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Abstract

Minor head loss occurs in most hydraulic equipment because the flow is affected by a shape
change. Head loss analysis is essential in designing and fabricating hydraulic equipment and
systems. In the general case, the evaluation of head losses is challenging and usually done by
experimental methods. Recently, the calculation has been more convenient using the
computational fluid dynamics (CFD) method. This article employs the finite element method
(FEM) to evaluate the local hydraulic losses in complex geometries discretized by
unstructured mesh. The method is applied to the laminar flow of Newtonian fluid. First, the
code is validated by comparing the numerical solution with experimental data and previous
numerical results. The code is then employed to simulate different problems, including a
complex geometry that mimics the control valve in hydraulic systems. Simultaneously, the
minor loss coefficient is calculated for different Re numbers. From the results, the minor loss
coefficient is large for low Re, and can be up to 700 for Re = 10 of complicated geometry.
For a high Re, the minor loss coefficient is rapidly decreased and close to the value of a
turbulent model.
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1. Introduction

Hydraulic loss occurs in much equipment in the hydraulic system because of the
viscosity of the liquid or a change in geometry in the flow direction. Recently, head loss
has become the main concern in the design and fabrication of hydraulic equipment and
systems since it directly affects the efficiency of the machines. Head loss analysis has an
essential role and can be found in many fields in industrial design, such as efficiency
improvement of the gearbox [1], improvement of the stability and lifespan of rotating
components in a centrifugal pump [2] or investigation of the performance of orifice meter
devices [3, 4].

In the general case, evaluating head losses is difficult and time-consuming.
Previous studies of minor head losses are usually done by experimental methods [5, 6].
The experimental study has a disadvantage in limiting a deeper understanding of the
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physical phenomena in fluid flow. Recently, thanks to the improvement of computer
hardware, numerical calculation has become more convenient using the computational
fluid dynamics (CFD) method. The local hydraulic resistances and the character of the
fluid flow in the pipelines are described in detail using the finite volume method by
Chemezov [7]. Fluid flows through a sudden contraction, and the minor loss coefficient
is numerically calculated using the ANSY'S program [8].

With the development of numerical method, the CFD method is more and more
common for the analysis of head loss problems in designing machines. This article
employs the finite element method (FEM) to calculate laminar fluid flow and evaluate
the minor head losses in complex geometries based on unstructured meshes. The FEM
is one of the most common approaches based on the grid method to solve the effect of
the Reynolds (Re) number on the minor loss coefficient is also investigated. Using the
concept of shape functions, FEM can work well on any type of mesh or boundary
condition. The rest of the article is constructed as follows: Section 2 briefly describes
the numerical method for solving fluid flow dynamics. Some benchmark problems for
evaluating minor head loss are shown in Section 3, and the conclusions are drawn in
Section 4.

2. Methodology
2.1. Governing equations
The fluid flow is assumed as an incompressible flow of a Newtonian fluid, the

governing equations are the incompressible Navier-Stokes equations which can be
written as follows in the Eulerian framework [9]:
V-.u=0 in Q (@
p[a—quu-Vu}:V-c in Q (b) @)
ot
where p,u,c and Q are the fluid density, the fluid velocity, the fluid stress tensor, and
the fluid domain, respectively.
The fluid domain’s boundary is denoted by I'. The corresponding constitutive
equations for fluid flow in Eq. (1) are written as follows [10]:

c=—pl+r, @

T=u[Vu+(Vu)'] (b) @
where p, «, T,and | indicate the pressure, the dynamic fluid viscosity, the shear stress
tensor, and the second-order identity tensor, respectively.
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The boundary conditions are described as follows:

u=u onrl,, (@)
c-n=t onT, (b) ®)

where n denotes the outward unit normal vector to the fluid boundary. ", and T, are

the boundaries where the velocity T and traction t are imposed on the Dirichlet and
Neumann boundary conditions, respectively.

2.2. Finite element method for incompressible fluid flow

FEM is a popular approach to computational mechanics, especially to solve
thermal conduction, the Poisson equation or the Navier-Stokes equation. It is also
constructive for unstructured meshes from a complex geometric domain. This study
employs the fractional method [11] to solve the incompressible Navier-Stokes
equations. The second-order-implicit Crank-Nicolson scheme is used for the temporal
discretization of the diffusion terms and the second-order-explicit Adams-Bashforth
scheme for the convective terms. In this approach, the intermediate velocity U is solved
by the momentum equation. Then, the pressure is obtained by solving the Poisson
equation, and the velocity is corrected by the pressure in the last step.

We use the P2P1 finite element, as shown in Fig. 1. The pressure is placed at the
vertices while the velocity is placed on both vertices and middle points. The momentum
equations are discretized using a consistent streamline upwind Petrov-Galerkin method
and the pressure equation using a Galerkin method, and their weak formulation can be
written as follows [11]:

Find ue H'(Q), Ge H'(Q) and p e H'(Q) such that:

J'w 'dQ+ pJ-Wi’jai'de:%rJ;Wif'udF_ “
—Zl:)IW u’.dQ — = J.W 3uful; —u ‘1u”‘1)dQ

i,ji,] i

fa,pirda = jq pindr—-2- [ag, do (5)
Q Q
iw%dm—%iwpﬁﬂdﬂ (6)
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for all admissible functions weV, geP where V ={w|weH"(Q), w=0 on T},
P:{q|q eHY(Q), g=0 on Fp}, H'(Q) denotes the Sobolev space defined on the

spatial domain Q. In Eq. (4), §" =u, ;n, denotes the Neumann boundary of velocity.

It should be noted that Eq. (5) is the Poison-type equation.

® u

O r

Fig. 1. Degrees of freedom assigned for the P2P1 on the triangular finite element.

2.3. Evaluation of the minor loss coefficient

The energy equation for incompressible fluid flow in a horizontal pipe is usually
written as (the body force is neglected) [8]:

2 2
Pog Y|Py Y2 | _pyn (7
1 7 22g | C

where y is the fluid specific weight; h; and hc are the major and minor energy loss per unit
mass; p1 and pz are the averaged static pressures over the entire cross-section; vi and v, are
the average velocities; a1 and o are the Kkinetic energy correction factors at the upstream
and downstream sections, respectively.

In this work, we only focus on the minor losses encountered across fittings, bends, or
abrupt area changes that occur primarily because of flow separation. In this case, the major

loss hy is small and can be neglected. The minor losses hc are usually expressed in terms of a

2
loss coefficient ¢ where h, =& ;/—1 From Eqg. (7), the minor loss coefficient can be
g

calculated by:

¢= 7 (8)
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For a simple case such as the sudden expansion of the pipeline, £only depends on
the area of sections [12]:

A12
_|1-4 9
-[1-2) ©

where A;and A; are the cross-sectional areas at the upstream and downstream
sections, respectively.

To determine the major loss, we use the two sections (upstream and
downstream) that are close to the minor loss area. It means that the flow at the two
sections may not be fully developed, and therefore, factors a1 and a2 on Eq. (7) are
less than 2. We can calculate the factors by following the equation [12]:

I u’dA
A

o =

VA (10)

3. Results and discussions
In this section, some fluid flow problems are simulated using the finite element
method described in Section 2.2. First, the code is validated by comparing the results

obtained from the present code with the experimental data. Then, the code is used to
calculate the minor loss coefficient for the complex geometry case.

3.1. Validation code

Firstly, the present code is validated by comparing the simulation results with
the data from experimental research. A pulsatile flow through stenosis tubes described
in [13] is employed. The geometry and boundary conditions are shown in Fig. 2.
A pulsatile flow is applied at the inlet, as shown in Fig. 3, and a zero pressure is set at
the outlet. The non-slip condition is applied to the wall. Because of symmetric, we
only simulate the problem in the cylindrical coordinates, and a half domain is selected.
The grid shown in Fig. 4 is used for the grid independent test. A high resolution is
located in the stenosis region. Table 1 shows the information of four resolutions of
grid data from coarse to very fine mesh. For validation code, we use a velocity at a
point on the center line. Fig. 5 compares the results obtained from different resolutions
at a point zo = 2.5D. It can be seen that the results from grid-3 (fine grid) are identical
to those from grid-4, so the grid-3 is selected for this validation. Fig. 6 shows the
streamline and velocity magnitude of fluid flow at the instant time in the stenosis
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region. Velocities at points z1 = 1D and z2 = 4.3D are shown in Fig. 7. It can be found
that the results from the present code are in good agreement with the experimental
data of Ojha [13] and the previous numerical solution of Hun [14] and Banerjee [15].
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Fig. 2. Geometry and boundary conditions for validation problem.
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Fig. 3. Pulsatile flow at the inlet [13].

Fig. 4. Unstructured grid used for simulation (coarse grid).
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Table 1. Resolutions for mesh independent test

Grid resolutions nx ny Total nodes
Grid 1 (coarse) 575 29 16,675
Grid 2 (medium) 827 41 33,907
Grid 3 (fine) 1,171 57 66,747
Grid 4 (very fine) 1,499 79 118,421

100

Center velocity [cm/s]
(=) o0
[=] (=]

e
(=

20

Time [s]

Fig. 5. Grid independent test: Comparison of velocity at zo = 2.5D on center line.

Velocity Magnitude [cm/s] - ‘ - ‘ ‘ .

51525354555657585

Fig. 6. Streamline and velocity magnitude at time = 0.032 [s].
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Fig. 7. Center velocity: Comparison of present results with other authors.
3.2. Flow in the sudden expansion channel

The first simulation problem is a fluid flow in the sudden expansion 2D channel,
in which the geometry and boundary conditions are given in Fig. 8. The channel width
is D = 0.1 m, a constant velocity of fluid flow uin = 0.1 m/s is set at the inlet, and a zero
pressure is set at the outlet. The density and viscosity of fluid flow are set by
p = 1000 kg/m?® and x = 0.1 Pa.s, and the Re number is calculated at the inlet is 100.
A high-resolution grid is shown in Fig. 9, with the number of nodes and elements being
16,505 and 8,112, respectively. The simulation is performed with a time step
At = 0.005 s. The solution is steady, and the velocity field is shown in Fig. 10. It can be
seen that vortices appear after the expansion of the channel, and the local loss is created
in this region. Because of the sudden expansion, the pressure is significantly reduced at
the expansion section, as shown in Fig. 11 with the variant Re number by changing
velocity at the inlet. Table 2 illustrates the minor loss coefficient obtained by numerical
solution. It shows that it decreases when increasing the Re number. In the case of
Re = 100, the numerical solution (0.38) agrees well with the results from Eqg. (9) for the
turbulent case (0.36).

D e - p=0 23D

1.5D 3D

Fig. 8. Geometry and boundary condition of a sudden expansion problem.
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Fig. 9. Grid of a sudden expansion problem. Fig. 10. Velocity field (Re = 20).
Table 2. The minor loss coefficient obtained by numerical solution
Re 10 20 50 100
£ 1.10 0.71 0.48 0.38

3.3. Flow in a 90-degree bend 2D

The second problem is a fluid flow in the 90-degree bend 2D (elbow), which the
geometry and boundary conditions are given in Fig. 12a. The width and the radius of the
bend are D = 1.0 m and R = 1.0 m. The fluid flow velocity at the inlet is set by
uin = 0.1 m/s, and a zero pressure is set at the outlet. The density and viscosity of fluid
flow are set by p = 100 kg/m® and x = 0.1 Pa.s, and the Re number is calculated at the
inlet is 100. The grid is shown in Fig. 12b, with the number of nodes and elements being
11,275 and 5,494, respectively. The simulation is performed with a time step At = 0.01 s.
A steady solution is obtained, and the velocity field and pressure contours are shown in
Fig. 13. When the Re number increases tenfold, vortices appear behind the inner wall of
the bend (Fig. 13b). This phenomenon can be found in many experimental data because of
the line separation effect. These vortices are also increasing the local loss of fluid flow.
Table 3 illustrates the minor loss coefficient obtained by numerical solution. Similar to the
problem in Section 3.2, the coefficient decreases when the Re number increases.

Ll Il | L
0 0.1 0.2 0.3 0.4

Distance along the center line [m]

Fig. 11. Pressure along the center line.
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Fig. 12. Geometry and grid used in the simulation.
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b) Re = 1000
Fig. 13. Pressure and magnitude of velocity (left: pressure [Pa], right: velocity [m/s]).
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Table 3. The minor loss coefficient obtained by numerical solution

Re 10 100 1000
£ 14.0 2.0 0.3
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3.4. Flow in a complex geometry

Finally, a complex geometry found in some hydraulic system control valve
components is adopted. Fig. 14 shows the geometry of the simulation problem, and the
unstructured grid is shown in Fig. 15, with the number of nodes and elements being
16,932 and 8,136. The boundary condition and physical property of the fluid are similar
to those in Section 3.2. The problem is tested with Re of 10, 20, 50, and 100. Fig. 16
illustrates the pressure field and streamlines for Re = 50. The pressure drop, in this case,
is much larger than in the case of the sudden expansion problem in Section 3.2 because
the flow is affected by the central obstruction. In addition, many flow vortices near the
obstruction lead to the high energy loss of the flow. Therefore, the minor loss coefficient
of this problem is very high, as shown in Tab. 4.

7D
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Fig. 14. Geometry and boundary condition of a complex geometry.

Fig. 15. Grid of a complex geometry.

pr 0 40 80 120160 200

Fig. 16. Pressure field and streamline (Re = 50).
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Table 4. The minor loss coefficient of the complex geometry

Re 10 20 50 100
E 719 369 159 96

Similar to the sudden expansion problem, the minor loss coefficient decreases with
increasing Re. Based on these values, an estimation of the minor loss coefficient with
variant Re numbers is shown in Fig. 17. Therefore, in this problem, the coefficient is

approximated by the following Eq. (11):
5280
§=——mr (11)

ReO.881
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Fig. 17. Estimation of the minor loss coefficient with variant Re numbers.

This approximation can be used for other cases of different Re numbers without a
simulation procedure.

4. Conclusion

The FEM is employed in this article to evaluate the local hydraulic losses in
complex geometries on unstructured meshes. The method is applied to laminar flow of a
Newtonian fluid. The code is validated by comparing the numerical solution with
experimental data and previous works. The code is then employed to simulate various
geometries, including a complex shape that mimics the control valve in hydraulic
systems. Based on that, the minor loss coefficient is calculated according to different
Re numbers.

From some benchmark problems, the conclusions are drawn as follows:
- In general, the minor head loss is dependent on many factors that are hard to
evaluate by analysis. Therefore, the numerical method is robust and effective for
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calculating hydraulic problems.
- The appearance of vortices in the complex geometry increases with the
increasing of Re number which leads to an enormous hydraulic loss in fluid flow.

- The minor loss coefficient value decreases as the Re numbers increase for a
particular geometry case in the laminar flow.

The study has an important role in calculating the local loss of fluid flow in
machine equipment. Therefore, it can be helpfully used for conducting the hydraulic
system in the industry. The present code is a very effective tool for evaluating the local
loss because it can work in any complex geometry. Benchmark cases in this work are
2D space (including the 3D axis symmetry case); the extension to 3D space with the
tetrahedron element is straightforward and will be reported in future work.
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PHAN TiCH TON THAT THUY LUC CUC BO
TRONG DONG CHAY TANG TAI CAC KET CAU PHUC TAP

Nguyén Manh Hung?, Ha Trudng Sang?
8Khoa Co khi, Truong Pai hoc Ky thudt Lé Quy Pon

Tém tit: Ton that thuy luc cuc bo xay ra trong hau hét cac thiét bi thay luc do dong chay
bi anh hudng boi viée thay dbi hinh dang. Viéc phén tich t6n that thity luc c¢6 y nghia quan trong
trong thiét ké va ché tao cac thiét bj va hé thdng thuy luc. Trong truong hop téng quat, viée
phén tich nay rat khé khin va thuong dugc thyc hién theo phuong phap thuc nghiém.
Gan day, viéc tinh toan thudn tién hon nho phu’crng phép CFD. Trong bai bao nay, phucmg phap
phan tir hitu han dugc su dung dé tinh toan ton that thuy luc cuc bo trong cac két cdu phuc tap
dwa trén ludi khong cdu tric. Phuong phap nay duogc thuc hién cho dong chay tang chat 1ong
Newton. Trudc tién, thuat toan dugc kiém ching qua viéc so sanh 101 giai s6 vi cac dir lidu
thuc nghiém va két qua sé trude dé. Sau do, thudt toan nay dugc sir dung dé mo phong cac bai
toan khac nhau, bao gdm ca dang hinh hoc phtc tap twong tu van diéu khién trong cac hé thong
thuy luc. Déng thoi, hé s6 hiéu chinh dong nang duogc tinh theo céc s6 Re khac nhau. Dua vao
két qua phén tich, hé s6 ton that cuc bd dat gia tri 16n ddi voi s Re thép, ¢6 thé 1én dén 700 d6i
v6i Re = 10 d6i v6i hinh hoc phuc tap. Doi voi sb Re cao, hé sd ton that cuc b duge giam
xudng nhanh va gan tiém cén vai gia tri ciia dong chay rdi.

Tir khéa: Ton that thiy luc cuc bd; dong chay tang; két cau hinh hoc phirc tap; FEM; CFD.
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