Growers depend on flow meters to measure the amount of irrigation water being applied
to crop. If meter readings are inaccurate, some of the precious resource may be wasted.

Water turbulence disrupts
accuracy of some flow

meters

Blaine R. Hanson O

Flow meters were tested under a
variety of conditions to determine
potential errors in flow rate mea-
surements due to excessive tur-
bulence in the water. Results
showed that propeller meters, the
Hall meter and the Collins meter
were not particularly sensitive to
turbulence caused by elbows,
while paddle-wheel meters and
velocity gauges were sensitive to
turbulence. Relatively large errors
occurred for all meters under tur-
bulence caused by a partially
closed butterfly valve. Inserting
six straightening vanes greatly
reduced the error caused by
partially closed valves.

Larry J. Schwankl

As water resources become more
scarce and competition for them in-
creases, using flow meters to measure
the amount of irrigation water applied
to a crop field is becoming more com-
mon. The flow of irrigation water in
pipelines is measured with a variety of
devices and is often done under less-
than-ideal flow conditions, particu-
larly where a flow measurement de-
vice is retrofitted into an existing
agricultural pumping plant.

Flow meter manufacturers gener-
ally suggest installing an 8-to-10-pipe-
diameter section of straight pipe
(length is always relative to the diam-
eter of the pipe) upstream of the flow
meter and a 2-pipe-diameter length of
straight pipe downstream. Over time,

this rule of thumb has been generally
accepted without a clear understand-
ing of its origin or the impact on flow
measurement devices of upstream
flow conditions. The origin of this rule
of thumb is difficult to determine, but
the 1935 standards of the Joint American
Gas Association-American Society of
Mechanical Engineers Committee on
Orifice Coefficients and subsequent
work seem to form the basis for it.

Pumps used for irrigation systems
are rarely installed with sufficient
straight pipe upstream of the flow
meter. Little information appears to
exist on the possible error resulting
from a nonideal flow condition. This
project was conducted to assess the er-
ror in flow rate measurements of flow
meters used in agricultural applica-
tions under a variety of nonoptimal
upstream flow conditions.

Flow rate measurement

Flow rates were measured with
eight different flow meters at distances
of 2-, 5-, 10- and 15-pipe diameters
downstream from a source of exces-
sive turbulence in the water. Measure-
ments were made in an 8-inch Sched-
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ule 40 PVC pipe. The flow meter mea-
surement was compared to flow rate
measurements obtained with a volu-
metric tank, where water flowing
though the pipe containing the flow
meter discharged into the volumetric
tank. Each test consisted of making
two tank measurements by filling the
tank, draining it and then refilling it.
The flow meter reading was compared
with the average of the two tank mea-
surements. The percent error was cal-
culated as

RE = 100(Meter — Tank)/Tank

where RE = error, Meter = flow meter
reading, and Tank = volumetric tank
measurement. Flow rates ranged be-
tween about 400 gallons per minute
(gpm) and nearly 1,300 gpm.

Water velocity profiles across the
horizontal pipe diameter were mea-
sured with a pitot tube to characterize
the turbulence patterns for each condi-
tion. Measurements were made every
half inch across the diameter.

We used eight flow meters for this
experiment. However, in this article,
we discuss the results of only four of
the meters — a propeller flow meter, a
paddlewheel meter, a Collins pitot
meter and a Hall pitot meter. The pro-
peller meter was a strap-on saddle
meter installed by cutting a hole in the
pipe, inserting the propeller into the
hole and strapping the meter onto the
pipe. The paddle-wheel meter con-
sisted of a paddle wheel mounted at
the end of a metal stem and inserted
1.5 inches into the top of the pipe. The
Hall and Collins meters measured the

107 Control (9-pipe diameter)

9._

. M
A7—-M
Q
§6
£
5.5 M
8 4
(]

2, ./.4—0—0—0—0—0-‘—0—0-0—.\._.

2 ~o— 482 gpm

—& 742 gpm
1 —4— 1,012 gpm

-v— 1,231 gpm
0 T T T T T T T 1
4 3 2 1 0 1 2 3 4

Horizontal distance from center of pipe (inches)

Fig. 1. Water velocity profiles under con-
trol conditions.

flow rate across the horizontal diam-
eter of the pipe.

The propeller meter, Hall meter
and Collins meter were classified as
velocity-integrating meters because
they responded to some type of inte-
gration of the water velocity across
the pipe cross-sectional area. The
paddle-wheel meter was classified as
a point-velocity meter because its
flow rate readings were based on the
water velocity at a point within the
pipe cross-sectional area.

There were nine flow conditions
studied in this project:

1. Control. Flow rate measurements
were made at 9- and 22-pipe-diameter
distances downstream from a 90-
degree elbow.

2. Check valve. This disk type valve
was installed in such a way that the
disk was at the top of the pipe during
water flow.

3. Partially closed butterfly valve.
The stem of the valve deviated about
10 degrees from the vertical. This was
necessary because the valve stem ex-
tended beyond the bottom of the valve
and therefore the test pipe. The test
section could not be raised to accom-
modate this extension.

4. 90-degree elbow. The elbow was
installed with the bend in the horizon-
tal plane.

5. Butterfly valve and elbow. The 90-
degree elbow was installed immediately
upstream from the partially closed valve.

6. Single vane and butterfly valve.
A straightening vane was installed im-
mediately downstream from a par-
tially closed butterfly valve.
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Fig. 2. Water velocity profiles under a
check valve.
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7. Six vanes and butterfly valve.
The straightening vanes were in-
serted 1-pipe diameter downstream
from a partially closed butterfly
valve.

8. Six vanes and elbows. The
straightening vanes were inserted 1-
pipe diameter downstream from a 90-
degree elbow.

9. Six vanes, butterfly valve and el-
bow. The straightening vanes were in-
serted 1-pipe diameter downstream
from a 90-degree elbow and a partially
closed butterfly valve.

Tank measurements

The difference between the indi-
vidual flow rate measurements and
the average flow rate (average of the
two volumetric tank measurements)
was less than 1% for 81% of the volu-
metric tank measurements and less
than 1.25% for 91% of the individual
measurements. The maximum differ-
ence was 3.6%. The percent difference
decreased as the average flow rate in-
creased. The standard error of the
mean of the two measurements was
4.7 gallons per minute.

Control condition

Figure 1 shows the water velocity
profiles across the pipe diameter at 9-
pipe diameters to be uniform until the
pipe wall was approached. As would
be expected, smaller velocities occurred
adjacent to the pipe wall. Similar behav-
ior occurred at 22-pipe diameters.

Average errors under the control
condition were 1.6% for the propeller
meter, 1.2% for the paddle-wheel
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Fig. 3. Water velocity profiles under a par-
tially closed butterfly valve.



meter, -0.9% for the Hall meter and
0.5% for the Collins meter. The aver-
age control error for the propeller
meter was statistically different from
zero at a level of significance of 0.05
because of the small standard devia-
tion. The average control errors of the
Hall and Collins meters and the
paddle-wheel meter were not statisti-
cally different from zero.

We used the control errors to help
interpret the results of the tests made
under the various conditions. Turbu-
lence was assumed to have little ef-
fect on the flow meter reading when
the actual error was about equal to
the average control error. Where a
sufficient number of tests existed for
a particular condition, the errors
were statistically compared with the
control errors.

Check valve

At 2-pipe diameters, larger water
velocities occurred near the edges of
the pipe for all flow rates except for
the smallest {fig. 2). At 5- and 10-pipe
diameters (not shown), velocity profiles
were similar to the control profiles.

Errors similar to the average control
error generally occurred for the pro-
peller and Hall meters (table 1). Little
or no trend in error occurred with in-
creasing downstream distance for the
propeller meter. For the Collins meter,
larger errors occurred at 2-pipe diam-
eters for each flow rate compared with
the other downstream distances.

Errors were generally large relative
to the control errors for the paddle-
wheel meter, with a trend of decreas-
ing error with increasing downstream
distance.

Average errors were calculated for
each flow meter at each downstream
distance since no trend with flow rate
appeared to exist in the error data. Dif-
ferences between these average errors
and the control errors were statisti-
cally significant at all downstream dis-
tances for the paddle-wheel meter.
Differences were not statistically sig-
nificant for the propeller meter, the
Hall meter and the Collins meter.

These results indicate that the ve-
locity-integrating meters were not ad-
versely affected by the turbulence
caused by the check valve. The point-
velocity meter, however, would be af-

TABLE 1. Check valve errors

Propeller Paddle-wheel Collins
Pipe i ——
diameters Flow rate Error Flow rate  Error Flow rate  Error Flow rate Error
7 gal/min gal/min % gal/min gal/min
2 470 11 464 3.7 470 12.6 478 08
5 — 485 134 467 2.6 468 29
10 —_ — 470 4.3 486 4.5 479 15
2 734 38 762 284 738 58 766 1.2
5 — 757 7.6 7 34 779 2.9
10 — 738 2.6 761 3.3 776 2.6
2 969 0.9 980 25.6 969 4.7 997 29
5 — — 976 6.9 981 13 961 3.2
10 — — 969 3.1 956 0.6 984 32
2 1,224 2 1,244 28.5 1,155 8.2 1,197 1
5 —_ 1,183 4.6 1,165 34 1,219 28
10 —_ —_ 1,155 1,179 13 1,185 36
TABLE 2. Butterfly valve errors g
Propeller Paddle-wheel Collins Hall
Pipe — -
diameters Flow rate Error Flow rate  Error Flow rate  Error Flow rate Error
gal/min % gal/min o gal/min gal/min
2 393 14.2 - - - —
5 395 8.6 — — — — -
10 392 7.9 — - — -
15 391 7.9 —_ — — - —
2 677 15.1 541 294 558 42 554 0.5
5 682 8.1 549 35 540 11 542 1.3
10 684 7.4 539 28 545 0.7 553 16
15 647 10.5 558 8.6 562 2.1 540 0
2 1,289 24 987 33.6 976 8 987 11.2
5 1,273 2.8 969 3.1 976 0.6 969 3.1
10 1,284 28 985 4.7 1,000 0.1 985 38
15 1,281 3.6 971 1.2 971 0.1 971 3.68

fected by the turbulence, depending
on the location of the meter’s sensor
with respect to the water velocity
profile.

Partially closed butterfly valve

The velocity profiles at 2-pipe di-
ameters (fig. 3) show relatively large
velocities near the pipe wall for the
smallest flow rate caused by jetting
around the valve disk and negative ve-
locities along the middle of the pipe
cross section, indicating an eddy. At
the larger flow rate, however, there
was much less turbulence and no eddy
existed. The differences in the velocity
profiles at 2-pipe diameters indicate
that the flow geometry differed be-
tween the two flow rates.

At downstream distances of 5- and
10-pipe diameters (not shown), veloci-
ties were relatively uniform and simi-

lar across the horizontal pipe diam-
eter. However, the possibility exists
that the normalized profile in the ver-
tical cross section may not be uniform.

For the propeller meter, relatively
large errors occurred compared with
the average control error for all down-
stream distances except for the largest
flow rate (table 2). The largest errors
occurred at 2-pipe diameters. Smaller
errors relatively constant with distance
occurred for the other downstream
distances.

At the largest flow rates, small er-
rors occurred for the propeller meter
regardless of downstream distance.
This behavior is an experimental arti-
fact caused by increasing the valve
opening to obtain the larger flow rate,
which greatly changed the flow geom-
etry. Thus, at these flow rates, during
which the valve was 70% open, the
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Above, propeller flow meter, the most
common flow meter used for irrigation
pumping plants. Below, flow meter in-
stalled in test section used for this study.

turbulence caused by the valve had
little effect on the flow-meter readings.
Large errors also occurred at 2-pipe
diameters for the paddle-wheel meter
for the middle and largest flow rates.
For the other downstream distances,
much smaller errors were found, fluc-
tuating between positive and negative
values. However, caution should be
used in assuming that these small er-
rors indicate that this meter is particu-
larly accurate under this flow condition.
These results reflect the point-velocity
characteristic of the meter, which de-
pends on the location of the paddle
wheel relative to the velocities across
the pipe cross-sectional area.
Interestingly, relatively small errors
occurred for the Collins and Hall

meters, with no apparent trend with
downstream distance or flow rate. One
would not expect these small errors,
given the amount of turbulence for
this flow condition. Errors fluctuated
between positive and negative values
with downstream distance.

The average error of each group of
flow rates was determined for each
flow meter and then compared with
the average control error. For the pro-
peller meter, differences between these
errors were statistically significant for
the smaller flow rates but not for the
largest flow rate. For the Collins and
Hall meters, differences were not sta-
tistically significant for all flow rates.
Mixed results occurred for the paddle-
wheel meter.

These results suggest that turbu-
lence from a partially closed valve can
substantially affect the flow meter
reading, particularly at small down-
stream distances from the valve such
as 2-pipe diameters.

90-degree elbow

Higher water velocities occurred
along the right side of the pipe at 2-
pipe diameters, reflecting larger water
velocities along the outer edge of the
elbow (not shown). At 5- and 10-pipe
diameters, however, uniform profiles
were found across the pipe diameter
(not shown).

The results showed that small er-
rors were caused by the turbulence
from the elbow. Little or no trend in
error with either downstream dis-
tance or flow rate occurred for each
flow meter.

The average error for each group of
flow rates was compared with the av-
erage control error. Differences in the
average errors were not statistically
significant for the propeller meter. Dif-
ferences in the errors were statistically
significant at all flow rates for the
paddle-wheel meter, where negative
but small errors occurred in contrast
with a positive average control error.
For the other flow meters, mixed re-
sults occurred for the statistical tests,
with differences not significant at 2-
pipe diameters but significant at 15-
pipe diameters.

The results of these data suggest
that the elbow did not adversely affect
the flow meters’ performance. This is
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particularly true for the velocity-
integrating meters. However, a
point-velocity meter at 2-pipe diam-
eters positioned on the right-hand
side of pipe would read differently
from one positioned on the left-hand
side because of differences in water
velocity.

Butterfly valve and elbow

At 2-pipe diameters, an eddy ex-
isted along the right side of the pipe
for the smallest flow rate (fig. 4), simi-
lar to that of the valve only, while at 5-
and 10-pipe diameters (not shown), a
trend of increasing velocity occurred
from left to right across the pipe. The
magnitude of the trend decreased as
the downstream distance increased, al-
though the trend was reversed for the
middle flow rate at 10-pipe diameters.
For the largest flow rates, profiles
were very different compared to the
smallest flow rate.

Very large errors generally oc-
curred at 2-pipe diameters for all flow
meters except at the largest flow rates,
for which only the propeller meter
was used (table 3). The error relative
to length of straight pipe downstream
from the flow meter differed among
the meters. For the propeller meters,
errors of the smallest flow rates were
relatively constant regardless of down-
stream distance. Errors tended to de-
crease with distance for the middle
group of flow rates. The average error
of each group of flow rates was statis-
tically different from the average con-
trol error for the meter, except for the
largest flow rate. As with the valve-
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Fig. 4. Water velocity profiles under an el-
bow and a partially closed butterfly valve.



only condition, the small errors of the
largest flow rates reflect opening the
valve to obtain the largest flow rates.
The paddle-wheel meter, Collins
meter and Hall meter showed a trend
of decreasing error with increasing
downstream distance for both groups
of flow rates. Very large errors oc-
curred at 2-pipe diameters. Some fluc-
tuation between positive and negative
errors occurred for the smallest flow
rates. The fluctuation of the errors of
these meters prevented grouping tests
together to obtain a sample size
needed to conduct statistical tests on
the differences of average values com-
pared with the average control errors.

Straightening vanes

Straightening vanes installed up-
stream of the flow meter are used to
reduce excessive turbulence. We in-
vestigated the effects of two commer-
cially available straightening-vane ar-
rangements on the readings of some of
the flow meters. One arrangement was
a single steel plate, 6 inches wide by 7
inches long, mounted vertically inside
the pipe. The other was an arrange-
ment of six vanes installed radially
across the pipe cross section. Each of
the six vanes was 3 inches long and 3.5
inches wide.

Single vane and butterfly valve.
The velocity profile for the smallest
flow rate at 2-pipe diameters is consid-
erably different for the single vane and
the butterfly valve than that for the
butterfly valve only (fig. 5). Velocities
were largest in the middle of the pipe
where previously an eddy existed. As
the flow rate increased, the turbu-
lence lessened, with a relatively uni-
form profile at the largest flow rate.
At 5-pipe diameters (not shown),
relatively uniform profiles occurred
at all flow rates across the horizontal
pipe diameter.

Large errors were found for all flow
meters at 2-pipe diameters (table 4).
Errors of the propeller meter were
larger than the errors for the butterfly
valve only, except at the largest flow
rate. Thus the single vane increased
the error in the flow meter measure-
ments at 2-pipe diameters. Errors were
less at 5-pipe diameters, but were still
excessive for the propeller flow meter
except at the highest flow rates.

TABLE 3. Elbow and butterfly valve errors

Propeller Paddle-wheel Collins Hall
Pipe
diameters Flow rate Error Flow rate  Error Flow rate  Error Flow rate  Error
gal/min % gal/min % gal/min % gal/min %

2 368 28 434 84.3 393 175 412 -37.9

5 383 289 432 -20.2 366 123 396 14.6
10 419 219 366 148 432 0.9 440 -18.4
15 372 20.2 393 6.4 434 0.9 410 1

2 875 116 929 30.1 832 13.6 877 -11.8

5 840 16.3 902 1.9 895 -1.7 937 7.5
10 899 6.7 895 -4 902 0.1 931 1.5
15 869 9.8 932 4.6 929 5.1 922 -3.5

2 1,156 0.2 — — — — — -

5 1,189 1.7 — - — - - -
10 1,190 0.4 — — — — — —
15 1,159 — — — — — —

TABLE 4. Errors with straightening vanes
Propeller Paddle-wheel Collins Hall
Pipe
diameters Flow rate Error Flow rate  Error Flow rate  Error Flow rate Error
gal/min % gal/min % gal/min % gal/min %
Butterfly valve and single vane

2 391 26 368 19.6 360 -19.1 390 8.7

5 384 17.2 360 19.4 368 4.1 365 2.5

2 664 8 643 56.6 636 -1 661 7.7

5 640 17.6 636 22 643 647 6.5

2 1,147 -3.5 1,156 216 1,149 52 1,140 -9.9

5 1,104 0.9 1,149 1.7 1,156 2.6 1,119 2

Butterfly valve and 6 vanes

2 436 10.1 362 10.5 355 16.3 446 18.8

5 362 0.6 417 -11.3 446 -5.6 355 48

2 866 47 831 37 860 48 864 -12.6

5 881 3.2 866 7.3 864 0.8 860 5.5

2 1,242 2.1 1,216 23.2 1,253 16 1,199 -12.7

5 1,232 3 1,270 -5.2 1,199 1,253 -12.1

Butterfly valve, elbow and 6 vanes

2 490 176 423 -7.8 382 131 404 29

5 42 8.8 409 2.2 404 6.9 382 34
10 361 103 — - —

2 915 39 924 21.2 880 2.9 949 -12.8

5 840 46 902 -60 949 -5.9 880 -2.5
10 843 4.7 — — — - —

2 1,196 7.4 1203 -3.8 1,204 -0.8 1,204 6.4

5 1,078 31 1226 -18.5 1,204 59 1,204 7.7
10 1,084 31 — — — — —

larger than those for the valve-only
condition.
Six vanes and butterfly valve.

For the paddle-wheel meter, large
errors occurred at 2-pipe diameters for
all flow rates. No trend in decreasing

error with increasing flow rate was
found at 2-pipe diameters. Errors were
smaller at 5-pipe diameters. Errors for
the Collins and Hall meters were also

Turbulence was much less for the
valve and the six-vane arrangement at
2-pipe diameters for all flow rates
compared with the single-vane ar-
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rangement (fig. 5). Interestingly, the
velocity profiles of the larger flow
rates were less uniform compared
with those of the valve only. At 5-pipe
diameters, the horizontal profiles were
similar to those for the valve only for
all flow rates

The errors of the propeller meter at
2-pipe diameters (table 4), were much
less than those under the single vane,
except at the largest flow rates. Errors
of the paddle-wheel meter were also
reduced except at the largest flow rate.
For the Collins and Hall meters, errors
were not substantially reduced.

Six vanes and elbow. Water ve-
locities increased left to right along the
middle of the pipe at 2-pipe diameters
with relatively constant velocities
starting about 1.5 inches from either
side of the pipe wall (not shown). At 5-
pipe diameters (not shown), velocities
gradually increased from left to right
across the horizontal diameter. For
both downstream distances, profiles
differed from those of the elbow-only
condition.

We did very limited testing of the
straightening vanes with the elbow be-
cause errors that occurred under the
elbow-only condition were small. Re-
sults showed small errors similar to
the control errors for the propeller
meter and the Collins meter.

Six vanes, butterfly valve and
elbow. The velocity profiles show
velocities that either decreased from
left to right or were relatively constant
with distance across the pipe diameter
at 2-pipe diameters (fig. 5). No eddy
occurred as did for the elbow-and-
valve-only condition. At 5-pipe diam-
eters (not shown), velocities either in-
creased or decreased slightly from left
to right. For both downstream distances,
profiles differed considerably from the
elbow-and-valve-only condition.

Much smaller errors generally oc-
curred for this condition than for the
elbow-and-valve-only condition, par-
ticularly for the propeller meter. For
the smallest flow rate, the average er-
ror for all pipe diameters was 12.2%
for this condition compared with
26.3% for the elbow-and-valve-only
condition. For the middle range of
flow rates, the respective errors were
4.4% compared with 11.5% without
the vanes.

Errors under this condition gener-
ally were less for the paddle-wheel
meter compared with the elbow-and-
valve-only condition. However, for the
two larger flow rates, large errors oc-
curred at 5-pipe diameters compared
with those at 2-pipe diameters. This
suggests that considerable turbulence
may have existed along the vertical
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Fig. 5. Water velocity profiles under a single vane and a 6-vane arrangement for a

partially closed butterfly valve.
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cross section at 5-pipe diameters. Er-
rors were generally smaller for the
Collins and Hall meters compared to
tests without the vane arrangement, al-
though at 2-pipe diameters, errors were
much Jarger than the control errors.

Conclusions

In this study of four flow meters
under different conditions, velocity-in-
tegrating flow meters were less af-
fected by turbulence than were point-
velocity meters.

The propeller flow meter was not
affected by a check valve, even when
installed only 2-pipe diameters down-
stream of the valve. Both pitot meters
(Hall and Collins meters) were unaf-
fected at 5-pipe diameters. The
paddle-wheel meter was affected at all
downstream distances.

Turbulence from the 90-degree elbow
did not affect the velocity-integrating
flow meters. Turbulence from an el-
bow could adversely affect point-
velocity meters, depending on the lo-
cation of the meter within the pipe,
(i.e., top of pipe, side of pipe).

Under conditions of severe turbu-
lence — such as caused by the par-
tially closed butterfly valve coupled
with the 90-degree elbow — large er-
rors occurred in the flow rate measure-
ment made with the propeller meter
regardless of the downstream dis-
tance. Errors were less for the pitot
meters at downstream distances of 5-
pipe diameters or more, but the error
behaved randomly with downstream
distance. These resuits indicate that
flow meters should be installed up-
stream of valves.

The single straightening vane im-
mediately downstream from the par-
tially closed butterfly valve substan-
tially changed the velocity profile, but
created more turbulence in the water.
The six-vane arrangement greatly re-
duced the error compared with the ar-
rangement without straightening
vanes, even at 2-pipe diameters, al-
though errors sometimes were still
much larger than the control errors.
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