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1. INTRODUCCION

RESUMEN

En este articulo se reportan los resultados de la investigacion basada en pruebas experimentales en laboratorio de
un aforador Parshall de 6 pulgadas de ancho de garganta, disefiado y construido segtin la norma ASTM D1941-21,
constituido en polimetilmetacrilato (acrilico), instalado en el interior del canal hidrodindmico del Centro de Inves-
tigaciones y Estudios de Ingenieria de los Recursos Hidricos de la Escuela Politécnica Nacional (CIERHI - EPN); las
pruebas determinan la variacion de los caudales aforados en funcién de la variacién de las pendientes del fondo
del canal hidrodinamico s (5 pendientes) en condiciones de descarga libre; se comparan entre las curvas de aforo
experimentales resultantes y la curva teérica - empirica normada, se obtienen los errores y diferencias relativas y
se establecen zonas graficas del abaco correspondiente, donde el méaximo error relativo tolerable paralos caudales
aforados con la curva teérica es Er=10%.

ABSTRACT

This article reports the results of research based on experimental laboratory tests of a Parshall flume with a

6-inch throat width, designed and constructed in accordance with ASTM D1941-21 standard, made of polymethyl
methacrylate (acrylic), installed inside the hydrodynamic channel of the Center for Research and Studies in Water
Resources Engineering at the National Polytechnic School (CIERHI - EPN); the tests determine the variation in
measured flow rates based on the variation in the slopes of the bottom of the hydrodynamic channel s (5 slopes)
under free discharge conditions. The resulting experimental flow curves are compared with the standardized
theoretical-empirical curve, the relative errors and differences are obtained, and graphic zones are established

on the corresponding chart, where the maximum tolerable relative error for the flow rates measured with the
theoretical curve is Er=10%

treatment systems.

In hydraulic engineering, it is vitally important to measure flow rates
for the various uses and needs of humans in their activities. Parshall
flumes, developed by Ralph L. Parshall in 1920, are used to accurate-
ly measure flow rates in open channels and canals with free surface
flow, such as: water distribution channels, municipal sewers, ditches,
drinking water and wastewater treatment plants, irrigation channels,
dam discharges, industrial effluents, and leachate discharges [1] and
asadevice for the rapid mixing and dispersion of coagulants in water

The Parshall flume must be designed to connect to an approach
sectionwith subcritical flow (low velocities) by means of a section with
an ascending bottom ramp and circular flaring on its walls, followed
byaconverging section with alevel bottom, a throat section with ades-
cending inclined bottom, and a diverging section with an ascending
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inclined bottom [2], all with vertical walls[3]; thisdesign forcestheflow  sectionthere maybeasteptothe bottom of the channel[3] (see Fig. 1).

toaccelerate [4] and transform it inside to supercritical, with velocities
greater than in the approach section [5]; when forcing a change in
regime, critical flow is imminent in a specific section within the flu-
me, hence the name critical depth meters for gauging structures that
contemplate bottom elevations and/or transverse contractions, with
Parshall flumes being the mostwidely used in this category [5]. Critical
flow has a unique surface profile for each flow rate, therefore, there
isadirectrelationship between the depth near the critical depth zone
andthe circulating flow rate, expressed through an empirical equation
thatallowsthe estimation of flow rates by entering the depth valuesin
adefined section; This equationisindependent of channel roughness
and otheruncontrollable factors [5], isspecifictothe geometry of each
Parshall flume, and has the following form [6]:

Q=CH" )

Where Qis the measured flow rate; C is a dimensional factor that
depends on the throat width; H_ is the critical flow depth within the
converging section, measuredatadistance of 2/3 of Lc(convergence
length) from the start of the throat; n isadimensionless exponentthat
depends on the throat width [2].

For each Parshall flumewith a standard throatwidth W), operating
in free flow, there are theoretical values of Cand n, whose values vary
depending on the units for length and volume used. For example, for
the throat width chosen for this research, W, =6"=0.152 m, for flow
ratesinl/s and depths in cm, C=0.264 and n=1.58 [6], while for flow
ratesinm?¥%and depthsinm, C=0.3812and n=1.58 [2]; the latterwere
used for this research, resulting in equation (2).

Q = 0.3812.H,1°8 o

Where Q is the measured flow rate; H_ is the critical flow depth

within the converging section, measured ata distance of 2/3of Lc(con-
vergence length) from the start of the throat.

Each of the 22 standardized Parshall flumes is mainly characteri-
zed and named by its throat width W, with standardized geometries,
dimensions, and flow ranges, which must be kept accurate (tolerable
error 2%) since they are not scale hydraulic models of each other; they
are completely different, given that the length and slope of the throat
bottom remain constant for several of them, while other dimensions
vary [2]. Theirinner surface should be atleastassmooth asthe surface
of good quality concrete [6]. For this reason, and in order to visualize
and measure the flows, the experimental setup for this research was
constructed in acrylic.

A Parshall flume with a throat width W=6"= 0.152 m, under free
discharge conditions, has the capacity to measure flows from 1.42L/s
t0110.4 /s (0.00142 m%- 0.11040 m%) [2], with depths H_ from 0.029
mto 0.456 m, respectively; the inlet section has a ramp with a slope
of 1:4tothe start of the convergent section and, asitisa W< 1ff, aflare
with circular walls of radius R = 0.41 m; at the outlet of the divergent
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In a Parshall flume, the ratio between the representative depths
of the flow H, and H_ is called the percentage of submergence o, for
practical purposes, simply submergence S, defined by equation (3):

S=H,/H, @)

Where 5(%)isthe submergence, H, isthedepth near theend of the

throat, and H_is the critical flow depth measured in the converging

section, measured ata distance of 2/3 of Lc from the start of the throat
(see Fig. 1.). Both depths must have the same units of length.

Depending on the submergence, there are two possible flow con-
ditions inside a Parshall flume:

Free flow: occurs when, downstream of the flume, the water
surface is not high enough to reduce the flow through it; in this
case, provided that the bottom of the channel remains horizon-
tal, only a single reading at the main measurement point (H ) is
needed to calculate the measured flow using the general theo-
retical equation (1). The limit of Sis established for each Parsha-
1l flume, for example, for W,=6"=0.152m, S, .=60%, if S<S,, .
then the flow is free [6].

Submerged flow: drowning occurs due to hydraulic conditions
downstream of the gauge, existing obstacles, lack of slope, and/
or forced levels in subsequent sections [3], causing the water
surface elevation to be high enough to reduce the flow velocity,
increase upstream depths, and thus create a backwater effect
and greater resistance, decreasing the flow through the gauge.
This additionally requires the reading of a depth H, near the
final section of the throat [1] to apply negative or reduction co-
rrections to the Q result calculated with (1), using diagrams or
abacuses as a function of S for different flow meter sizes. For W,
=6"=0.152 m, if $>60% then the flow is submerged [6]; S must
be kept below the practical limit of 95%, because the measure-
ment will not be reliable if the submergence is greater [5]. W, =
6” corresponds to a small flow meter, therefore, the position of
the reference point for measuring the depths H, is 51 mm ups-
tream and 76 mm above the lowest point at the end of the throat
(see Fig. 1). The most desirable condition in practice is free flow
[6], because it will be restricted to a single load measurement 3],
and a double measurement results in a significant loss of accu-

racy [4].
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Figure 1. Diagram of the parts and measurements of the experimental Parshall flume setup located inside the CIERHI hy-

drodynamic channel; A) Plan view; B) Longitudinal section.
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Likewise, expression (1) does not take into account possible se-
ttlements of the Parshall flume, therefore, various authors propose
correction coefficients for C and nin view of possible inclinations or
slopes of the convergent section of the flume s; this research focuses
on the experimental determination of precise values for C and n for
five different slopes, within a moderate range in which the flume ade-
quately fulfills its function. The Parshall flume should be constructed
and installed in such a way that the bottom of the convergent zone
(floor or ground) is level within a slope that does not exceed 3 mm in
any dimension [6].

The main advantages of Parshall flumes are:

-  The head loss in Parshall flumes is low, less than approxima-
tely one quarter of that required to operate a thin-walled, sha-
rp-crested weir (with the same control width) [4].

They are self-cleaning in the case of flows containing moderate
amounts of solids, unlike weirs, where sediments or suspended
particles will settle in the upstream reservoir, gradually chan-
ging its discharge coefficient [5];

They can withstand relatively high degrees of submergence and
still be accurate [1];
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Their construction, installation, and operation inside open
channels represent low costs and technical advantages;

They can be constructed from various materials: concrete, ma-
sonry, wood, metal, brass, etc.;

They do not require the bottom to be raised, i.e., the channel
does not need to be modified in terms of its dimensions for the
setup of a Parshall flume;

If the flow is free, it is sufficient to measure the depth in a single
section to determine the flow rate accurately [3];

Their designs are available for W, from 2.54 cm to 15.2m, cove-
ring flow measurements from 0.0057 to 85 m’/s [6].

The main disadvantages of Parshall flumes are:

They can be more expensive than a sharp-edged weir or sub-
merged orifices in unlined channels [4];

They cannot be used directly or in combination with an ups-
tream gate [5];

They are only applicable to open channels and are inoperative
under pressurized flow or full pipe conditions [6].

2. Methodology
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The experimental setup consists mainly of a hydrodynamic channel,
whichisasteel structure, 1 meter wide and 25 meterslong, andaSCA-
DA control system for adjusting its slope between 0.10% and 3.76%.
Inside, the primary flow measurementinstrumentisinstalled, namely
the Parshall flume (see Fig. 2. A), whose secondary instruments for
measuring water depth are a needle limnimeter (water level gauge)
with a 0.0001 m resolution and graduated tapes (as staff gages) with
0.001 m resolution (see Fig. 2. B); the precise and accurate reference
flow measurement instrument is the Flomag3000 electromagnetic
flowmeter, which measures and records flow rates (see Fig. 2. C).

Parshall flume was constructed entirely of acrylic, with a wooden
basetoensureits couplingand structural stability within the hydrody-
namic channel. Itislocated at +4.70 meters, which complies with the
recommendation forthelength of theinletflow approximation of the
hydraulic structure, which should be at least 10to 20 times the throat
width, ie., greater than 3.04 m. [6].

2.1 Experimental setup calibration

Figure 2. Experimental setup: A) Parshall flume general
layout inside the hydrodynamic channel; B) Water level
gauge and graduated tapes used to water depth measures; C)
Flomag3000 electromagnetic flowmeter.

1.Parshall Flume

2.Hydrodynamic channel
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4.Data Logger

5. Water level gauge
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7.Flomag3000
electromagnetic
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supply tank

9.Flow direction

The experimental setup first undergoes a hydraulic leak test to
determinethe existence of and correct any possible water leaks, com-
pletely flooding the interior of the Parshall flume. All the construction
dimensionsobtained for the Parshall flume are within the permissible
error limitof2% compared to the standardized dimensional values for
the structure selected for a throat width W, =6"=0.152m (see Table 1).

Table 1. Construction dimensions and errors obtained in the
Parshall flume.

Parshall Flume design Actual

dimensions dimensions Error
W,=6" = 0.152m[6] built
Symbol ft mm mm mm %
Throat width Wt 0.50 152.4 152.0 04 0.26%
Convergence width We 1.30 396.2 396.0 -0.2  0.06%
Divergence width wd 1.29 393.2 393.0 -0.2  0.05%
Convergence length Lc 2.00 609.6 610.0 04 0.07%
Throat length Lt 1.00 304.8 305.0 02 0.07%
Divergence length Ld 2.00 609.6 610.0 04  0.07%
Walls height D 2.00 609.6 610.0 04  0.07%
Vertical distance from
the crest to the bottom N 0.38 114.3 114.0 0.3 0.26%
throat
Vertical distance from
the crest to the lower K 0.25 76.2 76.0 0.2 0.26%
end of the flume
Inlet curvature radius R 410.0 410.0 0.0  0.00%

Inaddition, its optimal hydrodynamic performance and uniform
distribution of streamlines at the inlet of the flare (see Fig. 3) were ve-
rified with the circulation of various flow rates, thus confirming the
perfectconditioning of joints and edges. The hydrodynamic behavior
of the structure was tested under critical operating conditions to en-
sure that water level readings can be taken without any interference
that could generate anomalous data.

Figure 3. Uniform streamlines distribution verification at
Parshall flume inlet.

2.2 Flectromagnetic flowmeter as reference measuring instru-
ment.

Therearetwo basictypesof flowmeters:long-throatand short-throat;
within thelatter group are Parshall flumes, since they control the flow
inaregion where curvilinear flow occurs; the calibration process for
these structuresis determined empirically by comparison with other
more precise and accurate reference measurement systems [4], such
as electromagnetic flow meters. This research, all flows are measu-
red using the Flomag3000 electromagnetic sensor flow meter asa
reference system for testing the Parshall flume, which is installed in
the hydrodynamic channel inlet pipe. This equipment, with a nomi-
nal diameter of 300 mm and connected to a real-time transmission
system, stores the records every 30 seconds in a YDOC ML-x17 data
logger, and allows for a complete record of the series flow rates for
each tests planned.

2.3 Testing plan.
Following the recommendations and methodology of the applicable
regulations [6], for each of the five slopes tested for the hydrodyna-
mic channel, experimental tests were carried out with 12 flow rates Q
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(within the corresponding range 0.00142 m?%-0.11040m3%), measuring
5 times each water depth H_ on the corresponding abscissa 2A/3 in
the convergent zone; a total of sixty tests were performed, generating
a 300 water depth measurements data set (see Table 2).

Table 2. Flow rates corresponding to the 60 tests planned to
be carried out at the experimental setup.

Hydrodynamic Channel Slope - s (%)

0,10 1,00 2,00 3,00 3,76
Q (ms) Q (m’/s) Q (m¥/s) Q (m¥s) Q (m’/s) Q (m’/s)

0,005 Q Qi3 Q2s Q37 Qa9
0,015 —~ Q Qu Q26 Qss Qso

~ 0,025 'E Q3 Qs Q27 Q39 Qs1
‘E 0,035 E Qs Qs Qa2s Qa0 Qs2
E 0,045 & Qs Q17 Q29 Qa1 Qs3
g 0055 2 Qs Qs Q3o Qu Qs4
% 0,065 % Q7 Qo Q31 Qa3 Qss
g 0,075 :d, Qs Q20 Q32 Qua Qss
%0 0,084 g Qo Qi Q3 Qss Qs7
E 0,090 § Qo Q» Q34 Qas Qss
0,100 ™ Qu Q2 Qss Qa7 Qso
0,103 Qi Qa4 Qs Qus Qs0

2.4 Error sources

The hydrodynamic channel allows the converging section of the Par-
shall flume to be leveled, both laterally and longitudinally; to obtain
accurate readings. Flows with depth values H <30 mm was avoided
to complywith the criteria and recommendations of tests carried out
in similar experimental setups; in addition, the recommendation to
keepthe approach section free of moss or other debris accumulation
during the tests was strictly followed [6]. Regarding reference instru-
ment errors, the accuracy of the Flomag3000 flow meter is guaran-
teed with an error within the range of 0.5% - 2.2%, according to the
manufacturer [7].

3. Results and Discussion

Table 3 shows the average results of the 5 H measurements taken in
each of the 60testsin the experimental setup test plan, corresponding
tothe 12 flow rates Q for each of the 5 slopes investigated.
Table 3. Results of the average depths and flow rates corres-
ponding to the 60 tests in the experimental setup test plan.

Hydrodynamic Channel Slope - s (%)

1,00 2,00 3,00
H, Q H, Q H, Q
(m) (m¥s) (m) (m¥%s) (m) (m’s)
0,0681 0,00618 0,0625 0,00602 0,0562 0,00592
0,1242 0,01520 0,1209 0,01524 0,1149 0,01494
0,1744 0,02500 0,1689 0,02488 0,1641 0,02497
0,2155 0,03473 0,2114 0,03482 0,2075 0,03513
0,2555 0,04502 0,2498 0,04470 0,2448 0,04523
0,2912 0,05506 0,2856 0,05473 0,2818 0,05521
0,3283 0,06560 0,3227 0,06511 0,3170 0,06527
0,3619 0,07520 0,3572 0,07566 0,3516 0,07525
0,3871 0,08345 0,3795 0,08267 0,3769 0,08318
0,4083 0,09036 0,4044 0,09080 0,3977 0,09053
0,4365 0,10000 0,4324 0,10038 0,4286 0,10043
0,4466 0,10277 04389 0,10292 (,4333 0,10224

0,10
Q
(m?/s)

0,00570
0,01550
0,02525
0,03540
0,04525
0,05510
0,06550
0,07565
0,08355
0,09035
0,09995
0,10310

3,76
Q
(m?/s)

0,00564
0,01520
0,02505
0,03518
0,04506
0,05537
0,06517
0,07517
0,08409
0,09029
0,10031
0,10313

Ha
(m)
0,0678
0,1307
0,1791
0,2241
0,2638
0,2996
0,3372
0,3709
0,3958
0,4178
0,4466
04564

Hﬂ
(m)
0,0495
0,1134
0,1585
0,2026
0,2412
0,2761
0,3130
0,3443
0,3725
0,3921
0,4206
04314

Experimental flow rates (m?/s)
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Based onthe valuesin Table 3and the theoretical equation (2), the
trend curves in Figure 4 are plotted and the respective experimental
flowequationsare obtained. The experimental flowsin Table 3are, in
each case, the average flow of the flow meter; i.e., the average value of
the instantaneous flows measured by the Flomag3000 flowmeter du-
ring the testand reported by the Data Logger controller and its YDOC
- Insights software. The coefficients of determination R2 correspon-
dingtothetrendlines used to obtain the experimental flow equations
and curves for the Parshall flume (see Fig. 4) have values very close
to or equal to 1 (between 0.9984 and 1.0000) for the five slopes tested.
Therefore, it is concluded that there is an adequate fit between the
values obtained from these equations/curvesand the valuesrecorded
experimentally for all the slopes analyzed. As can be seen in the res-
pective experimental curves (see Fig. 4), the experimental equations
obtained for the five slopes tested are, respectively:

Experimental equation for s=0.1%: Q = 0.3413. Ha1'5184 @
Experimental equation for s = 1.0%:  Q = 0.3464. H,*%%’ ©)
Experimental equation for s = 2.0%: Q@ = 0.3409. Hal'4633 ©
Experimental equation for s = 3.0%:  Q = 0.3286.H,**!! (7)
Experimental equation for s = 3.76%: Q = 0.3199. H,'3¢¢* ®)

Where s is the slope of the channel bottom or the bottom of the
convergent zone; Q is the measured flow rate; H_is the critical flow
depth within the convergent section, measured at a distance of 2/3 of
Lc (convergence length) from the start of the throat.

Figure 4. Experimental curves and equations for the five
slopes of the Parshall flume tested, compared with the theore-
tical curve and expression (2).
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When comparing the different experimental flow curves for the
Parshall flumetested, there isa clear trend of variation depending on
the slopestowhich they were subjected (see Fig. 4.); on the one hand,
thereis parallelism between all the curves for the different slopes, i..,
theydonotintersecteach otheratany point; in contrast, the curve of the

Experimental Eq. s=1%

Q= 0,3199H.1.3664
Experimental Eq. s=3.76%

Q =0,3409. Hu4653

xperimental Eq. s=2%
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theoretical flow measurementequation intersects with all the experi-
mental curves ata different point with each of them. This parallelism
isindicative of the directrelationship between the increase in the slope
of the Parshall flume and the increase in the measured flow, for the
samedepth H..

Thereisacleartrend in the experimental curves (see Fig. 4.): with
thesamedepth H , higher flows are measured asthe slope of the chan-
nel bottom increases; this trend is maintained for the entire range of
flows tested with the different slopes. For example, with a depth H =
0.35m for a channel slope s=0.1%, a flow rate Q = 0.069m% s mea-
sured; with the same depth for a slope of s=3.76%, a flow rate of Q
= 0.076m3s is measured, while the corresponding theoretical flow
rateis Q=0.073m%. In this example, the difference in measured flow
ratesbetween the minimum and maximum slopesis9.95%, while the
difference with respect to the theoretical equation is 4.64%.

Another example that confirms the trend: with a depth H =
0.44m for a channel slope s = 0.1%, a flow rate Q =0.098m% s mea-
sured; with the same depth for a slope of s=3.76%, a flow rate of Q =
0.104m% s measured, while the corresponding theoretical flow rate
is Q=0.104m%. In this example, the difference in measured flow ra-
tes between the minimum and maximum slopes is 6.19%, while the
difference with respect to the theoretical equation is 6.12%.

When comparingeach experimental flow curve individually with
thetheoretical curve (see Fig. 4), itisevident that there are areaswhere
the theoretical equation overestimates the experimental flow (when
thetheoretical curveisabove the experimental curve) and otherswhe-
reitunderestimatesthe experimental flows (when the theoretical cur-
ve is below the experimental curve). For example, for the minimum
slopetested, s=0.1%, the theoretical equation overestimates the flow
rates in most of the corresponding depth range; conversely, for the
maximum slope tested, s=3.76%, the theoretical equation underes-
timates the flow rates in practically the entire depth range.

The relative percentage errors determined by comparing the
different theoretical and experimental values were calculated and
plotted in order to determine their trends and obtain the maximum
values for each of the slopes tested (see Fig. 5), as well as to provide a
visual guide for identifying the areas in which the theoretical equa-
tion is most accurate and therefore most valid. For example, starting
from a maximum tolerable error empirically established at E=10%
(minimum required accuracy of 90%), the green background area
was defined in the graph where the accuracy of the flows measured
with the theoretical equation is greater than 90% in relation to the ex-
perimental flows. while in the complementary red background area,
the accuracy is less than 90%, therefore the flows measured with the
theoretical equation would be inaccurate for the ranges defined in
thisarea. Therefore, the theoretical equation s relatively accurateand
valid across the entire flow range only for slopes s< 0.1%, while it is
accurate for certain specific flow ranges, those greater than 0.010 m%
,0.021 m¥%, 0.035 m% and 0.047 m3% for slopes s=1%, s= 2%, s=3%
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and s=3.76%, respectively; these flowrates are shown in Figure 5asthe
limits from which it is recommended to use the theoretical equation,
with an accuracy of atleast 90% (E<10%).

Figure 5: Relative percentage errors E,_of Q values obtained
with the theoretical equation vs. Q obtained with the experi-
mental equation of the Parshall flume with throat width W,=
6" =0.152 m, with channel slopes s =0.1%, s =1%, $ =2%, s

=3% and s =3.76.
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The graph in Figure 5 shows that the first trend observed is: the
greater the slope of the bottom, the greater the relative percentage
errors; therefore, the greatest relative errors correspond to the slope s
=3.76%. The second trend shown is that the lower the measured flow
rates, the greater the percentage errors in the flow rates calculated
using the theoretical equation. These trends are partially fulfilled for
the curves corresponding to slopes s=0.1% and s=1%.

When comparing each experimental curve with the theoretical
curve (see Fig. 4), only the points of intersection between curves have
the same ordered pair of theoretical and experimental values (depth
and flow rate), therefore, these points correspond to relative percen-
tage errors E =0% (see Fig. 5).

Theinaccuracy in flow measurement using the theoretical equa-
tion in cases where the channel bottom has a slope s> 0.1% (slope
of the bottom in the convergent zone) can be attributed to the fact
that, in determining the general theoretical equation (2), the effects
of variations in certain hydraulic factors, such as the effect of slope
variation on flow rates, were not taken into account or considered,
ie. therelativeaccuracy of the general theoretical equation (2) applies
only to horizontal bottoms and slopes s< 0.1%.

4. Conclusions
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Throughout this research, the importance and necessity of having
experimental curves and equations suitable for hydraulic conditions
not covered in the determination of theoretical expressions has been
demonstrated, as in this case, where the theoretical equation for me-
asuring flows with the Parshall flume should only be used for free
flow conditions and for a horizontal channel bottom (as well as for a
horizontal bottom in the convergent zone), with a maximum slope of
$=0.1%, so that the flows measured across the entire possible range
maintain a minimum established accuracy of 90%, i.e., with relative
errors E <10%.

Given the need and in order to ensure practicality for all types of
users, itis understandable that various bibliographic sources provide
an intentional simplification by reducing the relationship between
depths and flows (independent of the slope) to a single mathemati-
cal expression or measurement equation for each of the 22 existing
Parshall flumes, as in this case using equation (2) for those with W=
0.152 m; however it is necessary for these sources to emphasize and
warn of the urgent need to comply with the horizontal condition and
minimum slope (s < 0.1%) of the bottom of the channel where the
flume is installed and/or the bottom of its convergent zone.

In the case of Parshall flumes with channel bottom slopes and/or
convergentzone slopes s>0.1%, the equations and experimental cur-
vesobtained based onlaboratorytests offerabetterand moreaccurate
mathematical representation that relates flow rates Qas a function of
depthsh_foreachslopetested. Thisis becauseasingle universal theo-
retical equation (2) isindicated for horizontal or low-slope bottoms (s<
0.1%). This emphasizes the need to experimentally test the hydraulic
measuring structures that will operate under specific conditions in
order to find the equations and curves that take them into account,
given that general theoretical expressions do not.

For Parshall flumes with a throat width W=6"=0.152 m, it s re-
commended to use the theoretical equation (2) only for the ordered
pairs H -E located within the green background area of the graph
in Figure 5, for which a relative error E < 10% corresponds; the flow
rates shown at the intersection of each experimental curve with the
tolerable relative error limit line E =10%, correspond to the flow rate
limit value above which the theoretical equation is valid.

Inshort, for practical purposesin multiple industrial and field gau-
ging applications, it is recommended to use equations (4), (5), (6), (7),
and (8) for slopes s=0.1%, s=1%, s=2%, s=3% and s=3.76%, respecti-
vely. In caseswhere the bottom of the Parshall flume’s converging zone
hasanintermediate slope within the tested range (0.1%-3.76%), itisre-
commended tointerpolate the lower and upper flow values obtained
using the graph in Figure 4 and/or the corresponding flow equations.
For example, for a slope s=2.6% and depth H =0.25m, the lower and
upper flows obtained with equations (6) and (7) are Q=0.045m3s and
Q=0.047m1%4, for slopes s=2% y s= 3%, respectively; therefore, when
interpolating the values for the intermediate slope in the example, Q
=0.046m’41s obtained.
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The theoretical and experimental curves and equations resul-
ting from this research should only be used for Parshall flumes with
athroatwidth W=6"=0.152m, whose geometry and dimensions are
standardized; each of the 22 existing Parshall flumesare different, they
do nothave geometric similarity; they are not scale hydraulic models
ofeach other. Likewise, they should only be used within the flow range
of each flume, in this case for flows Q between 1.42 L/sand 110.4 L/s
(0.00142m?5-0.11040 m%s), with depths H between 0.029 mand 0.456
m, respectively.

The accuracy of the experimental curves and equations will di-
rectly determine the accuracy of the flowmeasurement process using
Parshall flumes. Therefore, in systems with particularities in their de-
sign, construction, and/or operation, itwill be imperative to conducta
specificstudy that providesthe expressions best suited tothe variations
present in the hydraulic parameters of each system.
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