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THE EFFECTS OF SYMMETRIC STEPS AND GAPS ON ORIFICE MEASUREMENT*

Dr. R. G. Teyssandier
Daniel Industries Inc.

INTRODUCTIUON

Recesses or protrusions within the near flow field of orifice
meters can be found in a limited though significant number of
installations. Recesses occur most commonly when the orifice and its
associated piping are mounted with ring-type joints used 1in high
Pressure service. There are of course, other situations where recesses
Can occur such as a mismatch between a flange and a pipe, sealing rings
on certain types of orijfice fittings, etc. As a general rule, a recess
is not considered to be a very significant congition. Protrusions, on
the other hand, are another matter. Protrusions are always considered
to be bad practice and are always thought to cause an error in
measurement. Although protrusions are never designed into a system they
do occur and are most commonly caused by the use of an undersized
gasket.

Current standards supply limited guidance on eitier recesses or
protrusions. Both U.S. (1) and international (2) standards restrict the
use of yaskets to those which will be at most flush and generally below
the pipe surface. The U.S. standards allows some recgss in the vicinity
of the plate for both flange and pipe taps (2 %Q D upstream, 8D
downstream)., A recess of less than 6.4 mm Gm,inch) is allowed for all g
rdatios. If the recess is yreater (unspecified) than 6.4 mm G@ inch)
this recess is allowed only for the following conditions: B < 0.3, D =
50mn; 8 < 0.4, D = 75mn; and g £ 0.5, D = 100mm., The international
standard addresses only corner tapped orifices and specifies an equation
form which involves the depth and width of the recess. No information
is given regarding flange taps.

The user of these standards will also note that these criteria
address only the immediate vicinity of the plate. Uther criteria
(however unjustified) such as the pipe diameter tolerance are presumed
to apply at other locations along the meter tube.

The . published literature which forms the basis for the above
- specifications is somewhat limited in scope and number as will be
discussed in the next section. The objective of this paper is to study
systematically the effects of such recesses or protrusions at various
locations for a small line size where effects would be. Four
representative locations for the protrusions are considered. These
are: in the vicinity of tne plate on the upstream and on the downstream
side, two diameters upstream of the plate and two diameters downstream
of the plate.

*Sections of this paper have appeared as an ASME paper and as a Gas
Processors Association Report.




PREVIOUS STUDIES

Beitler and Overbeck L|3] investigated the effect of using a
recessed flange before and after the plate. Recessed flanges are
usually made with the pipe welded to the flange but without extending
all the way to the face of the flange. This leaves a recess or a recess
whose depth is typically equal to the pipe thickness. On the other
hand, standard (non-recessed) flanges are made such that the pipe end is
flush with the flange face. Combinations of both types of flanges were
used by Beitler and Overbeck to determine whether the iniet or outlet
recess was affecting the coefficient. The effect of the recess length
was Jjnvestigated. The flow rate through the test orifices was
determined using a standard orifice (i.e. a comparison test). Both
flange and pipe taps were used in these tests. The 51 nm (2-inch) line
recessed flanges typically nhad a recess of 6 mm (0.25 1inch} deptn and 41
mm (1.625 inch) length. The results obtained using flange taps showed
that C, increases as a result of the recess. The deviatiun of Lq from
the unrecessed flange case for g < 0.4 was less than 0.5%. The
deviation increased yenerally with g, attaining a broad maximum of about
1.75% around 8 = 0.63 and dropped off to about 0.75% at 8 = 0.75. The
authors were not surprised by these relatively substantial increases in
C4qs since they expected the recess to increase the turbulence ievel
aﬁead of the orifice and so decrease the contraction after the piate.
However, the authors could not explair adequately why the deviation
decreased for g > 0.63. The results for the pipe taps were generally
similar but the deviation maynitude was siightly less at most values of
B. The authors did similar experiments on 100 mm (4-inch) and 200 mm
(8-inch) lines. For the 100 mn line, Cq increased monotonically with g
starting at B = 0.3. The deviation amounted to 0.5%% at g = G.5, and
rose to a maximum of 2.4% at g8 = 0.75. For this case the depth of the
recess was kept at 6 mm and its length was 33 mm (1.5 inch) before the
plate and 34 mm (1.34 inch) after the plate. The effect of using pipe
taps instead of flanye taps was similar to the 51 mm (2-inch) line
case. For the 200 nm (8-1inch) iine, the trends were similar to those
obtained in the 100 mm (4-inch} line. The deviatiation started at g =
05 and was less than 0.5% at 8 = 0.6 increasing to 2.5% at 8 = 08. The
authors varied the length of the recess in the tests in the 100 wm (4-
inch) line. They found that a recess of length eriucﬂ to 6.4 mm (1/4 incn)
or less had no effect on Dg- Beyond 6.4 mm (Y4 inch) the deviation
increased with the recess length up to a value of 2% at 34 mm (1.34
inch). txperiments with a recess on one side of the plate showed that
the downstreamn recess did not have any effect on Cq- Although the
trends of the above tests are useful the fact that these were compariscn
tests (ie. to another reference orifice) tempers the conclusions drawn.

The second report found in the literature was by H. Bean L4J, He
reported the results of some tests done by manufacturers of orifice
meter equipment about 17 years earlier (in 1929}). In most of these
tests a reference orifice was used to determine Cq» Three B ratios:
.31, 0.5 and 0.69 were investigated in a 100 m (4-inch) line using
flange, radius and pipe taps. The recess depth was 2.4 mm (0,094 dinch)
and its length was 39.6 mm (1.56 inch). For B = 0.31, no effect on Cyq
was observed. For g = 0.5, the deviations were: 0.6% for flange taps
and 0.25% for both radius and pipe taps. For g = 0.69, the deviations
were: 1.0% for flange taps, U.5% for radius taps and 1.4% for pipe
taps. Note again the use of a reference orifice.




McNulty and Spencer L5J investigated the effects of orifice plate
carrier diameter (relative to the pipe diameter) in both rough and
smooth pipes. A weigh tank system was used to determine the flow
rate. The tests were done initially using a 100 wn (4-inch) line. Four
orifice plates with B ratios of .45, 0.63, 0.74 and 0.84 were used in
the study. The differential pressure was measured via corner taps of
4.8 mm (3/16 inch) diameter. Tne increase in the size of the carrier
diameter relative to pipe diameter ranged from -2% to 14%, this.
corresponds to a protrusion or recess range of 1% and -7% of D
(protrusions = 1 mm to -7.1 mm). Hotice that a neyative value indicates
a recess. The results indicated that for g < 0.63, the pipe conditions
and protrusions or recesses had no siygnificant effect. For g = 0.74, C
increased by U.5% for recess of 5.5% of D (protrusion = -5.6 mm} ang
increased by 0.4% for recess of 2% of D (protrusion = -2 mm). For
g = 0.84, the corresponding increase in (4 was about 1.%% for both
recesses. for & protrusion of about 1.25% of D (protrusion = 1.3 mm),
the increase in C; was negligible for g = 0.74 and went up to 1.8% for g
= 0.84. The authors gave curve fits for the deviation in (4 versus
percentage chanye 1in carrier diameter. Ude to the limited number of
paints {about 4), these fits should be viewed with caution. In a
previous study McNulty and Spencer presented some limited data for
51 mm {2 inch) and 150 mm (6 inch) pipes. This data obtained in the 152
mn line indicated that for an upstream ledge (with an effective
protrusion of 4.67% of D), Cd increased by 0.5% for g = 0.5, 1.15% for
B = 0.6, 24 for B = V.71 and 6% for g = U.8l, while C  did not change
for the case with upstream recess of Z2.5% D. The data obtained in the
51 mm (Z-inch) line gave mixed results. The deviation of Cq with a
protrusion of 1.8%% D (0.94 mn) from C, with the negligible recess of
0,37%% D (0.2 mm} was -.16% for B8 = 0.44, -0.3¢% for g = G.39, -1.125
for g = 0.63 and +3.7% for 8 = 0.84.

EXPERIMENTAL SET-UP AND TEST PROCEDURE

Three orifice plates with 8 = 0.3, 0.5 and 0.7 were tested in a 51
mn (2-inch} iine using water as the working fluid. Figure 1 gives a
diagrammatic sketch of the experimental set-up. Fully developed
turbulent flow was insured by having a straight pipe run of 105
diameters upstream of the test section. The actual flowr rate was
determined by using & dynamic weigh tank and & timer (0.001 second
resolution) triggered by the dynamic weight balance pointer. In the g =
0.5 and 0.7 tests reported here, 3000 pounds of water were collected
while in the 8 =0.3 tests, 2000 pounds were used. The differential
pressure across the orifice plate was measured via a pair of flange taps
9.5 mm (3/8 inch) in diameter. Three D-P cells were used to insure
redundancy. Each of the D-P cells was calibrated versus a deadweight
tester and also differential mercury manometer. Calibrations were
conducted once every two weeks or whenever & discrepancy appeared
between readings of the three D-P cells.

In a typical test, the D-P cell output is fed into the computer,
digitized and averaged. A total of 3000 samples were averaged for the 8
= 0.5 and 8 = 0.7 tests and 7000 samples for the B = 0.3 tests. These
averayes together with appropriate calibration curve constants, were
used to obtdin the mean pressure measured by each D-P cell. Agreement
was yenerally within 0.05% or between for the D-P cells at the critical




low end of the flow range. Whenever discrepancies were higher than
that, the D-P cells were checked for air bubbles and/or recalibrated.
The repeatability of the results for a number of representative
configurations was checked and the data found to lie within a band of
width equal to 0.15% of Lg+ The test program lasted for about three
months.

The test fixture is shown in Figure 2. Provisions were made for
protrusions/recesses by using a number of rings. The width of each riny
was 12.7 mm (0.5 inch). All the rings had tie same outside diameter (to
fit in provided locations in the fixture) while the inside diameter
varied between different rings to provide different
protrusions/recesses. The protrusions/recesses used in the study were
6.35, 5.3, 4.3, 3.2, 1.6, 0.15, 0, -0.15, -3.2 and -6.35 mm (0.25, 0.21,
0.17, 0.125, 0.0625, 0.006, 0, -0.006, -0.125 and -0.25 inches)
respectively. A protrusion or recess of height equal to 0.15 mm
represents the 1limit set by the IS0 standard based on pipe diameter
tolerance (a negative value indicates a recess). The test fixture was
designed with a provision to change protrusions (rings) at the four
tocations. These locations were: 1) adjacent to the upstream face; 2)
adjacent to the downstream face; 3} 2D upstream of the plate; and 4) 2D
downstream of the plate. The fourth location was obtained by inverting
the whole fixture. In this investigation, the height/depth of the
proptrusion/recess was changed at one axial location while keeping the
remaining locations in the flush configuration (zero protrusion). For
each test the discharye coefficient was determined at 9-10 flow rates
(Reynolds numbers) for g = 0.7 and 0.5 and at about % - 7 flow rates for
B = 0.3.

RESULTS AND DISCUSSIONS

The results of this experimental program are displayed for each
test in the form of a deviation of the measured discharge coefficient Cq
from the corresponding base line coefficient C 0 This base 1line
coefficient for each B ratio was obtained with no protrusions or
recesses. These deviations are plotted versus 10 /Rp where Ry is the
pipe Reynolds number. The results will pe presented in order from
upstreai to downstream results.

FAR UPSTREAM LOCATION

This region is located dat 2 diameters upsiream of the orifice
plate. Figure 3a summarizes the test results for both the protrusiocns
and recesses for g = 0.3. As shown by this figure all recesses at this
location and g ratic had no noticable effect {defined by system
repeatability) on the discharye coefficient. Protrusions into the flow
stream, however, did show an effect. When the step was 3 mm into the
flow stream an increase in discharge coefficient of about 0.2% was
noted. The 6 mm step caused a 1% increase. As expected when the g
ratio was increased to 0.5 the effect of the protrusion into the stream
was maynified. (Figure 3b) For the same step (3 mm) as above the
coefficient increased to about 1% and the maximum deviation for the 6 mm
step was roughly four times (3.9% vs L1.0%) yreater at this value of B.
For the recesses, however, the changes were virtually not noticable with
the maximum "apparent" change on the order of 0.15% at a 6 mw recess.




At the highest g tested (8 = 0.7} the maximum step into the pipe (Figure
3¢) caused about a 14% bias. The 3 mm step cited above resulted in
about a 2.5% offset, A recess of 6 mn caused a positive bias of about
0.2%. This value being jusi outside of the overall repeatability figure
miyht be subject to interpretation as to whether this was a true bias.

In all of the above cases the use of steps or gaps which fe]i
within the 0.3% tolerance on diameter of the IS0 standard resulted in
deviations well within the repeatability of the experiments.

ZERO D UPSTREAM

ln this configuration the protrusion or recess abuts the orifice
plate itself forming a 13 mm (1/2 inch) perturbation in front of the
plate. Figure 4a shows the deviations plotted for g = 0.3. The yraph
indicates that deviations are within a band of width = 0.10% C4 for
protrusions = 1.6 nm (0.0625 inch) or less (well witiin labor@tory
repeatability). For protrusions equal to 3, 4 and 6 mm (0.125, 0.17 and
0.25 inch) the deviations are approximately 0.2, 0.6 and 1.6% above
baseline. For recesses there was (as above) virtually no effect. For 8
= 0.5, the effects of protrusions became more pronounced while the
recesses still had negligible effect as shown in Figure 4b. For a
protrusion of 6 mm (0.25 in) deviations as high as 11.5% of C4 were
measured. The deviation droped to 8% for a protrusion = % mm®(0.21
inches), 5% for protrusion of 4 mm (0.17 inch) and continued with this
trend down to 0.66% for protrusion of 1.6 mm (0.0625 inch). The
deviation for a protrusion of 0.15 mm (0.006 inch} which is equal to the
allowed pipe tolerance was negligible. Figure 4c shows similar results
for g = 0.7. The protrusion effects even much more pronounced than
those for g = 0.5. Deviations varied from 47.7% of C, for a protrusion
of 6 ma to 0.1% {or negligable) for protrusion of U.lgonwn Recesses had
some effect for this 8; 0.9% for a vaiue of -3 mm (-0.125 inch) and
0.77% for a value of -6 mm {-0.25 inch). 1t should be noted that
neither the protrusion nor the recess effected the slope of the
calibration curves.

The large increase in C4 at larye upsiream protrusions fur larye gs
may be attributed to a nozz?e type flow. for the extreme case of 8 =
0.7 and protrusion of 6 mmn (0.25 inch), the flow stream in the pipe
converges before arriving at the plate because of the relatively large
annular protrusion. The length of the protrusion would alsc be expected
to play an important part since it determines if the flow has a chance
to reattach. If it does, it would affect the velocity profile in the
vicinity of the plate. Une can also consider this configuration to be a
plate with a p = 0.9+ based on the diameter of the upstream riny (which
may be considered as a very, very short upstream pipe). This definitely
reduces the contraction of the jJet and therefore it increases Cd. Un
the other hand, the reason for the increase of Cy4 due to large upstream
recesses for the g = 0.7 case is not clear; howe‘ff this behavior g rees
with what was reported by Beitler and Overbeck _J and by Bean L and
with some of the results of McNulty and Spencer L6J,

ZERO D DOWNSTREAM

The next location studied was that imnediately downstream of the
orifice plate. In contrast to the previous cases where it was possible
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to note some effect for mid-range and smaller § ratios nu effects were
noted for either protrusions or recesses downstream of the orifice
p]gte. That being the case, detailed deviation results plotted vs.
0°/Rp are yiven for 8 = 0.7 only (Figure 5). The deviation is about
5.25% for a protrusion of 6 mm {0.25 inch}, U.8% for protrusion = 4 m
(0.17 in) and 0.4% for protrusion = 3 m (0.125 in). For protrusions =
1.6 mm (0.0625 inch) and less as well as for recesses up to 3 mn {0.125
inch), the effect is negligible. A deviation of -0.25% has been found
for a recess of 6.35 mm (0.25 in).

In this 1line size (50 mn) it 1is not surprising that this
protrusion/g combination showed a significant effect. As noted above
there is a "false B" on the downstream side of roughly g = 0.9+ which
would surely bsresponsib]e for downstream streamline shape. Beitler
and Uverbeck (3) reported negligible effects for downstream recesses;
however, they had no data on the effect of downstream protrusions.

TWO DIAMETER DOWNSTREAM LOCATION

By inverting the fixture, it was possible to test the effect of
having a protrusion or recess at 2 pipe diameters downstream of the
plate. Since the effects noted at the immediate downstream location
were minimal it was decided to only test the extreme protrusion (6.35
mm) and the extreme recess (6.35 mm} for the three Bs. The results
showed negligible effect for either a protrusion or a recess at this
location. Figure 6 shows the detailed deviation results for one 8 only
(B = 0.7) for protrusions of +6 mm and -6mm. Results for the other two
Bs show less effect and therefore are not shown.

SUMMARY AND CONCLUSIONS

Fram the above experimental program the following conclusions may
be drawn.

1. At three of the locations studied, the presence of a protrusion
Caused the coefficient of discharge to increase. This deviation
increased with both the protrusion height and the B ratios
investigated. The only exception to this was the far downstream
case (2D) where there was no effect.

2. Protrusions at 2D upstream of the plate can have considerable
effect on C(d. The error variation trends are similar to the
case of a protrusion directly upstream of the plate (see below)
however, the maynitudes are smaller. For example, it can be
inferred from the present data (by interpolation) that a
protrusion of 6.3% D or smaller results in an error within the
repeatability of the data for §=0.3%; while for g = 0.5, the
protrusion should be kept at or below 1.7% D; and for g=0.7, the
protrusion should not exceed 0.9% D to achieve this accuracy.

3. As expected, the protrusions directly upstream of the plate
caused the most substantial deviations in Cd depending on the
stze of the protrusion and the g ratio of the orifice plate.
For B = 0.3, errors were negliyiple for protrusions less then
S.8% D but were as high as 1.6% for protrusion = 12.5% D. For g
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= 0.5, the effects were substantially higher beyond a
protrusion of 1.0% D reaciing a value of 11.5% at protrusion =
12.5%. For p = 0.7, the effects were even much hiyher, and
protrusions should be avoided or kept below 0.38% D to keep the
error within the uncertainty of the data. For B = u.3 and 0.5
the protrusions shoutd be kepl below 5.8% 0D and 1% D,
respectively, to have similar accuracy.

Protrusions at a location directly downstream of the plate had
much less effect than the previous tWO upstream cases. In fact,
for 8 = 0.3 and 0.5, the effect was negligible even at the
highest protrusions. For g = U.7, the error was less then 0.5%
for a protrusion 6.25% D and less, but values as high as 5% were
obtained with a protrusion of 12.5% D. Based on the data
presented in the paper it may be inferred that the protrusion
should be kept below 3% D to keep the deviation within the

repeatability of the data for this B.

4 70 downstream the only test run indicated that the 12.5% step
did not have a significant effect.

As expected recesses had a substantially lower effect than
protrusions. At 2D upstream of the plate for g = 0.3 and 0.5,
the deviations was negligible while deviations of 0.3 and 0.22%
were obtained for B = 0.7 with recesses = 6.25% D and 12.5% D,
respectively. Since there 15 nu logical explanation for the
higher deviation for the smaller recess that data point 1is very
suspect.

Similar to the results at 2U upstream, the data for both g8 = 0.3
and g8 = 0.5 showed no effect on coefficient for recesses up to
12.5% of diameter. At g = 0.7, however, deviation of about 0.8
to 0.9% were measured for recesses larger than 6.25% of
diameter.

On the downstream of the plate, recesses up to 6.25% seemed to
have no effect on Cd for all plates, while a recess of 12.%% D
gave a reduction in Cd (neyative deviation) of U.25% for B =
0.7.

Recesses two diameters downstream of the plate showed no effect
for all Bs.

The IS0-5167 pipe diameter specification of +0.3% over the 2D
upstream length shows no effect for a 13 mm wide perturbation
placed at the extremes of the specified length.
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Symbol

X+ 0OH % x& ¢

SYMBOLS FOR FIGURES 3 AND 4

HEIGHT (mmn)
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Figure 4b: Effect of Upstream Steps/Recesses at the Orifice for g = 0.5
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Figure d4c: Effect of Upstream Steps/Recesses at the Orifice for 8 = 0.7
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Figure 5: Effect of Downstream Steps/Recesses at the Orifice for g = 0.7
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Figure 6: Effect of Steps/Recesses at 2D Downstream of the Plate for:
B =0.7, %, step = 0.25 in.; X, Step = -0.25 in,
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