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Abstract
In the mining industry, the horizontal wells have been using for dewatering purpose for several years. Due to unique characteristics,
those horizontal filters are recommended to balance both the mechanical strength and hydraulic performance. Pressure drop along
the horizontal well is one of the essential factors that affect the performance of a wellbore, the dewatering capacity as well. The pres-
sure drop is caused due to four separate factors: wall friction, perforation roughness, inflow acceleration and mixing effects. In this
publication, numerical analysis was implemented with different types of perforated and slotted pipes to investigate the effects of two
later factors: inflow acceleration and the mixing effects. The simulated data using ANSYS 14.5 was analyzed using universal velocity
distribution law in combination with the roughness function and influx flow. The results revealed that the apparent friction factor is a

linear function of roughness friction factor and the total inflow rate ratio.

Keywords: apparent friction factor, perforation roughness, total inflow rate, horizontal filters, dewatering, opencast mines

1. Introduction

The horizontal directional drilling (HDD) technology has
been recently experimented in the mining industry to dewa-
ter opencast mines (Eichler & Drebenstedt, 2014) (Mansel,
Drebenstedt, Jolas, & Blankenburg, 2012). This technique is
adapted from the petroleum industry and utility construc-
tion. To effectively and economically apply this new method
of dewatering, it is recommended to use perforated or slotted
pipes as filters during its installation (Tran & Drebenstedt,
2014) (Tran & Drebenstedt, 2015). Moreover, those filters
have to fulfil both mechanical strength and hydraulic perfor-
mance aspect. Regarding hydraulic performance, the pressure
drop of flow along the horizontal filter plays an important
role and significantly affects the productivity of the dewater-
ing system. This paper addresses the first phase of the study
on the pressure drop along with the horizontal filters without
inflow through the wall: the effect of perforation roughness.

The influence of perforation roughness and inflow through
the wall were studied quite thoroughly in the literature (Jiang,
Sarica, Ozkan, & Kelkar, 2001) (Su & Gudmundsson, 1998)
(Ze Su & Gudmundsson, 1993) (Su & Gudmundsson, 1994).
However, these studies mostly varied the size, the phasing,
and the density of circular perforations. This presented work
focuses on the size, the geometry, and the perforated/slotted
ratio of different filter pipes using the numerical analysis.
Those pipes had a strong correlation between the perforated/
slotted rate, the size, and shape of cavities. In the simulated
study, the pipes with an inner diameter of 50mm, the 4mm
wall thickness, and the 920mm perforated/slotted length were
used. The perforated/slotted ratio varied from 2%, 3% to 5%.
The shapes of cavities were circular, axially or perpendicular-
ly rectangular-like slotted. The widths of cavities varied from
1.5mm, 2mm to 3mm. The Reynolds number ranged between
10,000 and 80,000 with the increment of 5,000. There was, es-
pecially, inflow through the perforations or slots.

2. Background

In the previous study (Thien & Huan, 2018), the authors
found out that the incorporated form of the universal velocity
distribution law for perforated/slotted pipes is

8 Re |fgs Au (1)
g—z.sh’] (7 ?)4'1.41—?

Where:

f,: roughness friction factor
Re: Reynolds number
Au/u*: roughness function

Interestingly, by plotting the roughness function, which
derived from simulated data based on Equation (1)versus
Reynolds number, a linear correlation was found. Let Rf de-
note the roughness function. Therefore, the linear correlation
between R—f and Re is expressed as

Au

u*

In the case of existing inflow through cavities, the appar-
ent friction factor can be described as (Huan, 2017)

3)

Where:

f: the apparent friction factor

y: a function of the number of cavities, perforation density,
perforation size and influx coefficient

Qcav: the total radial inflow rate (m?/s)

Qin: the inlet flowrate (m?®/s)

Equation (3) has been used to analyze the simulated data.
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Fig. 1. Computational meshes of flows in pipes: (a). ASC pipe; (b). PSC pipe; (c). CPC pipe

Rys. 1. Siatki obliczeniowe przeptywéw w rurach: (a). rura ASC; (b). rura PSC; (c). rura CPC
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Fig. 2. Pressure Drop vs. Total Inflow Rate Ratio in pipes with 2% opening ratio, 2mm size

Rys. 2. Spadek ci$nienia a wskaznik catkowitego natezenia przeplywu w rurach ze wskaznikiem otwarcia 2%, rozmiar 2 mm
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Fig. 3. Pressure Drop vs. Total Inflow Rate Ratio in pipes with 3% opening ratio, 3mm size

Rys. 3. Spadek ci$nienia a wskaznik catkowitego natezenia przeptywu w rurach o wskazniku otwarcia 3%, rozmiar 3 mm
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Fig. 4. Pressure Drop vs. Total Inflow Rate Ratio in pipes with 5% opening ratio, 2 mm size

Rys. 4. Spadek ci$nienia a wskaznik calkowitego natezenia przeplywu w rurach ASC o $rednicy 2 mm

3. Simulation Setup and the Filter Pipes

To calculate the pressure drop along the different perforat-
ed/slotted pipes, an academic finite volume code ANSYS Flu-
ent 14.5 was employed. The numerical simulations used the
SIMPLE, standard k-e turbulent model, which was previously
used and proved to have good agreement with experimental
results (Abdulwahid, Dakhil, & Injeti, 2013). The fluid was
water, entered the pipes at 250, with a constant density of, and
the viscosity of. It was also assumed that the no-slip boundary
condition along the isothermal walls. The inlet Reynolds num-
ber ranged from 10,000 to 80,000. The pipes were assumed hy-
draulically smooth on unperforated or non-slotted areas. Two
initial conditions were taken into account: the mass flow at
the inlet and the pressure at the outlet. In this work, the total
inflow rate ratio changed from 1/100 to 1/10.

The pipes were uniformly perforated or slotted with dif-
ferent sizes, different shapes, and different ratios. In this work,
the pipes with circular perforations are called Circular Perfo-
rated Cavity (CPC) pipes, the pipes with rectangular-like slots
on the wall and along the pipe’s axis are named Axial Slotted
Cavity (ASC) pipes, and the pipes with rectangular-like slots
on the wall and perpendicular to the pipe’s axis are called Per-
pendicular Slotted Cavity (PSC) pipes. These pipes had 2, 3
and 5 percent of open ratio. The widths of cavities varied from
1.5mm, 2mm to 3mm. A total of 27 pipes were calculated.

The flows in pipes were discretized within ANSYS Mesh-
ing environment before solved by the Fluent solver. In the
calculating process, symmetries were used to reduce com-
putational time and resource. The computational meshes for
different flows in pipes are shown in Figure 1.
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Fig. 5. Pressure Drop vs. Total Inflow Rate Ratio in ASC pipes with 2mm size

Rys. 5. Spadek ci$nienia a wskaznik calkowitego natezenia przepltywu w rurach ASC o $rednicy 2.0 mm
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Fig. 6. Pressure Drop vs. Total Inflow Rate Ratio in PSC pipes with 1.5 mm size

Rys. 6. Spadek ci$nienia a wskaznik catkowitego natezenia przeptywu w rurach PSC o $rednicy 1.5 mm
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Fig. 7. Pressure Drop vs. Total Inflow Rate Ratio in PSC pipes with 3mm size

Rys. 7: Spadek ci$nienia a wskaznik catkowitego natezenia przeplywu w rurach PSC z $rednica 3 mm

4. Results
4.1 Effect of Cavity Shapes

The simulated data showed that flows in pipes with dif-
ferent cavity shapes produced different pressure drops, par-
ticularly, when radial inflow through cavities exists. It can be
seen in Figure 2, Figure 3 and Figure 4 that the pressure drops
tend to increase when the total inflow rate ratio increases. The
difference in pressure drop significantly showed when the
Reynolds number is large. As Reynolds number at pipe inlet
is small (i.e. 20,000), the variation of pressure drop between
pipes with various cavity shapes is insignificant. However, the
increasing trend of pressure drop still dominates.

The pressure drop in pipes at the low inlet Reynolds num-
ber at an inflow rate ratio of 1/10 is about 200% bigger than
when there is no inflow through cavities (i.e. inflow rate ratio
of 0). As the pipe inlet velocity increased, the Reynolds num-
ber reached approximately 50,000, the difference in pressure
drops more clearly showed. The CPC pipe tends to have the
biggest pressure drop, while there is no significant difference
in pressure drop between ASC and PSC pipes. The pressure
drop at the inflow rate ratio of 1/10 also showed approximate-
ly 200% bigger values in comparison with the pressure drop at
zero inflow rate ratio.

When inlet Reynolds number is high (i.e. 80,000), the dif-
ferent pressure drop showed more clearly, especially, when the

inflow rate ratio reached 1/10. In this condition, the pressure
drop in CPC pipes is the biggest one, and it shows a significant
gap in comparison with ASC and PSC pipes. When the open-
ing ratio is small (i.e. 2%), the PSC pipe had a bigger pressure
drop compared to the ASC pipe.

In contrast, when the opening ratio gets bigger (i.e. 3%
and 5%), the ASC pipe showed a larger pressure drop. More-
over, at the upper inlet Reynolds number, the rate of increase
of pressure drop is relatively similar to those values at the low-
er Reynolds numbers. At this high Reynolds number, when
the inflow rate ratio gets 1/10, the pressure drop also showed
the about doubled value of those at zero inflow rate ratio.

4.2 Effect of Perforation/Slot Ratio

It was observed from Figure 5, Figure 6 and Figure 7 that
with the same opening shape and the same opening size, the
pressure drop created in pipes is larger when perforated and
slotted densities are higher. It can be seen that the pressure
drops in most pipes at a total inflow rate ratio of 1/10 are ap-
proximately twice larger than those values at zero inflow rate
ratio. In most pipes, the difference in pressure drop did no
show clearly at low inlet Reynolds number (i.e. 20,000).

When the inlet Reynolds number reached higher value
(i.e. 80,000), the distinction clearly showed up. For ASC pipes,
the difference is modest. The biggest difference belongs to the
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Fig. 8. Pressure Drop vs. Total Inflow Rate Ratio in ASC pipes with 3% cavity ratio

Rys. 8. Spadek ci$nienia a wskaznik catkowitego natezenia przeptywu w rurach ASC z 3% wskaznikiem otwarcia
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Fig. 9. Pressure Drop vs. Total Inflow Rate Ratio in PSC pipes with 3% cavity ratio

Rys. 9. Spadek ci$nienia a wskaznik calkowitego natezenia przeplywu w rurach PSC z 3% wskaznikiem otwarcia
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Fig. 10. Pressure Drop vs. Total Inflow Rate Ratio in CPC pipes with 5% cavity ratio

Rys. 10. Spadek cié$nienia a wskaznik calkowitego natezenia przeptywu w rurach CPC z 5% wskaznikiem otwarcia

CPC pipes, particularly when the opening size is high. For the
most pipes, the effect of cavity densities does not significant-
ly show when the opening size is small (i.e. 1.5mm size). In
contrast, the distinction notably appears when opening width
gets bigger value.

As a conclusion for the simulated data, which account for
the effect of cavity ratios, it is not recommended to use the
higher opening ratio to acquire the same inflow rate ratio due
to the higher pressure drop.

4.3 Effect of Perforation/Slot Size

The observed data showed that with the same type of cav-
ity and the equal opening ratio, the flows in pipes with dif-
ferent cavity sizes incurred different pressure drops. Figure
8 and Figure 9 indicated that ASC and PSC pipes produced
small differences in pressure drops with various perforated
and slotted sizes.

The differences did not significantly show with the full
investigated range of Reynolds number, even with high Reyn-
olds number (i.e. 80,000). In general, the pressure drop at 1/10
total inflow rate ratio is two times bigger than that at zero
inflow rate ratio. At the small opening ratio (i.e. 2%), the dif-
ference in the size of the cavity did not show significant dis-
tinction in pressure drop. However, when the opening ratio
gets higher value (i.e. 5%), the pressure drop in ASC and PSC

pipes showed a slight difference, and the bigger size, the larger
pressure drop.

For the CPC pipes (Figure 10), the difference in pressure
drop when cavity size changed are more clearly showed, espe-
cially when the inflow rate ratio is high. Figures revealed that
the bigger cavity size, the bigger pressure drop CPC pipes in-
troduced. These results indicated that it is not recommended
to use a bigger cavity size for the same opening ratio to obtain
the equal inflow rate ratio, particularly, for the CPC pipes.

5. Data Analysis and Discussion

The effect of radial inflow through cavities on the pipe
wall can be analyzed by using the apparent friction factor,
ft, in Equation (3). Noticeably, the apparent friction factor,
which expressed in Equation (3) indicates the linear correla-
tion between the apparent friction factor and the total inflow
rate ratio. Observing the pressure drop in correlation with the
total inflow rate ratio from Figure 8, it is simply realized that
there exists a linear correlation. This result makes the use of
Equation (3) convincible.

The apparent friction factor is plotted against the total
inflow rate ratio, as in Figure 11 and Figure 12. It can be ob-
served from the figures, the friction factor when cavity in-
flow exists proportionally correlates with the inflow rate ratio.
For the most pipes, when inlet Reynolds number changes,
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Fig. 9. Pressure Drop vs. Total Inflow Rate Ratio in PSC pipes with 3% cavity ratio

Rys. 9. Spadek ci$nienia a wskaznik calkowitego natezenia przeptywu w rurach PSC z 3% wskaznikiem otwarcia
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Fig. 11. Apparent Friction Factor vs. Total Inflow Rate Ratio in Pipe 2, ASC-2%-2mm

Rys. 11. Widoczny wspotczynnik tarcia a wskaznik catkowitego natezenia przeptywu w rurze 2, ASC-2% -2 mm

the increasing rate of the apparent friction factor is almost
unchanged. Additionally, the linear function of the apparent
friction factor and the total inflow rate is obtained. The data
clearly show that the friction factor when there is no inflow is
the determinant factor, that means the roughness friction fac-
tor plays a decisive role in the determination of the apparent
friction factor.

For convenience, the equation of the apparent friction
factor, which incorporates the roughness friction factor, the
total inflow rate ratio, and other factors is re-expressed:

Q{ﬂ\(
Q, (4)

fr =frs +y

where the roughness friction factor, fRS, is the friction factor corre-
sponding to the no inflow case and have the implicit form as below

8 _ Re [fas _Au
J;_Zjln(z\(;}+l.4l - (5)

Moreover, the roughness function, Au/u*, is a linear func-

tion of inlet Reynolds number. In Equation (4), y is a coeffi-
cient, which defines the increasing rate of the apparent fric-
tion factor corresponding to the increase of the total inflow
rate ratio. In this work, this coefficient is called the apparent
coefficient. By observing the data in Figure 13 and Figure 14,
it is noticed that the apparent coefficient does not significantly
change with the varying inlet Reynolds number.

The data of the apparent coefficients were plotted against
the inlet Reynolds numbers, as in Figure 13, and Figure 14.
The results indicated that the apparent coefficient for all the
pipes are independent of the inlet Reynolds numbers, and an
average value can be obtained for each corresponding pipe.

For each pipe, once the roughness friction factor, fRS, and
the apparent coefficient, y, are known, the apparent friction
factor at any total inflow rate ratio can be easily determined.
Importantly, the roughness friction factor (i.e. there is no in-
flow) plays a decisive role in the estimation of the apparent
friction factor for the corresponding pipe.

As revealed in Section 4, the radial inflow which enters
the pipe flow introduces a larger pressure drop in all the in-
vestigated pipes. This result is in line with other studies on the
effect of lateral inflow on the pressure drop in good horizontal
flow. The apparent friction factor correlation developed in this
work is a linear function of the roughness friction factor and
the total inflow rate ratio. In the model, the apparent friction
factor is heavily affected by the friction factor when there is
no flux through the cavities on the pipe wall. The correlation
(4) then was firmly backed by the simulated data.

For more understanding of individual component, which
makes up the total pressure drop, it is necessary to delve into
the simulated data. The factors which contribute to the total
pressure drop include acceleration pressure drop, Apacc., wall
friction pressure drop, Apw, perforation roughness pressure
drop, Apperf., and liquid mixing pressure drop, Apmix. For
convenience, the perforation roughness pressure drop and the
liquid mixing pressure drop are grouped together, which is
defined as an additional pressure drop, Apadd.

The equations to estimate the acceleration pressure drop,
the wall friction pressure drop, and the additional pressure
drop are Equation (6) and (7), respectively (Ze Su & Gud-
mundsson, 1993).

APy = il {1t )= o s -8 ©
Ap,, =§pri=§(p;—'%ﬂi] (7)

The plotting of each component of the total pressure drop
against the total inflow rate ratio for some example pipes is
shown in Figure 15, and Figure 16. According to the data, it
can be realized that the additional pressure drop has a tenden-
cy to reduce as the total inflow rate ratio increases.

With the same declining rate, the additional pressure drop
might have negative values when radial inflow increases. Be-
cause cavities and fluid mixing cause the additional pressure
drop, it can be confirmed that the pressure drop due to the
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Fig. 13. Apparent Coeflicient vs. Inlet Reynolds Number for ASC pipe-2%-2mm

Rys.13. Widoczny wspoélczynnik a liczba wlotowa Reynoldsa dla rury ASC-2% -2 mm
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Fig 14. Apparent Coeflicient vs. Inlet Reynolds Number for PSC pipes-2%-2mm

Rys. 14. Widoczny wspoétczynnik a liczba wlotowa Reynoldsa dla rur PSC-2% -2 mm

wall friction is minimized by smoothing effect. This result
consolidated the conclusion that the radial inflow actually lu-
bricates the pipe flow made by Ze Su et al. and Abdulwahid et
al. However, when the radial inflow increases, the acceleration
pressure drop will enlarge. It makes the total pressure drop
has a growing tendency.

6. Conclusion

Numerical simulations have been performed to inves-
tigate the flow, particularly, the pressure drop behaviour in
perforated and slotted pipes with inflow through cavities.
The geometry, the opening ratio, and the size of cavities were
varied. The rate of inflow rate through cavities over the main
pipe inlet inflow rate ranged from 1/100 to 1/10. The inlet
Reynolds number varied from 10,000 to 80,000 with an in-
crement of 10,000. The model was solved by the same CFD
code of ANSYS Fluent 14.5 using the SIMPLE algorithm, sec-
ond-order scheme, and STANDARD k — ¢ turbulent model.
The simulated data showed that the shape of cavities had a
significant impact on the pressure drop behaviour, in which
the CPC pipes introduced greater pressure loss in comparison
with ASC and PSC pipes. With the same cavity ratio and the

equal cavity size, the CPC pipes produced an average of 15%
larger pressure drop at high inlet Reynolds number compared
to ASC and PSC pipes. At low inlet Reynolds number, the dif-
ference was not clearly significant. The size of cavities, as well
as the cavity ratio, also had a remarkable influence on pressure
behaviour. It is recommended that not to use the higher cavity
ratio to obtain the same inflow rate ratio and not to use bigger
cavity size for the same cavity ratio to get the equal inflow rate
ratio, particularly, for the CPC pipes. The smoothing effect of
fluid mixing and the effect of the individual component that
makes up the total pressure drop were also discussed. The re-
sults were in good agreement with other studies and showed
reasonable liability.

The pressure drop acquired from simulations were also
analyzed to clarify the impact of the total inflow rate ratio.
The apparent friction factor calculated from the total pressure
drop was expressed by a linear function of the roughness fric-
tion factor (i.e. there is no inflow through the wall) and the to-
tal inflow rate ratio, as in Equation (3). The roughness friction
factor as the intercept of the function had a decisive influence.
Meanwhile, the slope of the function is named the apparent
coeflicient had a constant value for each investigated pipe.
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Badania nad widocznym wspétczynnikiem tarcia w perforowanych i szczelinowych filtrach pozio-

mych do odwadniania kopaln odkrywkowych przy uzyciu analizy numerycznej

W ostatnich latach, wprzemysle wydobywczym studnie poziome sqg wykorzystywane do odwadniania. Ze wzgledu na wyjgtkowe
wlasciwosci te filtry poziome sq zalecane, aby zréwnowazy¢ zaréwno wytrzymatos¢ mechaniczng, jak i wydajnos¢ hydrauliczng.
Spadek cisnienia wzdluz odwiertu poziomego jest jednym z podstawowych czynnikéw wplywajgcych na wydajnos¢ odwiertu, a takze
wydajnos¢ odwadniania. Spadek cisnienia jest spowodowany czterema odrgbnymi czynnikami: tarciem o Scianki, chropowatoscig
perforacji, przyspieszeniem doplywu i efektami mieszania. W niniejszej publikacji zaimplementowano analize numeryczng réznych
typow rur perforowanych i szczelinowych w celu zbadania wplywu dwéch pézniejszych czynnikow: przyspieszenia doplywu i efektu
mieszania. Symulowane dane za pomocg oprogramowania ANSYS 14.5 zostaly przeanalizowane przy uzyciu uniwersalnego prawa
rozktadu predkosci w polgczeniu z funkcjg chropowatosci i przeptywem napltywowym. Wyniki wykazaly, ze widoczny wspétczynnik
tarcia jest liniowg funkcjg wspolczynnika tarcia chropowatosci i wspétczynnika catkowitego naptywu.

Stowa kluczowe: widoczny wspélczynnik tarcia, chropowatos¢ perforacji, catkowity naplyw, studnie poziome, odwadnianie, kopalnie
odkrywkowe
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