta
ratios and recovery cone lengths. Prior to completing all of the CFD runs, some were
simulated using progressively finer meshes until the solution was mesh independent and
grid convergence occurred. As stated earlier, in order to match the laboratory data,
friction had to properly be accounted for in the mesh. Therefore, while each mesh was
finer, the wall treatment was adjusted accordingly so that each mesh had the same friction
factor as the laboratory piping. It should also be noted that prior to completing the CFD
runs various turbulence models including K-epsilon, K-omega, Large eddy simulation,
Detached eddy simulation, and Reynolds stress models were each used to determine
which model most closely agreed with the laboratory data. It was determined that the K-
epsilon model yielded the best results and this model was used for the remainder of the

testing. The following section describes more details about the numerical model.

Grid Convergence and Model Parameters

In order to determine the numerical uncertainty due to the mesh, a procedure from
the AMSE Journal of Fluids Engineering (Celik et al. 2008) was followed. In general the
procedure states that at least three meshes should be tested each with an average cell size

at least 1.3 times greater than the next mesh. During this study, three independent
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meshes were used to determine the Grid convergence index (GCI) for gross loss on an
ASME Venturi. This was done for both 0.20 beta ratio and 0.60 beta ratio designs, and
the GCI for the discretization error was typically less than 1%. It should be noted that
GCI values this high never occurred near optimal recovery cone design conditions in the
sample of runs where grid convergence was performed. Table 5 shows a sample of the
mesh convergence exercise performed on these two Venturi meters where ¢ is the gross

loss of the different Venturi designs and other variables are defined by Celik.

Table 5. Shows GCI for two numerical runs where GCI is less than 1.0%

Grid Convergence Index Runs
Parameter 0.2 Beta 0.6 Beta
R+ 1.400 1.400
R, 1.429 1.429
b1 205.07 1.738
b2 204.84 1.757
¢3 203.93 1.808
P 3.710 2.749
Q(p) -0.104 -0.090
S 1 1
"o 205.16 1.73
>t 205.16 1.73
e, 0.115% 1.060%
e?' 0.046% 0.702%
GCI*'e 0.06% 0.87%

While the full grid convergence procedure was not completed on all of the runs of
this study, it was performed on a wide range of runs having a variety of RCAs, truncation

levels, beta ratios, and meter designs, such that the grid convergence tests that were
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performed were sufficiently applicable to all other similar geometries that were tested.
The CFD code used for this research was STAR-CCM+ version 10.06 by CD-adapco,
which is a double precision code using the finite volume method (CD-adapco 2016). All
numerical methods used were at least 2" order accurate and all residuals were reduced by
at least four orders of magnitude prior to stopping the solutions. The differential pressure
and gross loss of the Venturi were also monitored prior to stopping the simulations.

The inlet boundary condition for all CFD runs was taken from a fully developed
flow profile in which the velocity, turbulent kinetic energy (K), and turbulent dissipation
rate (epsilon) were used and input at the inlet of each model. As previously stated, the
wall boundary condition was modeled both as a rough surface where the roughness
height was set such that the numerical pipe friction matched that of laboratory piping.
The wall Y+ values were targeted between 30 and 50 but varied as low as 20 and high as
100 or slightly higher which is acceptable per STAR-CCM+ literature. The outlet
boundary condition was set as a pressure boundary in which an appropriate pressure was
maintained such that the pressure throughout the domain always remained positive. The
inlet and outlet boundaries were located at least two pipe diameters upstream or
downstream of any measurement location in the computational domain.

In addition to the numerical uncertainties, and perhaps more important, the
numerical data were compared to physical laboratory data. This comparison is shown in
the next section. All physical data has also had an uncertainty analysis performed
following the ASME PTC 19.1 2005 test uncertainty standard in which all physical data

had uncertainties of less than 0.25% with 95 percent confidence (ASME 2006). As
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previously stated, all of the numerical simulations used a three-dimensional model and

employed the K-epsilon turbulence model.

Comparison of CFD to Experimental Data

Three principal reasons CFD was used for this research included 1) the ease of
incrementally changing the angle and truncation location of the recovery cone, 2) the ease
of extracting data at any location in the numerical domain from each modeling run and 3)
the strength of CFD for comparing differences in solutions with differing geometries. In
order to have confidence in the CFD results and approach, actual laboratory test data
were used to compare with CFD results as previously discussed. Laboratory
experimental data (to which the CFD was directly compared) were collected on a 12-inch
HVT with a full 10-degree recovery cone and a truncated 10-degree recovery cone, a 12-
inch ASME Venturi tube with a full 14.6-degree recovery cone and a truncated 14.6-
degree recovery cone.

Figures 35 and 36 show the comparison of the CFD and laboratory data for the
12-inch meters in a plot of pressure loss versus Reynolds number. The reason Reynolds
number was used for comparison when head loss is more directly tied to pipe velocity is
because the optimum recovery cone angle is more closely tied to Reynolds number than
velocity. For the comparison shown, the CFD and laboratory fluids had the same density
and viscosity so the comparison would not change with regard to Reynolds number or
velocity. Figure 35 shows the comparison of laboratory to CFD data for the ASME

Venturi with a full and truncated recovery cone. Figure 36 shows the laboratory to CFD
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comparison of the HVT with a full and truncated recovery cone. These Figures show

how well CFD is able to track the permanent pressure loss over a wide Reynolds number

(velocity) range. As illustrated in the figures, CFD slightly under predicts the head loss

associated with the ASME Venturi and slightly over predicts the head loss associated

with the HVT. The absolute values of pressure loss produced by CFD were typically

within 2% of the laboratory data, but varied by nearly 5% in a few cases.
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While Figures 35 and 36 show good agreement in the comparison between the
CFD and laboratory data, it is important to note how well CFD predicts the increase in
pressure loss from the full recovery cone to the truncated recovery cone. In fact, the
absolute value of pressure losses are not as important to the results of this study as the
difference in pressure loss caused by changing the RCA and the truncation location in the
recovery cone. The plots show how well the CFD matches the absolute values of

pressure loss found with laboratory data. Table 6 summarizes the increase in pressure
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loss caused by the truncation in the recovery cone for both the laboratory and CFD data

for both the ASME Venturi and the HVT. This Table shows that at an inlet Reynolds

number of approximately one million (18 feet/second) the laboratory data showed a

29.6% increase in pressure loss for the HVT while the CFD showed a 30.7% increase.

The CFD matched the pressure increase due to the recovery cone truncation to within

1%. In addition, the CFD and experimental comparison was within 3% of matching the

pressure loss increase due to the truncation for the ASME Venturi.

Table 6. Pressure loss increase caused by recovery cone truncation

Truncation Laboratory Data CFD Data
Meter [Recovery Cone | Length Reynolds | Increase in| Reynolds [ Increase in
Type Angle (deg) [Change (%) Number | Loss (%) | Number | Loss (%)
ASME 14.6 46.5% 292,000 12.0% 328,000 9.1%
ASME 14.6 46.5% 750,000 12.2% 722,000 9.5%
ASME 14.6 46.5% | 1,100,000 [ 13.1% | 1,120,000 9.5%
HVT 10 34.5% 292,000 22.0% 328,000 28.9%
HVT 10 34.5% 751,000 28.5% 722,000 25.8%
HVT 10 34.5% 1,100,000 | 29.6% | 1,120,000 | 30.7%

After the CFD model was proven reliable it was used to test many identical

Venturis with identical flow conditions and recovery cone truncations while varying only

the angle of the recovery cone. Approximately 300 numerical runs were performed to

determine the anticipated pressure loss increase resulting from different combinations of

RCAs and truncation locations. The results are described in detail in the following

sections.
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CFD Results

As mentioned previously, the objective of the CFD work was to determine the
optimum RCA to minimize head loss through various Venturi flow meter designs with
truncated recovery cones. The optimal RCA varies widely with different meter designs,
beta ratios, and of course the location of the recovery cone truncation. It should be noted
that while the surface roughness of the meter and Reynolds number were not investigated
for every Venturi design tested in this study, they were used as a variable in a few cases
where results showed these parameters did not have an appreciable effect on the optimal
RCA. This is because the increase in pressure loss often added from truncating the RCA
limits the effect some variables are able to have on the permanent pressure loss through
the Venturi. Previous research (found in previous chapter) showed these two variables
had an effect on the optimal RCA for Venturis with full recovery cones, but did not have
as much of an effect as meter design and beta ratio. Therefore, the principle variables for
the CFD models in this study became meter design, beta ratio, RCA, and recovery cone
truncation location. All data presented in this study had a throat Reynolds number
greater than 5,000,000 and the same calibrated wall surface roughness (to match
laboratory piping) through the meter.

One main finding of the study is that a full recovery cone will always have less
head loss than a truncated recovery cone when the same RCA is used. If the RCA is
different however, this is not always the case and often truncating the recovery cone,
while keeping the cone length the same, coupled with reducing the RCA results in a

lower head loss. To state how much less the pressure loss is from a Venturi with a full
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recovery cone than the same Venturi and RCA with a truncated recovery cone is difficult
since there are many contributing factors. Some factors that affect the permanent
pressure loss through a Venturi are Reynolds number (velocity), Venturi design, beta
ratio, recovery cone design, and wall surface roughness. Not all of these factors have
large impacts on the optimal RCAs or the increase in pressure loss due to a truncation
however, they do have appreciable impacts on the total head lost though a Venturi flow
meter and all were considered when making meter to meter comparisons.

In order to specifically compare all of meters, the increase in head loss for each
beta ratio was plotted against the ratio of the diameter at the exit of the recovery cone to
the pipe diameter (referred herein as diameter ratio). The plots include data from all five
meter designs in the study and also include multiple RCAs for each meter. The reason
the data is plotted versus the diameter ratio is because there are multiple RCAs for each
meter included in these plots. This means the location of the truncation for a given
diameter ratio is different with each RCA. It should be noted that the increase in pressure
loss is calculated based on head loss for the given Venturi design with a full recovery
cone of the same recovery cone angle. Figures 37 through 40 show these plots for beta
ratios of 0.20, 0.40, 0.60, and 0.75 respectively. Each figure includes different recovery
cone angles, indicating that the increase in head loss for a given beta ratio and truncation
is not RCA dependent.

The plots show a few things of interest; one of which being how closely the
different meter designs respond to the same truncations. Another is how much more the

head loss of a larger beta ratio meter is affected by truncating the recovery cone than a
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small beta ratio design. For example, for beta ratios of 0.20, 0.30, 0.40, 0.60 and 0.75 the
diameter ratios at which the head loss is increased by 10%, is 50%, 77%, 89% and 93%
respectively. This means a truncation can be more than five times as extreme for a 0.20
beta ratio meter as a 0.75 beta ratio meter and still cause the same pressure loss increase
by percentage. Note that one main reason the percent pressure loss increase is less for
smaller beta ratio meters is simply because the pressure loss is much greater than in
larger beta ratio meters. In addition, the plots also show that the smaller the diameter
ratio, or the shorter the recovery cone, the more unique the increase in head loss to each
meter becomes. This shows that the closer the truncation gets to the meter throat, the
more the meter design starts to influence the change in head loss caused by the
truncations.

Another finding of interest is that the optimum included RCA was found to vary
drastically as the length of a recovery cone for a given meter design changes. The shorter
the recovery cone, the larger the optimal recovery cone angle needs to be. Therefore, the
common practice of truncating a recovery cone without changing the RCA will produce a
recovery cone that is not optimal for reducing head loss. In order to determine the
optimum angle for a given recovery cone, CFD data were used to develop plots of
pressure loss versus RCA to determine the angle that would have the least head loss for a
given recovery cone length. In order to see what angle resulted in the minimum head
loss, angles both above and below the optimum angle needed to be tested. Figure 41
shows velocity contour plots from the CFD of a 0.6 beta UVT for recovery cones having

the same length, which was the length of a 13-degree full recovery cone or, 1.76 pipe
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diameters. The data from the CFD models that produced the images in Figure 41 were

then used to create one data set for Figure 42. Figure 42 is a plot of the permanent

pressure loss versus the RCA for a 0.40 beta UVT with for different recovery cone

lengths including a full recovery cone. Figure 43 shows the same plot for a 0.60 beta

UVT. These plots not only show how the optimal angle for different recovery cone

lengths was determined, but they also show how the head loss increases from the full

recovery cone to truncated recovery cones. The plots also provide a good representation

of how the optimal recovery cone angle changes with the length of the recovery cone.
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Fig. 37. The increase in head loss caused by various truncations on 0.20 beta
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0.40 Beta Head Loss Increase with Truncation
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Fig. 38. The increase in head loss caused by various truncations on 0.40 beta
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0.60 Beta Head Loss Increase with Truncation
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0.75 Beta Head Loss Increase with Truncation

60% o
S
w  50%
S <&
Q
§ 40%
= ]
% A
g 30% &
©
£ Q@
(]
E 20% ®
z 5] A A
Qo 10%
g B ®

8 s
0% C% v o}
84% 86% 88% 90% 92% 94% 96% 98% 100% 102%
Diameter Ratio (%)
WM ASMEVenturi AHVT @NozzleVenturi € UVT < As Cast ASME Venturi

Fig. 40. The increase in head loss caused by various truncations on 0.75 beta
Venturis

It should be noted that Figures 42 and 43 are a very small sample of the plots produced
from this study. Each point in the figure represents one CFD run and four, or sometimes
five plots (depending on if the 0.30 beta ratio designs were tested) were created for each
of the five meters tested totaling 22 plots which are shown in Appendix B.

With head loss versus RCA curves developed for each meter design, beta ratio,
and recovery cone length, the optimum RCA for each condition was determined. Table 7
provides a summary of the results and shows the meter design, beta ratio, diameter ratio,
the recovery cone length reduction (in percent), and the optimum RCA for the conditions
listed. This table provides the reader insight to the amount of data used for the analysis

as each row in the table represents the results of at least four CFD runs. It also shows
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another finding of the study, which is, that the larger the beta ratio, the larger the optimal
recovery cone angle. This is shown in Table 7 with the ASME meter when for a similar
diameter ratio, in the 60 to 70% range, the optimal recovery cone angle for a 0.20 beta
ratio is 5.6 degrees, for a 0.30 beta the optimal angle is 8.2 degrees, and for the 0.40 beta
meter the optimal angle jumps to 11.4 degrees. This trend is clearly shown in Figure 44,
which shows a plot of the recovery cone angle versus the diameter ratio for different beta
ratios of the ASME Venturi. This plot not only shows how the optimal recovery cone

angle varies with beta ratio, but also how the optimal angle changes, as the recovery cone

gets shorter.

Velocity: Magnitude (ft/s)
13311

0.00000 44.369 88.738 177.48 221.84

A) 13-degree inclusive recovery cone length (1.76D) with full 13-degree recovery

cone.

Velocity: Magnitude (ft/s)
0.00000 44.392 88.785 133.18 TS 221.96

B) 13-degree inclusive recovery cone length (1.76D) with 10-degree recovery cone.
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Velocity: Magnitude (ft/s)
0.00000 44.413 88.827 133.24 177.65 222.07

C) 13-degree inclusive recovery cone length (1.76D) with 7-degree recovery cone.

Velocity: Magnitude (ft/s)
133.55

0.00000 44.516 89.032 178.06 222.58

D) 13-degree inclusive recovery cone length (1.76D) with 5-degree recovery cone.

Fig. 41. CFD Velocity contour plots showing different recovery cone
truncations
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Table 7. Summary of results for truncated recovery cone Venturi Designs

Venturi Meter Diameter Recovery Cone Recovery Cone Recovery Cone
Meter Beta Ratio Length Reduction Length Optimum Angle
Design Ratio (%) (%) (Pipe Diameters) (degrees)
ASME 0.2 82.4% 22.0% 6.87 5.2
ASME 0.2 74.0% 32.5% 5.72 5.4
ASME 0.2 64.7% 44.1% 4.57 5.6
ASME 0.2 59.9% 50.1% 3.81 6
ASME 0.2 55.0% 56.2% 3.04 6.6
ASME 0.3 88.0% 17.2% 5.72 5.8
ASME 0.3 76.1% 34.1% 4.00 6.6
ASME 0.3 68.1% 45.6% 2.66 8.2
ASME 0.4 89.4% 17.7% 4.04 7
ASME 0.4 85.6% 24.1% 3.43 7.6
ASME 0.4 81.9% 30.1% 2.85 8.4
ASME 0.4 77.5% 37.6% 2.28 9.4
ASME 0.4 69.6% 50.7% 1.48 11.4
ASME 0.6 98.0% 5.0% 2.29 9.5
ASME 0.6 91.6% 21.1% 1.55 11.6
ASME 0.6 87.9% 30.4% 1.13 14
ASME 0.75 97.8% 8.8% 0.89 14.6
ASME 0.75 94.4% 22.2% 0.62 17.9
HVT 0.2 86.3% 17.2% 6.54 5.8
HVT 0.2 70.3% 37.1% 4.57 6.3
HVT 0.2 64.8% 44.0% 3.51 7.3
HVT 0.4 93.6% 10.6% 4.04 7.6
HVT 0.4 89.8% 17.1% 3.43 8.3
HVT 0.4 82.4% 29.4% 2.63 9.2
HVT 0.4 79.2% 34.6% 2.13 10.5
HVT 0.6 97.7% 5.9% 1.90 11.3
HVT 0.6 92.4% 18.9% 1.42 13
HVT 0.75 99.8% 0.7% 1.02 13.9
HVT 0.75 97.6% 9.6% 0.75 17.2
UvT 0.2 93.6% 8.0% 9.16 4.6
UVT 0.2 74.8% 31.5% 6.54 4.8
UVT 0.2 62.3% 47.1% 4.57 5.3
UVT 0.2 55.6% 55.5% 3.51 5.8
UVT 0.3 85.0% 21.5% 5.72 5.5
UVT 0.3 75.4% 35.1% 4.00 6.5
UVT 0.3 68.7% 44.8% 3.07 7.2
UVT 0.4 94.8% 8.6% 4.90 6.4
UVT 0.4 86.2% 23.1% 3.43 7.7
UvT 0.4 79.1% 34.8% 2.63 8.5
UvT 0.4 75.8% 40.3% 2.13 9.6
UvVT 0.6 97.2% 7.0% 2.29 9.3
UvT 0.6 94.4% 13.9% 1.76 11.2
UVT 0.6 89.9% 25.2% 1.42 12
UVT 0.75 100.2% -0.8% 1.10 13.1
UVT 0.75 97.9% 8.2% 0.89 14.7
Nozzle 0.2 79.0% 26.3% 5.72 59
Nozzle 0.2 68.7% 39.1% 4.57 6.1
Nozzle 0.2 62.3% 47.1% 3.51 6.9
Nozzle 0.4 92.2% 13.0% 4.04 74
Nozzle 0.4 89.2% 18.1% 3.43 8.2
Nozzle 0.4 81.9% 30.2% 2.63 9.1
Nozzle 0.4 79.2% 34.6% 2.13 10.5
Nozzle 0.6 99.6% 1.0% 2.29 9.9
Nozzle 0.6 95.4% 11.6% 1.76 11.5
Nozzle 0.6 92.2% 19.6% 1.42 12.9
Nozzle 0.75 98.9% 4.4% 0.89 15.3
As Cast ASME 0.2 82.5% 21.9% 6.88 5.2
As Cast ASME 0.2 73.2% 33.5% 5.75 5.3
As Cast ASME 0.2 65.1% 43.6% 4.61 5.6
As Cast ASME 0.4 92.5% 12.6% 4.92 6.1
As Cast ASME 0.4 86.9% 21.9% 4.06 6.6
As Cast ASME 0.4 84.6% 25.7% 3.49 7.3
As Cast ASME 0.4 78.9% 35.1% 2.68 8.3
As Cast ASME 0.6 96.6% 8.5% 2.33 9
As Cast ASME 0.6 94.1% 14.6% 1.93 10.1
As Cast ASME 0.6 91.4% 21.5% 1.60 11.2
As Cast ASME 0.75 99.1% 3.6% 1.15 12
As Cast ASME 0.75 97.8% 9.0% 0.93 14
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Beta Ratio Influence on Recovery Cone Angle
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Fig. 44. Plot of optimum cone angle versus diameter ratio for different beta ratios of
an ASME Venturi

Figure 44 shows a trend of the optimal recovery cone angle changing with
diameter ration for different beta ratio meter designs. A 0.20 beta ratio can be truncated
to a diameter ratio of 55% (nearly a 60% cone length reduction) and the optimal recovery
cone angle changes by less than two degrees. Compare that to the 0.60 beta ratio design
where the optimal angle changes by 4.5 degrees at an 88% diameter ratio (a 30% cone
length reduction). This shows how much more susceptible large beta ratio meters are to
slight geometry changes. This is because the magnitude of the pressure loss is so much
less than that of smaller beta ratios.

The results of the study have been presented and contributing factors have been

discussed. In order to bring value to the data the next section will discuss how the data
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can be applied in practice. It is understood that changing meter designs is not an easy
endeavor and the authors do not recommend changing all Venturi recovery cone designs.
However when pressure loss through a Venturi needs to be minimized, the results of this
study will be valuable in designing the recovery cone and should be implemented by

meter manufactures and code manuals.

Using the Results

This study produced optimum RCAs for a broad range of Venturi designs and
recovery cone lengths. In any Venturi application where head loss is of sufficient
concern and a shortened Venturi is required, the data from this study will provide design
guidance that was previously nonexistent. The study also confirms that CFD, coupled
with experimental testing is a useful tool in optimizing the cone angle or other unique
Venturi designs.

The ASME code calls for recovery cones angles of an ASME Venturi to be
between 7 and 15 degrees inclusive. The code also states that a recovery cone can be by
up to 35% of its length without affecting the meters discharge coefficient. The CFD
results from this study however, showed Venturi recovery cone lengths can be truncated
by as much as 60% with no effect on the discharge coefficient. The CFD results also
showed that for ASME meter designs with a 0.30 beta ratio or smaller, the optimal
recovery cone angle is less than 7 degrees. The optimal RCA for a 0.75 beta ratio ASME

Venturi however, is at the other end of the spectrum and when the cone is truncated to be
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22% shorter than the full cone of the same angle, the optimal RCA is as large 17.9
degrees.

Meter manufacturers commonly build ASME Venturi tubes with 15-degree
recovery cones regardless of beta ratio because the meter still meets code, and is shorter
and therefore less costly to build. The results of this study show that for a 0.30 beta ratio
ASME Venturi, if the recovery cone is built the same length as the full 15 degree cone
(2.66D), the head loss can be decreased by nearly 30% from the full 15 degree recovery
cone if the optimal RCA of 8.2 degrees is used and the cone is truncated. The same case
applies for a 0.40 beta ratio ASME Venturi. If the meter is constructed with the same
recovery cone length as a 15-degree full recovery cone (2.28D), but the cone is built with
the optimal RCA for that cone length and beta ratio which is 9.4 degrees, the head loss
through the meter would be 21% less. The same case applies for a 0.60 beta ratio ASME
Venturi where the head loss can be decreased by 8% if the recovery cone is truncated to
the 15-degree full cone length (1.55D) and built with an 11.6-degree cone instead.

As shown in the previous discussion, the results of this paper can be very
applicable and help meter manufactures build economical meters by reducing recovery
cone lengths all while decreasing the permanent pressure loss and energy consumption.
In order to graphically present the optimal RCA for each meter, plots of the optimum
RCA versus the recovery cone length were created. This is also a convenient way to
determine the optimum RCA for beta ratios that were not tested in this study. Figures 45
through 49 show these plots in the following order of Venturi design; ASME Venturi,

HVT, UVT, Nozzle Venturi, and the as-cast ASME Venturi. The plots include many
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data series including the optimal RCA for Venturi designs with full recovery cones,
which were developed in previous research, and a series for each beta ratio tested for that
Venturi design with truncated recovery cones. The plots also include two formulae to
calculate the trend line for the optimum RCA curve. One formula is for all data with a
0.30 beta ratio and larger and the other is for the 0.20 beta ratio. Noteworthy is that the
data for the 0.20 beta ratio meter designs do not trend well with the other beta ratios.

This is why a 0.30 beta ratio meter design was tested for two meter types and as shown in
the figures the 0.30 beta ratio designs trended very well with the larger beta ratios. This
is also why there are two equations to calculate the optimal RCA with one of them being
exclusively for the 0.20 beta ratio data. Since no data has yet been taken for beta ratios
smaller than 0.20, it is assumed that the optimal angle could be determined using the 0.20
beta curves however the results should be validated in the laboratory or with CFD.
Surprisingly, the truncated recovery cone data closely matches the curve
developed in previous research for the full recovery cones. This implies that recovery
cone length has a stronger influence on the optimal RCA then the level of truncation or
diameter ratio. In order to use these plots effectively for Venturi designs with truncated
recovery cones, all that is needed is the recovery cone length in terms of the pipe
diameter. This is the length from the exit of the throat to the location of the recovery
cone truncation, or the end of the cone. In the case of full recovery cones this may be an
iterative process, however when a meter length restriction is given, then lengths of
truncated recovery cones are easily obtained since the geometry of the inlet cone and

throat are fixed in meter deigns. As shown on the plots, some of the recovery cone
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lengths required to optimize the recovery cone are extremely long, especially for small
beta ratio meters. It is well understood by the authors that recovery cones as long as ten
inlet diameters can be difficult and very costly to build. One of the reasons this research
was undertaken was to be able to provide insight as to how shortening the meter by
truncation will affect the head loss in the meter. Note that each data point on the plots in
Figures 45 through 49 was determined from four or more CFD runs where the RCA was

varied while other flow and geometric parameters remained constant.
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Fig. 45. Optimum recovery cone angle versus recovery cone length for ASME
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Halmi Venturi Tube Optimal Recovery Cone Angle

18
16 {
g u }
2 \
@ 12 L
< \ y = 14.825x0471
2
§ 10 R?=0.9884
&
2 s
S ‘M
(]
o 6 | e | <
y =11.593x70369
4 T T T T T T T T 1
1 2 3 4 5 6 7 8 9
Recovery cone Length (Meter Inlet Diameters)
@ Full Recovery Cone M 0.20 Beta Truncated Cone A 0.40 Beta Truncated Cone
0.60 Beta Truncated Cone M 0.75 Beta Truncated Cone
Fig. 46. Optimum recovery cone angle versus recovery cone length for HVT
Universal Venturi Tube Optimal Recovery Cone Angle
16
14 ‘
% &\
(]
T 1
o
H ‘\
g 10 y=14.163x052°
S R?=0.9813
> 8
: m
S
20 %
4 | ; , | , | | | | ] |
11

1 2 3 4 5 6 7 8 9 10

Recovery cone Length (Meter Inlet Diameters)

@ Full Recovery Cone

A 0.40 Beta Truncated Cone

W 0.20 Beta Truncated Cone
0.60 Beta Truncated Cone

<$0.30 Beta Truncated Cone
M 0.75 Beta Truncated Cone

Fig. 47. Optimum recovery cone angle versus recovery cone length for UVT




114

Nozzle Venturi Tube Optimal Recovery Cone Angle
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Discussion and Conclusions

This study used physical and numerical data to determine optimum RCAs for five
different truncated Venturi designs. Five different beta ratios of 0.20, 0.30, 0.40, 0.60,
and 0.75 were analyzed with three different recovery cone lengths and multiple RCAs.
The following describes some key findings of this study.

- CFD is capable of producing data predicting permanent pressure loss for
many different Venturi designs including those with truncated recovery
cones.

- Head loss measurements are sensitive both to the recovery cone angle and
the location of the recovery cone truncation.

- Smaller beta ratio meter designs result in smaller optimal recovery cone
angles and the truncation location does not have as much of an effect on the
optimal recovery cone angle as it does with larger beta ratios.

- The more a recovery cone is truncated, the larger the optimal recovery cone
angle needs to be. In other words the shorter the length of the recovery
cone, the larger the optimal recovery cone angle.

- The change in the optimal recovery cone angle can vary widely for the
same meter design and beta ratio as the truncation location changes. This
is especially prevalent in meters with 0.60 and larger beta ratios.

- The optimal recovery cone without a truncation will always have less head
loss than the optimal recovery cone with a truncation. This is also true for

a full and truncated recovery cone of the same angle. There are however,
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instances where for a given recovery cone length there is less head loss
with a smaller recovery cone angle with a truncation than with a full
recovery cone and a larger recovery cone angle.

- For small truncations, the increase in pressure loss is similar for each meter
type tested. As the truncations get more extreme and approach the throat of

the Venturis, the increase in pressure loss starts to vary by meter type.

It is anticipated that the data from this study will be used when a Venturi meter
design is required to be shorter than recommended yet still have low head loss. When
these conditions exist, as they often do, the meter length and design can be used with the
data of this paper to determine the optimal recovery cone angle, and hence the truncation
details of the Venturi recovery cone. It is not implied that all of the data in this study are
absolute, as the numerical uncertainties have been listed; however, it provides much
needed guidance previously unavailable in recovery cone design when limiting head loss
is of importance. There may be circumstances where a particular meter application is
outside of the scope of this paper. If this is the case, CFD has proven to be capable of
assisting is recovery cone design when proper meshes and methods are used and the

model is verified with experimental data.



117

CHAPTER 6

DISCUSSION AND CONCLUSIONS

The research presented in this dissertation show a small portion of the capabilities
Computational Fluid Dynamics (CFD) has when applied to flow measurement and meter
design. The research also presents the successes of CFD while being used in flow
measurement when in reality there are some areas where CFD is not as applicable or
accurate. For example, the flow simulations performed throughout this research
calculated both the discharge coefficients and the head loss for multiple Venturi designs.
As shown in the research, both the values of the discharge coefficients and head loss
determined from CFD match experimental data. A good match for CFD could mean a
one to two percent match with deviations as great as five percent considered acceptable
by many CFD practitioners. While CFD accuracy might be good enough for head loss
measurements and even for discharge coefficient in some applications, there are other
applications where the flow measurements have required accuracies as low as 0.1
percent. This type of accuracy cannot be expected from CFD, and therefore, CFD should
never be considered a replacement for a laboratory flow meter calibration on any type of
meter.

In general when solving CFD problems in flow measurement, as the turbulence in
the flow increases the accuracy of the CFD model decreases. For most Venturi meter
designs the flow streamlines stay approximately parallel with the wall of the Venturi.

This is how Venturi meters are designed, both to minimize head loss and have predictable
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and stable differential pressure measurements. In meter designs where separation occurs,
like an orifice plate or a wedge meter, it is more difficult for CFD to accurately predict
discharge coefficients than with Venturi designs. This is because the zone of separation
causes an increase in turbulence that CFD is not always able to accurately reproduce.
While some turbulence models like the Reynolds stress and Large Eddy simulations do a
better job of modeling the increase in turbulence from separation, they do not do as well
as the K-epsilon turbulence model, which was used in this research, in predicting the
discharge coefficients for any meter design tested by the author. When meter designs
with separation are modeled in CFD, care needs to be taken to refine the mesh as needed
where the separation occurs and, as with all CFD modeling, verification with laboratory
data is invaluable.

Some other potential uses of CFD in flow metering include using CFD to predict
the change in meter performance for particular piping arrangements. For many types of
flow meters this kind of research has been performed for most piping scenarios (Baker
2000). The literature has many guidelines for meter installation distances from elbows,
multiple elbows, expansions and reductions, and valves. There are still many meter
installations, not researched due to the uniqueness of the installations, where CFD could
successfully be used to predict the change in the meter discharge coefficients. Some of
these could include multiple fitting combinations like elbows or manifolds coupled with
control or isolation valves upstream of meters, or manifolds with flow to the meter and
past the meter to another location. One of the strengths of CFD is being able to see

differences in velocities and pressures in the flow domain resulting in geometry changes
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like different piping scenarios. This type of analysis would not be have to be limited to
differential producing meters alone, it could also work for magnetic, ultrasonic or turbine
technologies as well. One of the keys to using CFD to predict flow measurement is to
use it to make the same measurements as would be made with the meter technology. For
example if using CFD to replicate a Venturi then the Venturi geometry needs to be
appropriately modeled and then pressure measurement are taken in CFD at the same
locations they would be taken physically if the meter were calibrated in a laboratory. If
CFD is used to replicate an ultrasonic flow meter than the same steps should be taken as
with the Venturi. The geometry needs to be modeled correctly, and then the velocity
should be measured at the same locations in the CFD model as it would be by the
ultrasonic meter in the field, which is in line with the transducers. Once these
measurements are taken the flow rate can then be calculated in the same manner as with
the ultrasonic meter in the field. While CFD may not accurately predict the absolute flow
rates it will give the user a good idea of the change in flow reading the ultrasonic meter
may see as a result of different piping arrangements.

The research presented used CFD to successfully solve three particular problems
in flow measurement and provides information to both meter manufactures and users
previously unavailable. The three problems are briefly described below:

1. Determine the effects of sudden pipe wall offsets on Venturi flow meters. This
research included both the effects of the pipe wall offset on the meter discharge
coefficient as well as the distance required between the offset and the Venturi so

that there is no longer any effect on meter performance. This information is very
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useful for laboratories calibrating meters of different diameters, end users who do
not know the exact pipe diameter where the meter will be installed and instance
when pipes are not perfectly round and the sudden expansion or contraction
happens locally upstream of the meter.

2. Optimize the design of pressure recovery cones on different Venturi flow meter
designs including determining the optimal angle of recover cone required to
minimize permanent pressure loss. This information is valuable to committees
writing codes and should be included in codes, meter manufactures, and any end
user of a Venturi who needs the head loss to be as low as possible.

3. Optimize truncated recovery cone designs such that a meter can be manufactured
using a shorter length. This research also included determining the best way to
truncate the meter to minimize head loss while not changing the flow metering
capability of the Venturi meter. This information is also valuable to committees
writing codes and should be included in codes, meter manufactures, and any end
user of a Venturi who needs the head loss to be as low as possible while having
restraints in the meter length.

CFD coupled with laboratory data were used to solve these problems and present
design information. The results of this research will be published in various peer
reviewed journals. In closing, CFD can be and is used as a valuable tool in industry for
solving flow problems related to flow measurement. The research presented opens some
new avenues of research to be accomplished by using CFD to assist in flow metering and

flow meter design applications which has rarely been done prior to this study.
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Appendix A: Optimization curves for Venturis with full recovery cones
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Fig. A- 4. Head loss vs. cone angle for 0.75 beta ASME Venturi with smooth wall
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147



148

Cone Angle Versus Gross Loss for 0.75 beta
UVT with RE of 65,000

18.4%

18.2% 4

18.0% y=-3E-05% + o.oO}ZX2 -0.013x+0.2134 /
RZ=1

17.8%
17.6%

17.4% /
17.2%

17.0% ‘\_/

16.8%

Loss as Percent of Differential (%)

16.6%

6 8 10 12 14 16 18
Inclusive Recovery Cone Angle (deg)

Cone Angle Versus Gross Loss for 0.75 beta
UVT with RE of 1,100,000

14.4%

y =-1E-05x% + 0.0006x2 - 0.0088x + 0.1793 /
14.3% R2=1 R 40 S N .

14.2% 0\

14.1% \\ /
14.0% \ /
13.9%

13.8% t T T T : |
6 8 10 12 14 16 18
Inclusive Recovery Cone Angle (deg)

Loss as Percent of Differential (%)

Cone Angle Versus Gross Loss for 0.75 beta
UVT with RE of 5,100,000

13.5%

13.5% y =-9E-06x3 + 0.0005x2 - 0.0074x + 0.1653[ /
13.4% ® R?=1 A
13.4% \

13.3% \

13.2%

13.2% /
13.1%

13.1% IR

13.0% T T T T |
6 8 10 12 14 16 18
Inclusive Recovery Cone Angle (deg)

Loss as Percent of Differential (%)

Fig. A- 24. Head loss vs. cone angle for 0.75 beta UVT with rough wall



149

Cone Angle Versus Gross Loss for 0.2 beta
Nozzle Venturi with RE of 65,000

13.2%

13.0% 2
< 12.8% /
E 12.6% y = -4E-05x3 + 0.0019x2 - 0.0182x + 0.1607

£ 12.4% R*=1

£ 122% /
[-%

@ 12.0%

8 11.8%
S o 0
g 11.6% e\

G 11.4% ~ "

11.2%
11.0%

3 4 5 6 7 8 9 10 11
Inclusive Recovery Cone Angle (deg)

Cone Angle Versus Gross Loss for 0.2 beta
Nozzle Venturi with RE of 330,000

10.2%

__10.0% //
9.8% y = -2E-06x° + 0.0008x2 - 0.0098x + 0.1185 /

3
o
[=]
€ R2=1
8 96%
g
8 9.4%
g
w 9.2% &
(=]
G \

9.0% SR

8.8% T T T T T T T |

3 4 5 6 7 8 9 10 11
Inclusive Recovery Cone Angle (deg)
Cone Angle Versus Gross Loss for 0.2 beta
Nozzle Venturi with RE of 1,100,000
8.6%

_8.4% /
8.2% y = -4E-05x3 + 0.0015x2 - 0.0136x + 0.1103
R2=1

8.0%

7.8%

7.6% \\0\ /
7.4%

7.2% T 1 T T T T 1
3 4 5 6 7 8 9 10 11

Inclusive Recovery Cone Angle (deg)

Gross Loss as Percent DP (%,
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Fig. A- 26. Head loss vs. cone angle for 0.40 beta Nozzle Venturi with smooth wall
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Fig. A- 27. Head loss vs. cone angle for 0.60 beta Nozzle Venturi with smooth wall
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Fig. A- 28. Head loss vs. cone angle for 0.75 beta Nozzle Venturi with smooth wall
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Fig. A- 29. Head loss vs. cone angle for 0.20 beta Nozzle Venturi with rough wall
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Fig. A- 30. Head loss vs. cone angle for 0.40 beta Nozzle Venturi with rough wall
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Fig. A- 31. Head loss vs. cone angle for 0.60 beta Nozzle Venturi with rough wall
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Fig. A- 32. Head loss vs. cone angle for 0.75 beta Nozzle Venturi with rough wall
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Cone Angle Versus Gross Loss for 0.2 beta As-
Cast Classical Venturi with RE of 65,000
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Cone Angle Versus Gross Loss for 0.4 beta As-
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Cone Angle Versus Gross Loss for 0.6 beta As-
Cast ASME Venturi with RE of 65,000
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Cone Angle Versus Gross Loss for 0.75 beta
As-Cast ASME Vneturi with RE of 65,000

19.00%

18.90%

18.80%

18.70%

18.60%

,_‘
e
o
o
X

18.40%

Gross Loss as Percent DP (%)

18.30%

18.20%

X

\

y =-5E-05x% + 0.0016x% - 0.0166x + 0.2378

R?=1

ANEEEDE 4

7 8 9 10 11
Inclusive Recovery Cone Angle (deg)

12 13 14

10.60%
10.58%
10.56%
10.54%

Gross Loss as Percent DP (%)

10.52%
10.50%
10.48%

Cone Angle Versus Gross Loss for 0.75 beta
As-Cast ASME Vneturi with RE of 1,100,000

h\

\

y=0.0001x?-0.0025x +0.1182[
R?=1 I I I N —

\\

t T t t
9 10 11 12
Inclusive Recovery Cone Angle (deg)

13 14

8.44%

Cone Angle Versus Gross Loss for 0.75 beta
As-Cast ASME Vneturi with RE of 5,100,000

8.42%

'\

& 8.40%
& 8.38%
3

g 8.36%

& 8.34%
w

R?=1

y = 9E-05x2 - 0.002x + 0.094 ||

©
» 8.32%
[=]

= 8.30%
17
o
& 8.28%

8.26%

S

I

8.24%

9 10 11 12
Inclusive Recovery Cone Angle (deg)

13 14

Fig. A- 36. Head loss vs. cone angle for 0.75 beta As-Cast ASME Venturi with

smooth wall

160



Cone Angle Versus Gross Loss for 0.2 beta As-
Cast ASME Venturi with RE of 65,000
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Fig. A- 37. Head loss vs. cone angle for 0.20 beta As-Cast ASME Venturi with rough
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Cone Angle Versus Gross Loss for 0.4 beta As-
Cast ASME Venturi with RE of 65,000
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Cone Angle Versus Gross Loss for 0.6 beta As-
Cast ASME Venturi with RE of 65,000
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Fig. A- 39. Head loss vs. cone angle for 0.60 beta As-Cast ASME Venturi with rough
wall
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Cone Angle Versus Gross Loss for 0.75 beta
As-Cast ASME Venturi with RE of 65,000
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Appendix B: Optimization curves for Venturis with truncated recovery cones
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Cone angle Versus Gross Loss for 0.4 beta ASME Venturi
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Cone Angle Versus Gross Loss for 0.75 beta HVT
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Cone Angle Versus Gross Loss for 0.3 beta UVT
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Fig. B- 13. Head loss vs. cone angle for 0.60 beta Truncated UVT
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Cone Angle Versus Gross Loss for 0.2 beta Nozzle Venturi
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Fig. B- 16. Head loss vs. cone angle for 0.40 beta Truncated Nozzle Venturi
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Cone Angle Versus Gross Loss for 0.6 beta Nozzle Venturi
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Fig. B- 17. Head loss vs. cone angle for 0.60 beta Truncated Nozzle Venturi
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Fig. B- 18. Head loss vs. cone angle for 0.75 beta Truncated Nozzle Venturi
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Fig. B- 19. Head loss vs. cone angle for 0.20 beta Truncated As-Cast ASME Venturi
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Fig. B- 20. Head loss vs. cone angle for 0.40 beta Truncated As-Cast ASME Venturi
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Cone Angle Versus Gross Loss for 0.6 beta As-Cast ASME
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Fig. B- 21. Head loss vs. cone angle for 0.60 beta Truncated As-Cast ASME Venturi
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