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ABSTRACT

The subject of this paper is the effect of changing the roughness of the inflow surface of an orifice on its charac-
teristics. A sloping segmental orifice was chosen as the reducer and its surface roughness was changed by lining
its inflow surface with sandpaper of different roughness parameters. In such a system, the dependence of the flow
stream on the differential pressure at the orifice was measured on a test stand in the range of Reynolds numbers
4110-17000, the flow coefficient C was calculated and flow characteristics were prepared. The study was carried
out for a selected segmental orifice with flow coefficient C = 0.723 installed in a pipeline with diameter Dw = 50.35
mm. The roughness of the inflow surface was changed by sticking sandpaper with a gradation of P120 + P1200
to its surface. The roughness parameter Ra was in the range Ra = 5.69-25.85 um and Rz = 43.84-164.83 um. The
dependence of the variation of the coefficient C on the roughness parameter Ra is then presented and the relative
errors of the flow stream measurements were calculated. The paper also presents distributions of the differential

pressure measured at the orifice for different flow streams depending on the roughness parameter.

Keywords: flow stream, measurement orifice, surface roughness.

INTRODUCTION

In the measurement of flow streams, the re-
ducer method is very often used. According to
estimates, about 50% of all flow stream measur-
ing devices installed in flow systems are various
types of reducers or orifices [1]. In pipelines with
diameters in the range of 50 mm to 1000 mm,
standard reducers can be used, for example orifice
plates with by disc pressure receiver, ISA 1932
nozzles or Venturi reducers.

All types of standard reducers along with the
conditions for their use and the relation for calcu-
lating the flow coefficient, are presented in ISO
5167-1 [2]. In cases where the flow conditions for
fluids included in the above-mentioned standard
cannot be met, such as with a pipeline diameter of
less than 50 mm, non-standard orifices are used to
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measure flow streams. Among them can be: quad-
rant orifice, cylindrical orifice, multi-hole orifice,
eccentric orifice and segmental orifice [3-6]. The
latter two types of orifices are used mainly for lig-
uids contaminated with solids or for dusty gases
[7+12]. In the measurement of flow streams, it is
very important to install the orifice appropriately
to the direction of fluid flow, at a distance of at
least several diameters from system components
that change the distribution of velocity in the
cross-section of the pipeline [13, 14]. It is also
important to check the condition of its surface af-
ter a long period of operation.

During long operation orifices wear over
time: when centric orifices are used, it is very
common for the orifice’s inlet sharp edge to wear
out and for dirt particles from the flowing fluid
to be deposited in the orifice hole or just behind
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Fig. 1. The inner surface of the ISA 1932 nozzle after a long period of operation

it [15, 16]. This causes a change in the geometry
of the orifice itself, as well as the flow kinemat-
ics, including a gradual change in the value of
the flow coefficient. The photos in Figure 1 show
the inner surface of an ISA 1932 nozzle, which is
used to measure the mass stream of superheated
steam from a steam boiler after its long operation
[17]. The illustrations clearly show material loss
on the inflow surface of the orifice. The surface
roughness and the value of the flow coefficient C
are changed, resulting in an increase in the error
in the measurement of the fluid stream rate.

The works on the effect of roughness changes
on the values of the flow coefficient C for an orifice
is mainly concerned with the analysis of changes
in the roughness of the pipeline inner walls on
the values of this coefficient. As Turkowski [18]
states in his book, the effect of roughness on the
change in flow coefficient is taken into account by
measuring the pressure drop across the pipeline
and determining the linear loss coefficient, in the
form of the equation:

AC = B3+ AM (1)

where: [ — orifice narrowing;
A) — change in the linear loss coefficient A
relative to a smooth pipeline.

This form of the equation can also be found
in ISI/TR 12767 [19] and in the work of Reader-
Hariris [20], who determined the relative change

in flow coefficient C of a reducer in 10-inch pipes
lined with P80 and P240 sandpaper, in the lower
part of the pipe, in the % and 'z lining and over
the entire inner surface. Calculated from equation
(1), the value of the relative change in flow coef-
ficient was for the % lining about 0.6%, for the 2
lining about 1.1% and for the whole lining about
2%. Determining the value of the flow coefficient
from equation (1) requires the calculation of the
linear loss coefficient A by measuring the pres-
sure drop across a section of pipeline and this is
not possible in some cases. Furthermore, such a
measurement is characterised by a large disper-
sion in the results, which significantly affects the
error in the relative value of the flow coefficient
AC. In order to eliminate this error, Tomasik et
al. in their article [21] compared the percentage
changes in the flow coefficient C for pipelines
lined with sandpaper of different granularity in
dependence of the roughness parameters Ra and
Rz related to the actual diameter of the pipeline.
Carried out studies have shown that it is not pos-
sible to introduce a uniform correction formula
for the value of C as a result of changes in pipe-
line roughness, and that even with corrections,
the added uncertainty in the flow factor C could
be about 0.7% for an orifice narrowing of B =
0.5. Publications related to the influence of wear
of the inlet part of the orifice or changes in the
sharpness of its edge on changes in the value of
the flow coefficient and resulting from long-term
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operation are practically not encountered. Only
Turkowski in the paper [18] gives the value of an
additional correction factor to be taken into ac-
count in the case of changes in the sharpness of
the orifice inlet edge. However, the calculation of
this coefficient is inaccurate and the reason is the
difficulty in correctly determining the radius of
the orifice inlet edge. The lack of work related to
the influence of changes in the roughness of the
inflow surface of the orifice itself on changes in
the values of flow coefficients led the authors of
the publication to address this issue.

The subject of the article is the effect of
changing the roughness of the inflow surface of
a selected orifice on its characteristics. A sloping
segmental orifice was selected as a reducer, the
surface roughness of which was changed by lin-
ing its inflow surface with sandpaper of different
roughness parameters Ra and Rz, (marked P1200,
P800, P500, P320, P220, P120 respectively). For
the roughnesses modelled in this way, the depen-
dence of the flow stream on the differential pres-
sure at the orifice was measured on the measure-
ment stand, the flow coefficient C was calculated
and flow characteristics were prepared. Then the
dependence of the changes in the C-factor on the
roughness parameter Ra was shown, and the er-
rors of the flow stream measurements were calcu-
lated. Also shown are the changes in the differen-
tial pressure measured at the orifice depending on
the roughness parameter.

Method of measurement

A photograph of the sloping segmental orifice
selected for testing is shown in Figure 2. Com-
pared to the typical segmental orifice described in
standard [2], the inflow plane of the tested orifice
was bent at an angle consistent with the direction
of fluid movement by 30°.

Ap
\§

£

DN 50

46D

36D

Fig. 2. Photograph of a segmental orifice

A simplified diagram of the flow measurement
system in the test stand is shown in Figure 3. The
entire test stand was constructed using a 0.35 m?
tank in a closed system. The flow hydraulic sys-
tem consists of two parallel pipelines connected
to each other by an arc. In the upper pipeline, the
so-called measuring pipeline with a diameter of
DN 50, a sloping segmental orifice with places for
collecting stagnation pressure was mounted. The
rectilinear sections in this pipeline are 2.3 m be-
fore the orifice (46.D) and 1.8 m behind the orifice
(36.D), respectively. In the lower parallel pipeline
DN 15, an electromagnetic reference flow meter
is installed so that the rectilinear section is 1.5 m
before (100.D) and 0.75 m behind (50.D).

A centrifugal pump installed in the flow sys-
tem of a DN 50 pipeline ensures the flow of water
by generating in it a volume flow gv < 0.75 dm?/s,
which corresponds to the Reynolds number Re <
20,000. The static pressure difference at the tested
orifice was measured in a point manner with an
intelligent differential pressure transducer type
APR-2000/ALW with an output current signal of
4-20 mA. For the carried out measurements, it
was programmed with a time constant ¢ = 5 s for
the differential pressure measurement range Ap =
0...10.4 kPa. In this measuring range the limiting

)

Fig. 3. Flow measurement system
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error of measurement with the transducer does
not exceed 0.1%.

A PROMAG 30AT15 electromagnetic flow
meter from Endress+Hauser with an output cur-
rent signal of 0-20 mA was used as a reference
flow meter to measure the volume stream. It was
programmed for the flowing volume stream with
a time constant # =5 s at a measuring range of qv
= 0-1.0 dm*/s with a measurement error of Aqv =
+(0.2%-qv-measured + 0.05%-qv). Flow charac-
terisation parameters in the form of signals from
the differential pressure transducer and reference
flow meter were measured with SANWA 5000
multimeters, which were connected via an RS232
interface to a computer. Communication with the
multimeters and measurement data acquisition
is enabled by PC Link Plus specialised software
installed on a PC with a set sampling time of Az
= 3 s. Measurement data acquisition consisted of
recording current values from transducers mea-
suring: volume stream gv and stagnation pressure
difference Ap at the orifice in real time.

Measurements were made for 11 water flow
streams in the range corresponding to Reynolds
numbers in the interval 4100 < Re < 17000. For
each series of measurements, the lining of the
sloping inflow surface of the orifice was changed
with sandpaper with a gradation of P1200 to
P120. The equation used to determine the flow
coefficient C for the sloping standard orifice was
(1). Table 1 shows the average physical proper-
ties of the flowing fluid in the installation and the
basic parameters of the segmental orifice.

P @)

where: Ap—static pressure difference atthe orifice;
p — density of water;
F,—hole area of the orifice narrowing;
F,— cross-sectional area of the pipeline;
€ — expansion factor (for water € = 1).

The roughness parameters Ra and Rz were
determined according to the illustrative Figure 4.

The parameter Ra is the arithmetic mean of
the deviation of the absolute values of the ordi-
nates z(x) from the mean line inside the elemen-
tary section le, while the parameter Rz is the sum
of the height of the highest rise and the largest
indentation of the profile inside the elementary
section le. A profilometer Nanoscan 855 from
Jenoptik (Hommel-Etamic) was used to test the
surface of the used segmental orifice for mea-
surements of: roughness, surface topography or
contours. During the passage of the diamond
measuring tip along the adopted elementary
section, graphs were generated and roughness
parameters calculated with a straightness mea-
surement accuracy for this device of less than
0.4 pm/200 mm. Example printouts showing
the generated graph together with the roughness
parameters for P200 and P1200 — are shown in
Figure 5.

Table 1. Physical properties of the flowing fluid and selected parameters of the segmental orifice

Kind of factor t,°C o, kg/m? v, m?/s

d, mm C,- €, - F,, mm?

Water 23.06 997.7 0.935 10°

50.35 0.723 1 203.6

le

Fig. 4. lllustrative diagram for the determination of Ra and Rz roughness parameters
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Fig. 5. Example of roughness measurement for (a) P1200 and (b) P220

EXPERIMENTAL RESULTS

Flow characteristics at different
inflow surface roughnesses

Figure 6 shows an example of the measurement
signals, i.e. the dependence of the pressure differ-
ence at the reducer on the measurement number.

Figure 7 shows the actual flow characteristics
of the tested sloping segmental orifice for differ-
ent roughness coefficients Ra and Rz obtained on

Q) 1 pgoo

8,664 Ap(avg) = 8,582 kPa

Q 8624

differential pressul

® ®m ® o ®
[5,] w (4] (5] [o2]
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measurement number

the test stand. It also gives the equations of the
fitting functions in the form (3):

qy = k- \/Ap (3)

And the coefficient of determination R2. Note
that the values of the coefficient of determination
R2 for all cases are equal to 1, which indicates that
the measurement points lie exactly on the fitting
curve. The presented relations show that in the case
of roughness Ra = 7.51um and Rz = 53.94 pum (for

2,61
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Fig. 6. Example of the measurement signals for (a) P800
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Fig. 7. Actual flow characteristics for a sloping segmental orifice at different roughness
coefficient values (a) P1200 (b) P800 (c) P320 (d) P220 (e) P500 (f) P120

P =800), the volume stream is practically a func-
tion of the square root of the orifice pressure differ-
ence VAp, which corresponds to the characteristics
of the actual orifice, i.e. without sandpaper lining.
In other cases, the values of the coefficient n
vary from a value of 0.5, ranging from a mini-
mum value of n = 0.5047 to a maximum value of
n = 0.5071. On the other hand the values of the
coefficient k vary from 0.0061 to 0.0066, which
means that individual flow characteristics should
be used to determine the volume stream values
when measuring with an orifice, as the surface
roughness of the inflow surface changes. Other-
wise, a correction related to the change in rough-
ness of its surface should be taken into account.
Figure 8 shows the dependence of the relative

error in water volume stream (compared to orifice
P800) on the measured differential pressure Ap.
This figure shows that, for a given orifice in-
flow surface roughness, these errors are systemat-
ic errors. For roughnesses Ra = 5.49 um (P1200),
Ra =21.54 pm (P220) and Ra =25.85 um (P120)
they are negative errors, and for the other two
roughnesses they are positive errors. There is
therefore no unambiguity in the nature of these
errors, which proves that in the case of rough-
ness changes associated with orifice long time
using, flow streams should be determined accord-
ing to individual flow characteristics. It can also
be seen, that in the case of the roughnesses Ra =
5.49 um, Ra = 21.54 um and Ra = 25.85 um the
systematic error values increase with increasing
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Fig. 8. Relative error in volume stream depending on
pressure difference at the orifice Ap at different values

relative error of the volume flow, %
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differential pressure at the orifice Ap approach-
ing a value of -1%, while in the other two cases
they increase, reaching a value of approximately
+3.5% in the case of Ra =16.65 pm (P320) for Ap
= 9500 Pa. In an attempt to explain the reason for
the change in systematic error signs and values of
n coefficients from the theoretical value of 0.5, it
is necessary to calculate the C coefficient for this
orifice at different roughness values.

Values of flow coefficient C

For a sloping segmental orifice in normal op-
eration, the value of the flow coefficient C was
C = 0.723. Figure 9 shows the dependence of
the variation of this coefficient on the Reynolds
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Fig. 9. Variation of flow coefficient C depending on Reynolds number with different inflow
surface roughness (a) P1200, (b) P800, (c) P500, (d) P320, (e) P220, (f) P120
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number for different roughness values, and was
calculated by transforming equation 1. The calcu-
lated mean values and ranges of variation of the
coefficient C are also marked.

It is easy to see that for a roughness of Ra =
7.51 um (P800), the coefficient C characteristic is
practically constant and it does not depend on the
Reynolds number. This figure correlates with Fig-
ure 5 for roughness P800, the volume stream is
then a function of the square root of the pressure
difference at the orifice VAp. The average value of
the coefficient is C = 0.723 and is the same as for
the unlined orifice.

In other cases, the values of the C coefficient
increase with increasing Reynolds number, and
the variation between the minimum and maxi-
mum values in the investigated range of Reyn-
olds numbers can reach about 3%. It is also worth
noting that the average values of the C coefficient
are both higher and lower than for a real sloping
orifice, i.e. without lining.

The dependence of the mean values of the
flow coefficient C on the roughness parameter
Ra is shown in Figure 10. Table 2 presents the
summary results from the calculation of the mean
value of the coefficient together with the relative
error of this coefficient.

0,80

075 P500 F’3.20
T \\C=0,723
O o] e P S 2
€ P1200 P220
o
k3]
5 0654
Q
o
8
S 060+
0,55 -
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Fig. 10. Changes of the average coefficient C
value from the roughness parameter Ra

This figure (Figure 10) correlates very well
with Figure 8. For the lining of the orifice with
P1200, P220 and P120 paper, the values of the
average flow coefficients are smaller than for the
unlined orifice, so the committed systematic er-
rors of the flow stream will be negative and in ac-
cordance with this figure. In contrast, for the other
two roughnesses, the opposite situation occurs,
also consistent with the error patterns accord-
ing to Figure 8. Also characteristic is the 5% de-
crease in the value of the flow coefficient between
roughness Ra = 16.65 um (P320) and Ra = 21.54
um (P200) after an increase in this coefficient for
the first four roughness values. The changes in
the value of the flow coefficient therefore do not
show unambiguity with an increase in the rough-
ness parameter Ra. An increase in the roughness
Ra with a constant value of the contraction coef-
ficient is responsible for the increase in the flow
coefficient value, which causes a change in the
inflow velocity distribution on the orifice.

In contrast, the sudden drop in flow coefficient
C is caused by a decrease in the cross-sectional
area of the stream and thus an increase in velocity
behind the orifice. The increase in velocity corre-
sponds to a decrease in pressure behind the reduc-
er which results in a higher pressure difference Ap
and thus a decrease in the value of the flow coef-
ficient C. Table 2 shows that the maximum error
of the coefficient C is +-3% for the parameter Ra
= 16.65 pm. This value can be considered as the
limiting error of the flow coefficient and included
in the error analysis of the mass/volume stream
measured with the segmental orifice.

Distribution of differential
pressure at the orifice

Figure 11 shows a typical distribution of differ-
ential pressure at the orifice during normal opera-
tion, i.e. in the absence of changes in wall roughness.

The measured pressure differences completely
fill the measurement range and their distributions

Table 2. Values of flow coefficient C for the investigated sloping segmental orifice at different inflow surface roughness

Gradation Roughness Roughness Reynolds number Va|L.Ie Qf the Relatiye error of the
parameter Ra, pm parameter Rz, ym range Re coeficcient C coeficcient C, %
P1200 5.69 43.84 4116+16936 0.704 -2.6
P800 7.51 53.94 4150+ 16584 0.723 0.0
P500 11.17 85.52 4142+16509 0.740 +2.3
P320 16.65 124.42 4158+16393 0.745 +3.0
P220 21.54 145.96 4196+16506 0.708 -2.1
P120 25.85 164.83 4161+16653 0.712 -1.5
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Fig. 11. Distributions of pressure differences at the orifice in the absence
of changes in wall roughness related to its operation

looks like normal distributions. In the case of
roughness changes, the pressure distributions are
shown in Figure 12.

Characteristic for these diagrams is the ap-
pearance of blank spots, i.e. areas where there
are no or only single signals from differential
pressure. Further behind these spots, groups of
signals appear at the edges of the distributions.
The pressure distributions differ from Gaussian
curves. However, the graphs show a lack of syste-
maticity in the variation in the pressure difference
- for example, for the roughness parameters Ra =
5.69 um and Rz =43.84 pm (P1200), for Ap(avg.)
= 5.147 Pa and Ap(avg.) = 6.484 Pa, additional
signals with smaller values can be seen on the
left side of the Gauss curve, while for Ap(avg.) =
8.563 Pa, signals with larger values occur on its
right side.

Smaller values of the registered differential
pressure at the orifice result in a momentary, vis-
ible decrease in velocity during the water flow. If
the pressure difference Ap increases, the process
is reversed. It is also possible, as in the case of
the P120 paper gradation, that there are additional
signals from the pressure difference Ap at both the
left and right ends of the Gaussian curve.

Increasing the roughness of the orifice wall
therefore causes the velocity to oscillate around
its average value. Changes in the roughness of the
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inflow surface of the orifice cause changes in the
velocity of the flowing water, but with a constant
value of the roughness parameters as the flow
stream changes, the directions of these changes
can vary. It is also possible for the velocity to os-
cillate around its average value.

Changes in velocity values also affect the
flow coefficients calculated from Equation 2,
which can be both under- and overestimated. The
lack of systematicity of velocity changes casues
that the pressure distributions shown in Figure
12 only provide information about changes in the
roughness of the reducer walls during operation.
This information can be used as a basis for de-
termining the individual flow characteristics for
the orifice used in the measurements and, if the
system is stopped, for replacing it.

It is therefore not possible to make unambigu-
ous corrections to the value of the flow coefficient
C for the orifice used in the measurements, result-
ing from changes in roughness. The pressure dis-
tributions shown in Figure 12 correlate very well
with the steam stream flow distribution curves de-
termined by the authors for the ISA 1932 nozzle
shown in Figure 13.

According to Equation 2, the flow stream de-
pends on the root of the pressure difference, so the
pressure difference distributions will take on an
analogous shape to the flow streams distributions.
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They clearly show the appearance of recorded
signals on the right side of the Gaussian distribu-
tions, as well as a reduced number of recorded
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Figure 12. Examples of static pressure distributions at the orifice when its
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CONCLUSIONS

Carried out measurements of water stream
flows at different values of roughness parameters
showed that an increase in the roughness param-
eter Ra (Rz) causes changes in the value of the
flow coefficient C; the values of this coefficient
for the first three roughness parameters (P1200,
P500, P320) increase, then for the next roughness
parameter P320 the value of the C coefficient de-
creases by about 5%, followed by a slight increase
again. The calculated values of the coefficient C
are both lower (P1200, P220, P120), and higher
(P500, P320) than the values of this factor for nor-
mal operation of the orifice, i.e. without changes
in roughness, and there is no unambiguousness
in the direction of these changes. The relative er-
rors of the coefficient C related to the change in
roughness of the inflow surface are in the range
of +-3%. The distributions of the measured static
pressure drops at the orifices for changes in the
roughness of the inflow surfaces deviate from
Gaussian distributions. Additional distinct signals
appear at both ends of the curves, causing a de-
crease or increase in velocity. The nature of these
changes is also not unambiguous - when changing
flow streams for a given roughness, additional sig-
nals may appear at one end of the normal distribu-
tion and then at the next. It is also characteristic
that there are areas where there are no recorded
pressures. The nature of the variations in the mea-
sured pressure differences indicates changes in the
roughness of the inflow side results from its using
time, and also indicates the replacement of the ori-
fice, the recalculation of its flow coefficient or the
determination of individual characteristics.
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