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ABSTRACT

Hydraulic systems are traditionally constituted by one suction and one exhaust connected by pipes. Between the
suction and the exhaust, pumps and many devices can be placed (reduction, expansion, valves, equipment, etc.).
Hydraulic projects usually consist in predicting the fluid volumetric flow rate (volumetric capacity) that can flow
through the hydraulic system according to its main features: piping size (diameter and length), kind of accessories,
pump power, inlet and outlet pressure conditions, and the elevation of the suction and exhaust. However, this
study investigated the behavior of a hydraulic system with the addition of multiple exhaust lines just after the
pump, connected to a distributor. In this case, predicting the volumetric capacity of a hydraulic system was more
complex, because the new fluid flow rate must be distributed according to the characteristics of each exhaust.
Mathematically, a set of nonlinear equations was established based on the fundamentals of Fluid Mechanics and
it was solved simultaneously. This methodology predicted the volumetric capacity according to the number of
attached piping lines and other features of the hydraulic system, such as length, diameter, roughness, elevation,
and pump power. Experimental validations demonstrated that the deviations of the numerical method adopted in
this study were lower than 4%. The addition of multiple exhausts was beneficial because it considerably increased
the volumetric capacity for the same pump power installed. As an example, when the number of exhausts changed
from 2 to 4, from 4 to 6, and from 6 to 8, the volumetric capacity of the experimental system increased in 86%,
45%, and 24%, respectively. This study also indicated the variables that most affected the volumetric capacity:
the piping diameter, the elevation of the exhausts, and the amount of exhausts, in this order.
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INTRODUCTION

The Bernoulli Equation has many applications in Fluid Mechanics because it helps predict the volumetric capacity of
a hydraulic system or the necessary power to pump a given fluid [1-3]. In its original conception, the Bernoulli Equation
is an algebraic equation [Eq. (1)]. It is a simplification of the Equation of Motion [4] for special physical conditions,
such as steady-state flow, ideal (negligible viscous effects) and incompressible flow, absence of heat exchange and
shaft work with the surroundings, and macroscopic flow in a preferential direction.
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In the ideal conditions of Eq. (1), the user would only have to know the operating conditions (P, v, z) at the start (1)
and at the end (2) of the flow to provide a generalized physical description of fluid dynamics. However, in real flows,
Eqg. (1) must be rewritten considering head losses (hc), due to viscous dissipation in the pipes and accessories, and also
the pump (hp) and turbine heads (hr) eventually inserted in the hydraulic system [5]. In these hypotheses, Bernoulli
Equation must be rewritten as Eq. (2).
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In practice, turbine (hr) and pump heads (he) are well known information provided by their manufacturers, then it is
not difficult to find them out. In turn, the evaluation of head loss (distributed or localized) depends on adequate
empirical coefficients and equations, which are usually provided by the literature [6]. The Bernoulli Equation [Eq. (2)]
is often applied when the fluid mass remains the same during the flow, since there is only one inlet (suction) and one
outlet (exhaust) in most of the systems analyzed [7]. In these conditions, the algebraic manipulation of Bernoulli
Equation is perfectly feasible, without major problems to predict any of its terms.

Different from the systems with only one fluid inlet and outlet, the multiple suctions or exhausts can complicate the
description of the phenomenon from the Fluid Mechanics’ physical-mathematical perspective [8]. Although the overall
fluid mass remains the same, many suctions or exhausts add or divide mass flow rates in specific points of the system.
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Therefore, due to the addition or division of the mass flow rate, the number of equations and the mathematical effort
to solve them will certainly increase [9-12].

This study aimed to verify the effect of multiple exhausts on the volumetric flow rate of a given hydraulic system. For
that reason, the number of exhausts was combined with other relevant factors for the fluid flow in a hydraulic system
(length, diameter, elevation, roughness, pump power) in the form of a Central Composite Design (CCD). Numerical
and experimental studies were carried out to validate the methodology adopted in this research and to quantify the
effects of each variable on the volumetric capacity of a hydraulic system.

METHODOLOGY
Setting out Physical-Mathematical Equations for a Hydraulic System with Multiple Exhausts
Figure 1 provides a schematic, generic representation of a hydraulic system consisted of a suction, a pump, a distributor,

and N exhausts.
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Figure 1: Schematic representation of a hydraulic system with multiple exhausts

One of the hypothesis in this methodology was to consider the dimensions of the distributor as finite so that the fluid
pressure is almost constant in the whole volume of this accessory (VP =0).

Thus, a Bernoulli Equation was established from the suction to the distributor (first line of the matrix of Eq. (3)) and N
Bernoulli equations for each outlet from the distributor to its respective exhaust. For each N+1 Bernoulli Equation
established [Eq. (3)], other (N+1) equations must be also set out to estimate the friction coefficients [Eq. (4)] according

to the Colebrook-White Equation.
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The matrices represented by Eq. (3) and (4) account for 2(N+1) nonlinear equations. If all other conditions are well
known for the hydraulic system (fluid, diameter, length, roughness, elevation, pump power output, suction pressure,
exhaust pressure and loss coefficients), the terms to be calculated would be N+1 average velocities (vo, V1, Vo, ..., Vi, ...,
vn), N+1 friction factors (fo, f1, f2, ..., fi, ..., f), and the absolute pressure in the distributor (Pp). Therefore, the number
of unknowns [2(N+1)+1] would be higher than the number of available equations [2(N+1)], which does not allow to
immediately obtain a unique solution for this problem.

To solve this problem, an additional equation is necessary. This equation is related to a physical restriction derived
from the overall balance of material in the distributor for an incompressible fluid in a steady-state flow, according to
Eq. (5).
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In the mathematical model proposed, only the localized head losses (hci-i) were considered in the expansion of the fluid
when entering the distributor and the contraction of the fluid when leaving the distributor for each discharge line. Such
localized head losses were estimated through the Loss Coefficient Method [13, 14, 15], as shown in Eq. (6).
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At last, the set of equations represented by Eq. (3), (4), and (5) was solved in the software Maple® through the
application of the Floating-Point Arithmetic [16].

Experimental Validation of the Physical-Mathematical Model
An experimental apparatus was built to validate the physical-mathematical model proposed in section 2.1. Figure 2
shows a schematic view of the experimental apparatus.
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Figure 2: Schematic view of the experimental apparatus

The experimental apparatus consisted of a reservoir (), a gate valve (1), a centrifugal pump (111), a rotameter (I1V), a
distributor (V), and a digital Bourdon manometer (V1).

The reservoir capacity was 50 L, and it was open to the atmospheric pressure at Uberlandia (Brazil). The pump power
(Pp) was 186 W, and the pump yield curve (yp) was described by Eq. (7). Eq. (8) represents the pump head (hg), as
provided by the manufacturer.

np =(-2.147x10%) Q2 +(6.510x10%) Q, +0.044 @)
hp =T PIP. o
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The rotameter capacity was 0.1 L/s to 2.0 L/s, and it was installed between the pump and the distributor to measure the
fluid volumetric flow rate (Qo) captured by the experimental apparatus.

Figure 3 presents a schematic representation of the distributor dimensions. The distributor had a bottom opening (25.4
mm), through which the fluid entered axially until reaching the 16 radial outlets (6.35 mm) to leave the system.
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Figure 3: Schematic representation and main geometric dimensions of the distributor used in the experimental
apparatus

A digital Bourdon manometer, whose capacity was 5 bar (506625 Pa), was installed opposite to the axial inlet of liquid
to measure the fluid pressure in the distributor (Pp). Transparent, flexible, polyethylene pipes were connected to the 16
outlets to allow the fluid to return from the distributor to the tank. Each pipe was 3 m long and its diameter was 6.35
mm. The total length and diameter of the piping used between the tank and the distributor was 0.35 m and 25.4 mm,
respectively.

The water temperature during the tests was 20.0°C £ 0.5°C. The measurements were obtained for volumetric capacity
(Qo) and absolute pressure in the distributor (Pp) in the experimental apparatus working with 2, 4, 6, 8, 10, 12, 14, and
16 radial outlets. The radial outlets were blocked by means of valves when not used. Figure 4 illustrates the arrangement
of open (ON) and closed (OFF) outlets in the tests with the distributor.
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Figure 4: Schematic representation of open (ON) and closed (OFF) distributor outlets in the tests in the
experimental apparatus

Besides the aforementioned steps, the fluid volumetric flow rate (Q;) were measured in each open line using gravimetric
techniques to verify the distributor efficiency to direct the volumetric flow rate captured (Qo) to the open outlets.

To validate the hypothesis of constant pressure inside the distributor (Pp), Computational Fluid Dynamics techniques
(CFD) were applied to the flow inside the distributor, already presented in Figure 3. Table 1 shows the numerical
conditions applied to the description of the flow inside the distributor [17, 18, 19].

Table 1. Numerical conditions applied to the description of the flow inside the distributor using Computational
Fluid Dynamics techniques

Software FLUENT®

Turbulence Model Reynolds Stress Model (RSM)
Pressure-velocity coupling algorithm SIMPLEC

Interpolation scheme QUICK

Fluid and temperature (T) Water (293 K)

Number of computational cells (N¢) 10000

Time Step (47) 0.0001 s

Number of exhausts simulated in CFD (N) 2,8, and 16

Suction volumetric flow rate (Qo) 0.207,0.739,and 1.118 L/s
Convergence criterion (J) 0>0.0001

Discharge pressure (P;) - Uberlandia (Brazil) 101325 Pa

Effect of the Main Factors on the Capacity of a Hydraulic System with Multiple Exhausts

The following factors can certainly affect the volumetric capacity of a hydraulic system with multiple exhausts: number
of exhausts (N), length of discharge lines (L), diameter of discharge lines (D), relative roughness of discharge lines
(e/D), elevation of fluid exhaust (z), and pump power output (Ppu). To evaluate the contribution of each variable to the
volumetric capacity (Qo) of a hydraulic system with multiple exhausts, this section presents a Design of Experiments
to determine these effects [20-21]. The relevant operational factors (N, L, D, &/D, z, Ppu) were organized in a Central
Composite Design (CCD) according to the design matrix presented in Table 2 [22-23].

Table 2. Design matrix with . = 2.00

n X1 [N ()] X2 [L (m)] X3 [D (m)] Xa[e/D (-)] Xs [z (m)] Xe [Pru (W)]
01 -1[8] -1[32.5] -1 [0.0508] -1 [0.0129] -1[-5] -1[2983]
02 -1[8] -1[32.5] -1[0.0508] -1[0.0129] +1 [+5] +1 [5965]
03 -1[8] -1 [32.5] -1 [0.0508] +1 [0.0375] -1 [-5] +1 [5965]
04 -1[8] -1 [32.5] -1 [0.0508] +1 [0.0375] +1 [+5] -1 [2983]
05 -1[8] -1[32.5] +1 [0.1016] -1[0.0129] -1 [-5] +1 [5965]
06 -1[8] -1[32.5] +1 [0.1016] -1 [0.0129] +1 [+5] -1 [2983]
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07 18] 1[32.5] +1[0.1016]  +1[0.0375]  -1[-5) -1[2983]
08 -1[8] -1[32.5] +1[0.1016]  +1[0.0375]  +1[+5] +1 [5965]
09 -1[8] +1[77.5] -1[0.0508]  -1[0.0129]  -1[-5] +1 [5965]
10 -1[8] +1[77.5] -1[0.0508]  -1[0.0129]  +1[+5] -1[2983]
11 -1[8] +1[77.5] -1[0.0508]  +1[0.0375]  -1[-5] -1 [2983]
12 -1[8] +1[77.5] -1[0.0508]  +1[0.0375]  +1[+5] +1 [5965]
13 -1[8] +1[77.5] +1[0.1016]  -1[0.0129]  -1[-5] -1[2983]
14 -1[8] +1[77.5] +1[0.1016]  -1[0.0129]  +1[+5] +1 [5965]
15 -1[8] +1[77.5] +1[0.1016]  +1[0.0375]  -1[-5] +1 [5965]
16 -1[8] +1[77.5] +1[0.1016]  +1[0.0375]  +1[+5] -1[2983]
17 +1 [20] -1[32.5] -1[0.0508]  -1[0.0129]  -1[-5] +1 [5965]
18 +1 [20] -1[32.5] -1[0.0508]  -1[0.0129]  +1[+5] -1[2983]
19 +1 [20] -1[32.5] -1[0.0508]  +1[0.0375]  -1[-5] -1[2983]
20 +1 [20] -1[32.5] -1[0.0508]  +1[0.0375]  +1[+5] +1 [5965]
21 +1 [20] -1[32.5] +1[0.1016]  -1[0.0129]  -1[-5] -1[2983]
22 +1 [20] -1[32.5] +1[0.1016]  -1[0.0129]  +1[+5] +1 [5965]
23 +1 [20] -1[32.5] +1[0.1016]  +1[0.0375]  -1[-5] +1 [5965]
24 +1 [20] -1[32.5] +1[0.1016]  +1[0.0375]  +1[+5] -1 [2983]
25 +1 [20] +1[77.5] -1[0.0508]  -1[0.0129]  -1[-5] -1 [2983]
26 +1 [20] +1[77.5] -1[0.0508]  -1[0.0129]  +1[+5] +1 [5965]
27 +1 [20] +1 [77.5] -1[0.0508]  +1[0.0375]  -1[-5] +1 [5965]
28 +1 [20] +1[77.5] -1[0.0508]  +1[0.0375]  +1[+5] -1[2983]
29 +1 [20] +1[77.5] +1[0.1016]  -1[0.0129]  -1[-5] +1 [5965]
30 +1 [20] +1[77.5] +1[0.1016]  -1[0.0129]  +1[+5] -1[2983]
31 +1 [20] +1[77.5] +1[0.1016]  +1[0.0375]  -1[-5] -1[2983]
32 +1 [20] +1[77.5] +1[0.1016]  +1[0.0375]  +1[+5] +1 [5965]
33 -a[2] 0 [55.0] 0[0.0762] 0 [0.0250] 01[0] 0 [4474]

34 +a [26] 0 [55.0] 0 [0.0762] 0 [0.0250] 0 [0] 0 [4474]

35 0 [14] -0 [10.0] 0[0.0762] 0 [0.0250] 0 [0] 0 [4474]

36 0[14] +a [100.0] 0[0.0762] 0 [0.0250] 0 [0] 0 [4474]

37 0 [14] 0 [55.0] -2 [0.0254]  0[0.0250] 0 [0] 0 [4474]

38 0[14] 0 [55.0] +a [0.1270]  0[0.0250] 0 [0] 0 [4474]

39 0 [14] 0 [55.0] 0[0.0762] -2 [0.0000]  0[0] 0 [4474]

40 0[14] 0 [55.0] 0[0.0762] +a [0.0500] 0 [0] 0 [4474]

4 0[14] 0 [55.0] 0[0.0762] 0 [0.0250] - [-10] 0 [4474]

42 0[14] 0 [55.0] 0[0.0762] 0 [0.0250] +a [+10] 0 [4474]

43 0[14] 0 [55.0] 0[0.0762] 0 [0.0250] 01[0] -a [1492]
44 0[14] 0 [55.0] 0[0.0762] 0 [0.0250] 0[0] + [7456]

The factors mentioned previously were arranged in the following ranges: 2 > N (-) > 26; 10.0 > L (m) > 100.0; 0.0254
>D (m) > 0.1270; 0.0000 > &/D (-) > 0.0500; -10 >z (m) > 10, and 1492 > Ppy (W) > 7456. The factors N, L, D, &/D,
z, and Ppy were coded [Eq. (9)] and named as X1, Xz, X3, Xa, X5, and Xe, respectively.

N-14
6
L-55.0
X4 225
Xy D-0.0762
X3 _ 0.0254 )
X4 £/D -0.0250
X5 0.0125
Xg z-0
5
Poy —4474
1492

According to the operating conditions of each line (n) of the design matrix (Table 2), Eq. (3), (4) and (5) were
numerically solved to estimate the fluid average velocity in each pipe segment (vo, V1, Vo, ..., Vi, ..., Vn), the friction
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factors (fo, f1, f2, ..., fi, ..., fn), and the absolute fluid pressure in the distributor (Pp). Therefore, based on the fluid average
velocities, the volumetric flow rates could be estimate in each exhaust (Q;) for each design matrix line (n). The addition
of all these volumetric flow rates equaled the volumetric capacity (Qo).

After estimating the volumetric capacity (Qo), multiple regression techniques were applied to obtain the Regression
Equation [23]. It is generically represented by Eq. (10), which includes the average value (), the linear effects (vector
b), the quadratic effects (main diagonal of the matrix: Bi;), and the cross-interaction effects (elements out of the main
diagonal: Bij = Bj).

Q = B+bX + XTBX (10)
where:
b=(by b, by by by I)
X1
Xy
R T_
X=| XT=(X1 Xp Xz X4 Xs Xg)
4
X5
Xe

B;; 05B;, 05B;; 05B, 05B;5 0.5B
05By By 05B,; 05B, 0.5B, 0.5B
05By; 05By, Bgs 05Bg; 0.5Bys 0.5Bgg
05B, 05B; 05B;; By  0.5Bys 0.5Byg
05Bs; 05Bg, 0.5Bs; 05Bs; Bss  0.5Bgg
05Bg 0.5Bs, 0.5Bgy 0.5Bg, 0.5Bgs  Bgg

During the application of multiple regression techniques, only significant effects were considered, i.e., the ones that
presented a significance level (p) lower or equal to 10%. Non-significant effects (p > 10%) were assigned value zero.
The variation between the volumetric capacity and the factors analyzed here (6Qo/0X) was calculated by deriving Eq.
(10) in the central point (line 45), according to Eq. (11). Next, the modules of the derivatives were estimated and
compared, and then arranged them in ascending order to individually define the order of importance and the impact of
each variable on the volumetric capacity of the system.

0Q |
Xy ly

QD
oX

8Q0| |6Q0| J (11)
Xs |y, |ax6|x$

:UaQol 0| [0
X=0 aXl|x=0 |8X2|x=o |8X3|X=0

=0

Water at 20.0°C + 0.5°C was the fluid used in the numerical implementation of the design matrix. Suction pressure (Po)
and the exhaust pressures (P4, ..., Pi, .... Pn) were considered at the atmospheric pressure in Uberlandia (Brazil) [24].
All exhausts had the same elevation according to the values defined in each design matrix line (n). The diameter (Do)
and the length (Lo) of pipe before the distributor remained the same in all simulations, namely 0.1207 m and 1.5 m,
respectively.

RESULTS

Validation of the Physical-Mathematical Model with Measurements from the Experimental Apparatus and CFD
Figure 5 shows the absolute pressure profiles inside the distributor with 2, 8, and 16 exhausts (Figure 2) identified
through the Computational Fluid Dynamics techniques.
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Figure 5: Pressure profiles simulated by the CFD techniques with 2 (a), 8 (b), and 16 (c) exhausts

According to Figure 5, the geometric dimensions of the distributor were adequate and promoted a uniform distribution
of pressure inside the device, which confirms the hypothesis initially presented in this study (VP =0).

To validate physical-mathematical model proposed, the 2, 4, 6, 8, 10, 12, 14, and 16 discharge lines of the experimental
apparatus were opened and experimentally measured the volumetric capacity (Qo) and the pressure (Pp) in the
distributor using a rotameter and a manometer, respectively. These operating conditions were also considered in the
physical-mathematical model to theoretically predict these responses (Qo and Pp). Figure 6 displays the experimental
and simulated results for Qo and Pp, respectively.
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Figure 6: Comparison between the theoretical and experimental results for volumetric capacity (a) and absolute
pressure inside the distributor (b) as a function of the number of exhausts (N)

Based on the comparison presented in Figure 6, the physical-mathematical model proposed in this study satisfactorily
predicted the hydraulic system capacity and the pressure in the distributor considering the number of exhausts used.
The average deviations between the theoretical prediction and the experimental measurements for Qo and Pp were 3%
and 7%, respectively.

The results in Figure 6 also showed that the volumetric capacity increases directly with the number of exhausts. For
example, the volumetric capacity of the experimental apparatus increased in about 5 times when the number of
discharge lines changed from 2 to 16.

This is an interesting strategy to supply a higher demand for fluid from hydraulic systems that have already reached
their maximum volumetric capacity and have only one pump installed in the circuit. The addition of exhausts
simultaneously increased the perpendicular area available for flow (beneficial situation) and the pipe wall area (adverse
situation) after the distributor. These two effects played opposite roles during the flow, but the beneficial situation
certainly prevailed over the adverse situation, since the volumetric capacity of the hydraulic system presented an overall
increase.

Figure 7 (a) illustrates the experimental volumetric flow rates of each discharge line (Q;) considering the hydraulic
system working with 16 exhausts. Each individual volumetric flow rate was estimated in triplicate.

In Figure 7 (a), the distributor did not equally divide the volumetric capacity (Qo) to the many individual discharge
lines, but it satisfactorily performed its work. The CFD simulations had already indicated that the flow inside the
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distributor was turbulent, and the fluid velocity presented instantaneous oscillations, which perfectly explains the results
shown in Figure 7 (b). The CFD simulations have also shown that the individual volumetric flow rate (Qi) was stabilized
in approximately 5 s. After this time, the individual volumetric flow rate had small fluctuations around the mean due
to turbulence within the distributor.
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Figure 7: Experimental distribution of individual flow rates (Qi) in all exhausts (a) and simulated individual flow
rate in the specific exhaust (b)

In Figure 7 (), the distributor did not equally divide the volumetric capacity to the many individual discharge lines,
but it satisfactorily performed its work. The CFD simulations had already indicated that the flow inside the distributor
was turbulent, and the fluid velocity presented instantaneous oscillations, which perfectly explains the results shown in
Figure 7 (b). The CFD simulations have also shown that the individual volumetric flow rate (Q;) was stabilized in
approximately 5 s. After this time, the individual volumetric flow rate had small fluctuations around the mean due to
turbulence within the distributor.

At last, the proposed numerical method was satisfactorily to predict the volumetric capacity of a hydraulic system
consisted of multiple exhausts. Thus, this methodology can be generalized and applied to other operating conditions to
estimate the effects of the main variables on the system capacity, as demonstrated in the next section.

Quantification of the Effects of the Main Factors on the Volumetric Capacity of a Hydraulic System with
Multiple Exhausts

Figure 8 presents the volumetric capacity (Qo) numerically obtained under the operating conditions for each line (n) of
the design matrix (Table 2).
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Figure 8: Fluid volumetric flow rates in the suction (a) and absolute pressure (b) in the distributor (simulated
values) for each line (n) of the design matrix

According to Figure 8, depending on the operating conditions established, the hydraulic system proposed in this study
reacted in a different manner and captured different volume capacities, between 15 and 480 L/s. To analyze the effects
of all the six variables on the problem presented here, multiple regression techniques were applied to the data and
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Regression Equation was obtained to describe the phenomenon, as shown in Eq. (12). In this step, only the effects that
presented a significance level (p) lower or equal to 10% were considered.

+33.96) (Xy) (XY ( 0 0 +9.84 0 -1334 0) (X,
“1857 | | X, | | X, 0 0 502 0 +6.66 0] X,
+58.44 | | X3 | [ Xs| | +9.84 —502 0 0 -21.04 0] | Xs
Qp =108.74 + + (12)
951 | [ X4 | | X4 0 0 0 0 0 0f[X,
4852 | | Xg | | X5 | |-1334 +666 —21.04 0 0 0| X
+9.69 ) [ Xg) (Xg 0 0 0 0 o0 0J(Xg

According to the Regression Equation (R? = 0.9844), all variables affected the capacity of the hydraulic system. All of
them presented significant linear effects. However, all quadratic effects were insignificant (B11 = By2 = Bas= Bas = Bss =
Bes = 0). The only relevant cross effects on Qo were Biz (N/D interaction), Bys (L/D interaction), Bis (N/z interaction),
Bas (L/z interaction), and Bss (D/z interaction).

To evaluate the isolated effect of each variable on the suction flow rate, the partial derivatives of the Regression
Equation were estimated, whose results are presented in Eq. (13).

Q 33.96 +19.69X5 — 26.69 X
Xy
Q 1857 +10.04X5 +13.32Xs
X,
ggg 58.44+19.69X, —10.04X , — 42.09X
3
_ (13)
Q _9.51
X,
N || _4852-26.69X, +13.31X, —42.00X
s
Q 9.69
e

The variations in the central point (X = 0) demonstrated that the number of discharge lines [X1/N], the diameter of the
discharge lines [Xs/D], and the pump power output [Xs/Ppu] positively affected the response analyzed (Qg). Among
them, the piping diameter had the most significant impact (+58.44), followed by the number of exhausts (+33.96), and
the pump power output (+9.69), in this order. On the other hand, some variations had negative effects on the capacity
of the hydraulic system, such as the length of the discharge lines [Xo/L], the relative roughness [X4%/D], and the
elevation of exhausts [Xs/z]. Among these negative effects, the level of exhausts had the most significant impact (-
48.52), followed by the length of the discharge lines (-18.57), and the relative roughness (-9.51), in this order. For a
generalized analysis of the six effects studied, Figure 9 shows the modules of the derivatives estimated in the central
point (X = 0).

Tk_)‘ | 33.96

=<1
"\V’.\ n
18.57

el e

S AT X Xdodn) X X (5 )

Figure 9: Modules of the derivatives of the Régression Equation estimated in the central point (X = 0)
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Based on Figure 9, the factors that most affected (major impacts) the capacity of the hydraulic system with multiple
exhausts were listed in ascending order, i.e., ¢ / D < Ppy <L <N <z < D. This list demonstrated that the piping

diameter (D) had the highest impact on the volumetric capacity of a hydraulic system with multiple exhausts. It explains
why the operating conditions of line n = 37 of the design matrix (Table 2) presented one of the lowest capacities among
the ones obtained in the study (15.71 L/s).

Certainly, the highest capacity of a hydraulic system like the one studied here could be obtained under the most
favorable extreme conditions of the factors, i.e., +a, -a, +a, -a, -a, and +a for N, L, D, &/D, z, and Ppy, respectively. In
this favorable operating condition, simulations indicated that the system could capture a volumetric flow rate of up to
5134 L/s.

Line 45 of Table 2 was chosen to analyze only the effect of the number of exhausts because the length (L), diameter
(D), level of exhausts (z), relative roughness (¢/D), and pump power output (Ppu) were remained constant. Then,
discharge lines were added after the distributor (1 > N > 60). Figure 10 presents the volumetric capacity (Qo) and the
individual flow rates of each exhaust (Qi). Additionally, the absolute pressure in the distributor (Pp) in the multiple
discharge lines (N) were followed.
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Figure 10: Effect of the multiple exhausts (N) on the volumetric flow rate, individual flow rates (a), and pressure
in the distributor (b) for the operating conditions of line n = 45

Figure 10-a demonstrates that the volumetric capacity improved with the addition of discharge lines after the distributor.
It means that, except for the costs with purchase and installation of additional pipes, the same pump power can capture
a higher fluid flow rate. However, although the catchment was higher, the individual flow rate of each line decreased
with the multiple exhausts. Another interesting aspect was the fluid pressure in the distributor, which decreased with
the addition of lines and tended to values equal to the discharge pressures, i.e., atmospheric pressure (Figure 10-b).
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Therefore, although there are benefits, the addition of new discharge lines can have three limitations: one is physical
and the other two are operational. The physical limitation says respect to the distributor size. As it is finite, the
installation of too many discharge lines can not be possible in practice. The first operational limitation is the pressure
level inside the distributor, which can stop the flow when it tends to the pressure of the discharge lines. The second
operational limitation is the demand required in each piping line. The increase in the number of lines reduces the
individual flow rate, which may not meet the user’s expectations. Therefore, if all the exhausts are made in the same
reservoir, the final result will always be advantageous because the volumetric flow rate will be much higher than a
traditional system (one exhaust only).

CONCLUSIONS

The addition of multiple exhausts had a significant influence on the volume capacity of a hydraulic system. From the
Fluid Mechanics’s physical-mathematical point of view, this new system was more complex than the traditional one
(single exhaust), because a set of nonlinear equations must be solved. For each discharge line added, there were two
additional nonlinear equations to be solved. The numerical simulations were satisfactory; their deviations were lower
than 4% when compared to the experimental measurements. The main results showed that the addition of multiple
exhausts was beneficial for the hydraulic system, because it increased the volumetric flow rate with the same pump
power installed. For example, the experimental measurements showed that changing the number of discharge lines
from 2 to 16 increased the volumetric flow rate (suction) in 445%. The numerical method adopted, the CFD simulations,
and the experimental measurements indicated that the most relevant factors on the performance of the hydraulic system
were the piping diameter (D), the elevation of exhausts (z), and the number of exhausts (N), in this order. Their effects
estimated in the central point were +58.44, -48.52, and +33.96, respectively. Finally, the methodology presented here
was satisfactory. Any user can evaluate it to benefit from its resources so that the advantages of multiple discharge
lines prevail over the eventual disadvantages.

NOMENCLATURE

b vector of linear effects (-)

B matrix of quadratic and cross effects (-)
D diameter of discharge lines (m)

f friction factor (-)

g gravitational acceleration (m/s?)

hc head loss (m)

heo localized head loss (m)

hp pump head (m)

hr turbine head (m)

Ks localized head loss coefficient (-)

L length of discharge lines (m)

n number of design matrix lines (-)

N number of exhausts (-)

Nc number of computational cells (-)

p significance level

P absolute fluid pressure (Pa)

Po absolute fluid pressure in the distributor (Pa)

Pp pump power (W)
Pru pump power output defined as Penp (W)

Qi fluid volumetric flow rate in the exhaust "i" (L/s)
Qo fluid volumetric flow rate (volumetric capacity) in the suction (L/s)
R? variance
Re Reynolds number calculated at D (-)
T fluid temperature (K)
v fluid flow average velocity (m/s)
X coded variable
z elevation of exhaust (m)
Zi elevation of exhaust "i" (m)
7o elevation of the distributor (m)
o orthogonality (-)
B independent term of the Regression Equation (L/s)
) convergence criterion (-)
At time step ()
e pump yield (-)
€ absolute roughness of discharge lines (m)
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p fluid density (kg/m?3)

o1 upstream characteristic dimension (m)

62 downstream characteristic dimension (m)
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